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An adenovirus vector encoding the human Bcl-2 gene (hBcl-2) was derived. In vivo expression of hBcl-2 in
murine livers enhanced and prolonged adenovirus-mediated gene expression. Furthermore, in the hBcl-2-
treated group a significant reduction in the apoptosis induced by the adenovirus vector was observed. Thus, the
cytoprotection of the vector-infected cells with antiapoptotic genes appears promising for successful in vivo
gene therapy.

Adenovirus has been widely employed as vector for gene
transfer and is currently being evaluated in a number of human
clinical gene therapy trials (4, 14, 41a). Despite the utility of
this agent, its use has been limited by host-derived immune
response. This response results in the elimination of the trans-
duced cell with the consequent attenuation of transgene ex-
pression (3, 62, 69, 75, 76). In this regard, vector-infected cells
elicit a late host-specific immunological response based on
CD81 cytotoxic T cells against viral and/or transgene products
resulting in the elimination of the virus-infected cells (56, 58,
62, 64, 74, 77). In addition, the recombinant adenovirus infec-
tion results in the generation of neutralizing antibodies that
preclude its readministration (13, 26, 58). The biological basis
of these events has been extensively studied, and specific strat-
egies have been developed to mitigate host eradication of
vector-infected cells (15, 23, 25, 29, 30, 39, 47, 53).

In addition to this late-phase immunological event, an early
innate, inflammatory phase occurs between days 1 and 4
postinfection. This early response is responsible for the elim-
ination of 90% of the vector genome in the liver after intra-
venous (i.v.) administration. This phase has been characterized
by periportal polymorphonuclear leukocyte infiltration; activa-
tion of macrophages (Kupffer cells), natural killer (NK) cells,
and complement; and proinflammatory cytokine release (5, 17,
37, 58, 70, 71).

An additional factor causing adenovirus vector clearance is
apoptosis (programmed cell death) of the transduced cells
induced directly by the expression of viral proteins (36, 41, 42).
In this regard, apoptosis is controlled through the expression of
specific genes. Among these, the Bcl-2 family is the most im-
portant (21, 32, 48, 49, 65, 67). The protein encoded by the
Bcl-2 gene has been implicated in the prolongation of cell
survival by blocking the apoptotic and necrotic processes (16,
34, 52, 55, 61, 72, 80). Whereas Bcl-2 is normally not expressed

in hepatocytes, de novo Bcl-2 expression has been observed
after bile duct ligation and suggests an adaptive phenomenon
to resist apoptosis by toxic bile salts (33).

On these bases, we hypothesized that coexpression of the
Bcl-2 gene at the time of systemic administration may have the
potential to “cytoprotect” the adenovirus vector-infected cell
and might thus allow enhancement and prolongation of the
transgene expression. To this end, we derived an adenovirus
vector encoding Bcl-2, which blocks cell injury by a variety of
stimuli. In the present study, we show that the adenovirus-
mediated Bcl-2 delivery can mitigate vector-induced apoptosis
within the target parenchyma, with the result of dramatically
augmenting transgene expression achieved by an adenovirus
vector.

The initial technical step in this endeavor was the construc-
tion of a replication-incompetent, recombinant adenovirus
vector expressing the human Bcl-2 (hBcl-2) gene without the
transmembrane domain. This recombinant was constructed by
the two-plasmid homologous recombination method of Gra-
ham (20). Plasmid encoding the hBcl-2 open reading frame
without the transmembrane domain, generously provided by J.
Reed (La Jolla Cancer Research Foundation, La Jolla, Calif.),
was used as a source of the hBcl-2 gene. The hBcl-2 gene
without the transmembrane domain gene was cloned into the
plasmid pcDNA3-Bcl-2, excised with EcoRI and XhoI to re-
lease an 0.7-kb fragment containing the hBcl-2 open reading
frame, and then subcloned into the EcoRI and XhoI sites of the
shuttle plasmid pCA13 (Microbix, Inc.). The resultant plasmid,
pCAhBcl-2, sequentially contains 0.5 map units of sequence
from the left end of the adenovirus type 5 genome, cytomeg-
alovirus promoter, the hBcl-2 gene, and a unique ClaI site,
followed by simian virus 40 poly(A) signal sequences. Restric-
tion endonuclease digestion and direct sequence analysis con-
firmed the orientation and sequence of the inserted Bcl-2 open
reading frame. The resultant plasmid, pCAhBcl-2, was then
cotransfected into the adenovirus packaging cell line 293 to-
gether with the adenovirus rescue plasmid pJM17 (Microbix,
Inc.) by employing DOTAP (BRL, Gaithersburg, Md.). After
cotransfection, cells were overlaid with Dulbecco’s modified
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Eagle’s medium–F-12 (Mediatech/Cellgro, Herndon, Va.) sup-
plemented with 2% heat-inactivated fetal bovine serum (Hy-
Clone Laboratories, Logan, Utah) and 0.65% SeaPlaque aga-
rose (Difco FMC Laboratories, Detroit, Mich.). Individual
plaques of AdCMVhBcl-2 were picked approximately 10 days
posttransfection and carried through three additional steps of
plaque purification. The virus was then expanded and purified
by equilibrium centrifugation in a CsCl2 gradient. To confirm
the identity of AdCMVhBcl-2, its genomic DNA was subjected
to restriction enzyme analysis. In addition, PCR utilizing a pair
of primers designed to amplify the E1A region of the wild-type
adenovirus genome was utilized to test DNA isolated from
purified virions of AdCMVhBcl-2. Furthermore, the presence
of the expression cassette in the viral genome was confirmed by
DNA sequencing. The number of PFU per preparation was
determined by plaque assay on 293 cells. Plaque assay on HeLa
cells confirmed the absence of contaminating replication-com-
petent adenovirus. Negative results obtained in both assays
have confirmed that the Ad5CMVhBcl-2 preparation was free
from replication-competent adenovirus contamination. As a
control, we used an E1A/B deletion, replication-incompetent,
recombinant adenovirus vector that encodes the Escherichia
coli b-galactosidase reporter gene under the control of the
cytomegalovirus promoter (AdCMVLacZ). The number of
PFU per preparation was determined by plaque assay on 293
cells. Contamination of the viral preparation was ruled out as
previously described.

We next sought to demonstrate that AdCMVhBcl-2 could
mediate transfer of the Bcl-2 gene to the liver. To this end,
experiments were performed with normal male C57BL/6 mice
(Jackson Laboratory, Bar Harbor, Maine) 9 to 12 weeks old,
weighing 25 to 30 g, and fed on a laboratory diet with water and
food ad libitum, in compliance with the University of Alabama
at Birmingham Animal Care and Use Committee, which ad-
heres to the National Institutes of Health guidelines for the
use of experimental animals. Mice were injected i.v. with
AdCMVhBcl-2 plus AdCMVLuc, with a control vector (AdCMV
LacZ plus AdCMVLuc) at 109 PFU per vector (total dose, 2 3
109 PFU), or with phosphate-buffered saline (PBS) alone. This
delivery schema is known to achieve principally hepatocyte
transduction (43, 66). Immunohistochemical staining of the
hBcl-2 protein demonstrated transduction of .90% of hepa-
tocytes (data not shown). At 48 h postinjection, total RNA was
extracted from the livers and subjected to reverse transcrip-
tion-PCR. Briefly, total RNA was extracted from snap-frozen
liver biopsy specimens with an RNA STAT-60 kit (Tel-Test
“B,” Inc., Friendswood, Tex.) according to the manufacturer’s
recommendations. Briefly, after homogenization in RNA
STAT-60 (1 ml/50 mg of tissue), the samples were incubated
for 5 min at room temperature to allow dissociation of nucleo-
protein complexes. Next, 0.2 ml of chloroform per ml of RNA
STAT-60 was added. After 2 to 3 min at room temperature, the
samples were centrifuged at 12,000 3 g for 15 min at 4°C. RNA
was precipitated with isopropanol at 270°C overnight, washed
in 70% ethanol, and resuspended in RNase-free water. The
first-strand cDNA synthesis was catalyzed by Moloney murine
leukemia virus reverse transcriptase with 15 mg of total RNA
and used random hexamer primers. The first-strand cDNA
synthesis kit (Pharmacia Biotech, Inc., Milwaukee, Wis.) was
used according to the manufacturer’s recommendations. The
cDNA was then employed as a template for PCR amplification
to generate an hBcl-2-specific fragment (;590 bp) with the
primers AGT GGG ATG CGG GAG ATG TG and GGG
GCC GTA CAG TTC CAC AA. As shown in Fig. 1, expres-
sion of the Bcl-2 gene could be detected in livers from mice
injected with AdCMVhBcl-2 but not in livers from animals

treated with the control vector or PBS. Thus, Bcl-2 expression
in the liver can be accomplished in vivo after systemic admin-
istration of a recombinant adenovirus encoding Bcl-2.

We next sought to confirm the pattern of in vivo liver ex-
pression of the hBcl-2 protein encoded by AdCMVhBcl-2 at
different times postinjection. For this experiment, we em-
ployed an immunoblot analysis of hBcl-2 protein. Fifteen mi-
crograms of total protein from cellular lysate prepared as de-
scribed elsewhere (Promega luciferase assay system) was size
fractionated by sodium dodecyl sulfate (SDS)–12% polyacryl-
amide gel electrophoresis and electroblotted onto a nitrocel-
lulose membrane. The hBcl-2 protein was detected with the
monoclonal antibody mouse anti-hBcl-2 (Oncogene Research
Products, Cambridge, Mass.) at a 1:3,000 dilution, followed by
the addition of goat anti-mouse horseradish peroxidase anti-
body. The membrane was developed with Western blot chemi-
luminescence reagent (DuPont NEN, Boston, Mass.). As a
control for equal loading of protein, c-myc was also detected
(data not shown). Reference Coomassie blue-stained gels were
also run. The molecular mass of Bcl-2 is 25 kDa. As shown in
Fig. 2, Bcl-2 protein expression could be detected by Western
blotting at 8 h postinjection with a maximum expression by 7
days and was almost undetectable by day 21. No detection of
hBcl-2 was demonstrated for the control group or for animals
treated with AdCMVLuc.

In order to study the hepatotoxic effect of the adenovirus
vector, we analyzed liver function after the in vivo gene deliv-
ery. Aspartate aminotransferase (AST) is an established
marker of hepatic damage after liver injury. Blood samples for
AST determinations were obtained at different times postade-
novirus administration, and AST was analyzed with a serum
analyzer (Amos Seralyzer; Miles Inc., Diagnostics Division,
Elkhart, Ind.). Animals from the control group injected with
PBS showed normal serum AST levels at all times (Fig. 3).
Animals treated with AdCMVhBcl-2 plus AdCMVLuc showed
a similar profile in AST levels. In contrast, animals infected
with AdCMVLuc plus AdCMVLacZ showed a significant in-
crease in AST levels beginning at 8 h with a peak at 3 days and
returned to baseline levels at day 35 postinjection (Fig. 3).
Similar results were observed with alanine aminotransferase
and lactate dehydrogenase determinations (data not shown).

FIG. 1. hBcl-2 expression in the liver after i.v. AdCMVhBcl-2 administration.
Total RNA was extracted from liver biopsy specimens, and samples were ana-
lyzed by reverse transcription-PCR (;700 bp). No expression of hBcl-2 was
demonstrated for the groups injected with PBS or AdCMVLuc. Expression was
observed in the AdCMVhBcl-2 group at 48 h postinjection.
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These results demonstrate that adenovirus-mediated gene
transfer of the antiapoptotic Bcl-2 gene induces cytoprotection
of the adenovirus vector-transduced cells.

Next we investigated the degree of hepatocyte injury by
histological analysis in this experimental model. Liver biopsy
specimens for histological assessment were obtained at differ-
ent times after the systemic administration of the adenovirus
vectors. Liver specimens from the median lobe were fixed in
10% formalin and embedded in paraffin. Six-micrometer he-
matoxylin-and-eosin-stained sections were evaluated at an
3200 magnification by a point-counting method for severity of
hepatic injury with an ordinal scale as previously described:
grade 0, minimal or no evidence of injury; grade 1, mild injury
consisting in cytoplasm vacuolation and focal nuclear pyknosis;
grade 2, moderate to severe injury with extensive nuclear py-
knosis, cytoplasmic hypereosinophilia, and loss of intercellular

borders; grade 3, severe necrosis with disintegration of hepatic
cords, hemorrhage, and neutrophil infiltration (7, 27). In this
context, control animals injected with PBS did not show any
evidence of hepatic injury (grade 0). Consistent with the
transaminase levels (Fig. 3), the group injected with AdCMVLuc
plus AdCMVLacZ showed moderate to severe injury by day 3
after the systemic administration of the adenovirus vector
(grade 2-3) with nuclear pyknosis, cytoplasmic hypereosino-
philia, and loss of intercellular borders. Areas of necrosis with
disintegration of hepatic cords and neutrophil infiltration were
also evident (Fig. 4). The hepatotoxic effect of the adenovirus
vector was less evident by day 7 and was resolved by day 35.
Animals injected with AdCMVhBcl-2 plus AdCMVLuc
showed minimal evidence of injury (grade 0-1) at all the ex-
perimental times (Fig. 5). These results suggest that Bcl-2
might protect the host cell against the cytotoxic effects of the

FIG. 2. Immunoblot analysis of hBcl-2 protein expression. Adult C57BL/6 mice were injected i.v. with either AdCMVhBcl-2 plus AdCMVLuc or AdCMVLacZ plus
AdCMVLuc at 109 PFU per vector (total dose, 2 3 109 PFU). Control animals did not receive a viral injection. At various times postinjection, total protein was extracted
from frozen livers. Fifteen micrograms of total protein was size fractionated by SDS–12% polyacrylamide gel electrophoresis. The membrane was developed with
Western blot chemiluminescence reagent.

FIG. 3. AST levels after adenovirus-mediated gene transfer. Adult female C57BL/6 mice were injected i.v. with either AdCMVhBcl-2 plus AdCMVLuc or
AdCMVLacZ plus AdCMVLuc at 109 PFU per vector (total dose, 2 3 109 PFU). Serum AST levels were measured at various times postinjection. Results are expressed
as means 6 standard errors of the means for eight animals. Serum AST levels obtained from normal C57BL/6 mice were 0.58 6 0.08 IU/liter. A significant difference
was observed between the AdCMVhBcl-2-plus-AdCMVLuc group and controls or AdCMVLacZ-plus-AdCMVLuc-injected animals (P , 0.01, Student’s t test).
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adenovirus vector and decrease the inflammatory response
secondary to the viral infection.

Having demonstrated that Bcl-2 protects the liver against
adenovirus vector injury, we wished to examine whether this
was the result of reduced apoptosis in the liver cells. To this
end, a commercial in situ histochemical assay (Klenow-FragEL;
Oncogene) was used to detect the DNA fragmentation char-
acteristic of apoptosis. In this assay, Klenow fragment binds to
exposed ends of DNA fragments generated in response to
apoptotic signals and catalyzes the template-dependent addi-
tion of biotin-labeled and unlabeled deoxynucleotides. Biotin-
ylated nucleotides are detected with a streptavidin-horseradish
peroxidase conjugate. Diaminobenzidine reacts with the la-
beled sample to generate an insoluble colored substrate at the
site of DNA fragmentation. Counterstaining with methyl green
aids in the morphological evaluation of normal and apoptotic
cells. In this regard, nuclei showed condensed chromatin
(black) under light microscopy. The results were scored semi-
quantitatively by averaging the number of apoptotic cells per
microscopic field at 325 magnification. Six fields were evalu-
ated per tissue sample. Apoptotic cells were more evident
in samples from animals injected with AdCMVLuc plus
AdCMVLacZ (Fig. 4). In contrast, a significantly lower num-
ber of apoptotic cells was present in the animals coinjected
with AdCMVhBcl-2 and AdCMVLuc (Fig. 5). Thus, these
results demonstrate that apoptosis plays a critical role in the
clearance of the adenovirus vector at early times postinjection
and also demonstrate the ability of hBcl-2 to block the apo-
ptosis process induced by the adenovirus vectors.

Next we explored the potential biological effect of hBcl-2 in
transgene expression. For this experiment, adult male C57BL/6
mice were injected via the tail vein with adenovirus vectors.
Animals were challenged with both AdCMVLacZ and
AdCMVLuc, or AdCMVhBcl-2 and AdCMVLuc, at 109 PFU
per vector per animal. Analysis of luciferase reporter gene
expression was assayed as described by the manufacturer (Pro-
mega luciferase assay system). Briefly, lysate cells were washed
with PBS, and then 400 ml of Promega 13 cell culture lysis
reagent was added to the cells. Samples were then incubated
on ice for 1 h, after which lysates were collected and spun down
at 14,000 rpm for 5 min. Next, 20 ml of supernatant was added
to 100 ml of Promega luciferase substrate and analyzed for
emitted light. A Lumat LB 9510 luminometer with the param-
eters described by the manufacturer was used to analyze the
light units. Results are expressed as relative light units per
milligram of total protein per 30 s. As expected, all uninfected
control groups demonstrated an absence of luciferase expres-
sion in harvested livers. In the group treated without hBcl-2, an
initial high level of gene expression was achieved by day 7
postinfection followed by progressive attenuation in a time-
dependent manner such that by day 60 postinfection the lucif-
erase gene expression was at baseline level (Fig. 6). This pat-
tern of nonpersistence of transgene expression is analogous to
that described by other authors and reflects, in part, the con-
sequences of the host immune response for the vector-trans-
duced cells (36, 45, 78). However, in situ coexpression of
hBcl-2 protein induced a different pattern of transgene expres-
sion from that in AdCMVLacZ-plus-AdCMVLuc-treated an-

FIG. 4. Apoptosis and histological analysis of the liver after coinfection with AdCMVLuc plus AdCMVLacZ. Adult female C57BL/6 mice were injected i.v. with
either AdCMVhBcl-2 plus AdCMVLuc or AdCMVLacZ plus AdCMVLuc at 109 PFU per vector (total dose, 2 3 109 PFU). Liver biopsy specimens were obtained
at 8 h and 1, 3, 7, and 21 days postinjection. Sections were prepared for apoptosis by in situ histochemical assay for DNA fragmentation (Klenow-FragEL) (A, C, E,
G, I, and K). Sections were also stained with hematoxylin and eosin (B, D, F, H, J, and L). Magnification, 318. (A and B) Control mouse; (C and D) 8 h; (E and F)
1 day; (G and H) 3 days; (I and J) 7 days; (K and L) 21 days.

VOL. 73, 1999 NOTES 6995



imals (Fig. 6). In this regard, a 2-log increase of transgene
expression by days 7 and 21 and a 1-log increase in transgene
expression by day 35 postinjection were noted. In this context,
some degree of prolongation of transgene expression was

achieved by day 35 posttransfection; however, by day 60 the
luciferase expression level was nearly baseline. It thus ap-
peared that, in this organ context, simple ectopic expression of
hBcl-2 did confer the desired end of cytoprotection of the
vector-infected cell, achieving enhancement and some degree
of prolongation of transgene expression.

Finally, we investigated the activation of the immune system
after in vivo adenovirus administration. To study the cytokine
release, interleukin-12 (IL-12) p70, gamma interferon (IFN-g),
and IL-4 levels were evaluated 7 days after i.v. administration
of 109 PFU of AdCMVLuc, AdCMVhBcl-2, or PBS to adult
C57BL/6 mice. Briefly, cytokine production was evaluated in
vitro in response to murine macrophages (antigen-presenting
cells [APC]) infected with adenovirus vector (100 PFU/cell).
The infection was done for 1 h at 37°C in 1 ml of RPMI 1640
plus 10% heat-inactivated fetal calf serum. Before use as stim-
ulator cells, the APC were g-irradiated, and 103 APC were
mixed with T cells isolated from spleens from mice from the
different groups at different effector-to-target ratios. The
mixed cells were incubated in 24-well plates for 48 h at 37°C.
The supernatants were collected, and the concentrations of
IFN-g, IL-12 p70, and IL-4 were measured by using Quan-
tikine murine enzyme-linked immunosorbent assay (ELISA)
kits according to the directions of the manufacturer (R&D
Systems, Minneapolis, Minn.). Significantly higher levels of the
proinflammatory cytokines IFN-g and IL-12 p70 were ob-
served for animals transfected with AdCMVLuc (Fig. 7A and
B) than for animals injected with AdCMVhBcl-2 or PBS. High
levels of IL-4, a cytokine with anti-inflammatory properties,

FIG. 5. Apoptosis and histological analysis of the liver after coinfection with AdCMVhBcl-2 and AdCMVLuc. Adult female C57BL/6 mice were injected i.v. with
either AdCMVhBcl-2 plus AdCMVLuc or AdCMVLacZ plus AdCMVLuc at 109 PFU per vector (total dose, 2 3 109 PFU). Liver biopsy specimens were obtained
at 8 h and 1, 3, 7, and 21 days postinjection. Sections were prepared for apoptosis by in situ histochemical assay for DNA fragmentation (Klenow-FragEL) (A, C, E,
G, I, and K). Sections were also stained with hematoxylin and eosin (B, D, F, H, J, and L). Magnification, 318. (A and B) Control mouse; (C and D) 8 h; (E and F)
1 day; (G and H) 3 days; (I and J) 7 days; (K and L) 21 days.

FIG. 6. Effect of ectopic expression of hBcl-2 on transgene expression in
murine hepatocytes. Adult C57BL/6 mice were injected i.v. with either
AdCMVhBcl-2 plus AdCMVLuc or AdCMVLacZ plus AdCMVLuc at 109 PFU
per vector (total dose, 2 3 109 PFU). Control animals did not receive a viral
injection. At various times postinjection, luciferase activity was determined in
harvested frozen livers. Each histogram represents the mean 6 standard error of
the mean for eight animals. RLU, relative light units.
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were observed only with animals transfected with AdCMVh-
Bcl-2 (Fig. 7C). These results demonstrate less proinflamma-
tory cytokine release during the initial response to adenovirus
in vivo administration when AdCMVhBcl-2 was used.

The development of a cytotoxic T-lymphocyte (CTL) re-
sponse against adenovirus proteins as well as transgene prod-
ucts has been implicated in the transient expression from ad-
enovirus vectors in vivo. In order to analyze the CTL
response in our model, CTL activity was estimated 7 days
postinfection by measuring the ability of the test cells to in-
duce cytotoxicity of adenovirus-infected C57BL/6 target APC.
Briefly, AdCMVLuc- or AdCMVhBcl-2-infected C57BL/6
mouse fibroblasts (10 PFU/cell) were labeled with 20 mCi of
sodium [51Cr]chromate (Amersham, Arlington Heights, Ill.)
per ml for 1 h at 37°C. The cells were then washed three times
with RPMI 1640 medium supplemented with heat-inactivated
10% fetal calf serum. Effector T cells were prepared from
spleens of AdCMVLacZ, AdCMVhBcl-2, or PBS groups.
These effector cells were then incubated with adenovirus-in-
fected target cells in 96-well plates at different effector-to-
target ratios. Supernatants were collected after 24 h, and the
amount of released 51Cr was measured with a b-counter (Beck-
man Instruments, Fullerton, Calif.). Spontaneous release of
51Cr was determined by incubating 51Cr-labeled target cells
with medium alone, and maximum release was determined by
adding SDS to a final concentration of 0.05%. The percentage
of specific 51Cr release was calculated as described elsewhere
(79). A significant reduction in the capacity of CTLs to induce
lysis was observed for target cells transfected with AdCMVh-
Bcl-2 compared to AdCMVLuc-transfected cells (Fig. 8). Bcl-2
has been reported elsewhere to induce cytoprotection against
cytotoxicity induced by T cells (9).

In several reports, the humoral immune response against
viral and/or transgene products has been observed to lead to
elimination of transduced cells and inability to readminister
the adenovirus vector (13, 23, 25). The humoral immune re-
sponse to the adenovirus vector was analyzed. ELISA plates

were coated with guinea pig polyclonal antiadenovirus anti-
body. Twenty nanograms of AdCMVLuc was added to 96-well
plates for 30 min at 4°C and washed three times with PBS.
Serum samples obtained at 21 days postadenovirus i.v. admin-
istration were diluted 1:100 and incubated for 30 min at 4°C.
After washing, peroxidase-conjugated anti-mouse immuno-
globulin G1 and immunoglobulin G2a (Southern Biotechnol-
ogy Associates, Birmingham, Ala.) were added followed by
washing and development with tetramethylbenzidine (Sigma,
St. Louis, Mo.) substrate. The optical density was determined
at 405 nm on a microplate reader (SofMax automatic 96-well

FIG. 7. Cytokine profile after in vivo adenovirus administration. IFN-g (A), IL-12 p70 (B), and murine IL-4 (C) levels were determined by ELISA at day 7 after
i.v. adenovirus administration in T-cell culture supernatants from C57BL/6 adult mice treated with 109 PFU of AdCMVLuc or AdCMVhBcl-2 or PBS. Results are
expressed as means 6 standard deviations for at least three animals.

FIG. 8. Cytotoxic T-cell response after i.v. administration of adenovirus vec-
tor. The T-cell cytotoxic responses were determined 7 days after i.v. administra-
tion of 109 PFU of AdCMVLuc or AdCMVhBcl-2 or PBS. Results are
expressed as means 6 standard deviations for at least three animals. A
significant difference was observed between the AdCMVhBcl-2 group and the
controls or AdCMVLuc-injected animals (P , 0.04). E:T ratio, effector/target
cell ratio.
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microtiter reader). Each sample was assayed in duplicate, and
the average optical density reading from the duplicates of each
sample was then obtained. At least three mice were tested in
each group. ELISA was used in comparison to a standard
curve of a commercial antihexon adenovirus antiserum (Accu-
rate Chemical & Scientific Co., Westbury, N.Y.). Antihexon
antibody levels were evaluated as not detected (2) or detected
as similar to the standard antibody dilution of 1:1,000 (111),
1:100 (11), or 1:10 (1). No significant differences in neu-
tralizing antibody production were observed between ani-
mals treated with AdCMVLuc and those treated with
AdCMVhBcl-2 (111). No antibodies were detected in serum
from mice injected with PBS (2) (data not shown).

Apoptosis is a cellular response to viral infection, which has
a potential to inhibit viral growth and block the spread within
the infected organisms (31, 40, 54, 57). In the case of the liver,
the main cellular targets of apoptosis are hepatocytes and
sinusoidal lining cells, and the intensity of apoptosis correlates
with signs of hepatocyte injury. Lawson et al. proposed that the
signal that turns neutrophil sequestration in the liver into full-
blown neutrophilic inflammation is apoptosis (35). When ap-
optosis is blocked, so are neutrophil invasion and the accom-
panying tissue injury. By contrast, when apoptosis occurs in the
liver primed for inflammation, neutrophils migrate toward the
dead cells but in the process destroy many others, triggering
widespread organ destruction. This phenomenon has been
called the neutron bomb effect: that is, the apoptosis of a few
hepatocytes seems silent initially but sets off scores of primed
neutrophils, which explode with oxyradicals and proteolytic
enzymes that kill hundreds of innocent bystander cells (38). In
this regard, some viruses, such as herpesviruses, poxviruses,
insect baculoviruses, and adenoviruses, are associated with ap-
optosis of the infected cell even in the absence of an antiviral
immune response (37, 71). Viruses have evolved a variety of
strategies including modification of the expression of cellular
and viral genes that regulate apoptosis to meet their require-
ment for prolonged survival in the infected cell (1, 10, 11, 19,
81). Adenoviruses encode the E1B–19-kDa protein gene prod-
uct that effectively blocks apoptosis (8, 18, 44). However, re-
combinant adenovirus vectors have a deletion of this protein;
therefore, they fail to produce a functional E1B–19-kDa pro-
tein and induce extensive degradation of host cell and viral
DNA, enhanced cytopathic effect, and reduced viral yield when
grown in cultured cells (46, 59, 68).

In our model, we have demonstrated an acute severe hepa-
tocyte injury after systemic delivery of adenovirus vector (1 to
3 days postinjection) evaluated by increase in transaminases,
proinflammatory cytokines, and apoptosis and by histological
analysis of the liver. This acute response was blocked by the
expression of Bcl-2. Previous studies have shown that the Bcl-2
gene protects a wide variety of cell types from apoptosis in
response to such diverse stimuli as viral infection, ionizing
radiation, growth factor deprivation, proinflammatory cyto-
kines, T-cell cytotoxicity, and ischemia (28, 32, 52). The coex-
pression of Bcl-2 mediated a significant reduction in apoptosis
and necrosis following adenovirus-mediated gene transfer,
achieving an enhancement of transgene expression (up to 2
logs). These results suggest that apoptosis plays an important
role in the early clearance of the adenovirus-infected cells.
Thus, transient expression of Bcl-2 at the time of i.v. adenovi-
rus injection was sufficient to enhance and prolong transgene
expression.

Recent reports have demonstrated that apoptotic cells in-
duce direct activation of dendritic cells, a critical step in the
immune response (2, 50, 51, 73). Therefore, reduced cell dam-
age and apoptosis during the early steps of liver damage after

adenovirus transfection would potentially decrease the immu-
nogenicity of the vector-infected cell. Also, cells expressing
Bcl-2 have been shown to block cytotoxicity mediated by al-
lospecific CTLs and to resist the cytotoxic effect mediated by
perforin and granzymes (6, 9). Therefore, expression of Bcl-2
after adenovirus-mediated gene transfer to the liver would
potentially confer protection against the immune system. In
accordance with our results, Okuyama et al. showed that Fas-
mediated apoptosis is involved in the elimination of gene-
transduced hepatocytes with E1/E3-deletion adenovirus vec-
tors (42). Interestingly, Lacronique et al., using hepatocytes
from transgenic mice expressing hBcl-2, showed that these
hepatocytes could resist the administration of agonistic Fas
antibody while normal hepatocytes were killed (34). These
observations suggest that expression of Bcl-2 can block the
Fas-mediated apoptosis induced by adenovirus vectors (24,
34).

A recent report by Lieber et al. has also described the role
of Bcl-2 and IkBM in the persistence of first-generation ade-
novirus vectors (36). Adenovirus-mediated gene transfer has
been shown to activate the transcriptional factor NF-kB,
known to induce the expression of proinflammatory cytokines
that lead to neutrophil-mediated inflammation (12, 60). These
investigators employed transgenic mice that express Bcl-2 (bcl-
2tg1/1) with a systemic administration of adenovirus vector
expressing IkBM. In this study, they demonstrated that coex-
pression of Bcl-2 with the inhibitor of NF-kB (IkBM) was
necessary for the prolonged adenovirus gene expression. In-
terestingly, a decrease of the main inflammatory cytokines
(IFN-g and tumor necrosis factor alpha) was observed in the
transgenic mice expressing Bcl-2.

Bcl-2 was first discovered by its association with the t(14;18)
chromosomal translocations found in non-Hodgkin B-cell lym-
phomas (63). However, no evidence of neoplasia has been
demonstrated for transgenic mice overexpressing Bcl-2 (22,
27). Experiments performed in our laboratory with mice in-
fected with AdCMVhBcl-2 in the liver demonstrated no evi-
dence of liver dysfunction or neoplasia in any organ at long-
term follow-up (.18 months).

The transient coexpression of Bcl-2 with a therapeutic gene
might be effective in preventing the rapid elimination of hepa-
tocytes transduced with an adenovirus vector. Strategies to
prolong the expression of therapeutic genes delivered by ade-
novirus vector, even in the context of diseases in which tran-
sient effects may be sought, are essential requirements for
achieving clinical utility.
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