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ABSTRACT Adenovirus (Ad) gene transfer vectors are
rapidly cleared from infected hepatocytes in mice. To deter-
mine which effector mechanisms are responsible for elimina-
tion of the Ad vectors, we infected mice that were genetically
compromised in immune effector pathways [perforin, Fas, or
tumor necrosis factor a (TNF-a)] with the Ad vector, Ad5-
chloramphenicol acetyl transferase (CAT). Mice were sacri-
ficed at 7–60 days postinfection, and the levels of CAT
expression in the liver determined by a quantitative enzymatic
assay. When the livers of infected mice were harvested 28 days
postinfection, the levels of CAT expression revealed that the
effectors most important for the elimination of the Ad vector
were TNF-a > Fas > perforin. TNF-a did not have a curative
effect on infected hepatocytes, as the administration of TNF-a
to infected severe combined immunodeficient mice or to
infected cultures in vitro had no specific effect on virus
persistence. However, TNF-a-deficient mice demonstrated a
striking reduction in the leukocytic infiltration early on in the
infection, suggesting that TNF-a deficiency resulted in im-
paired recruitment of inf lammatory cells to the site of in-
f lammation. In addition, the TNF-deficient mice had a sig-
nificantly reduced humoral immune response to virus infec-
tion. These results demonstrate a dominant role of TNF-a in
elimination of Ad gene transfer vectors. This result is partic-
ularly important because viral proteins that disable TNF-a
function have been removed from most Ad vectors, rendering
them highly susceptible to TNF-a-mediated elimination.

Adenovirus (Ad) gene transfer vectors are currently the most
efficient technique available for in vivo gene transduction.
Accompanying transduction of target cells is an equally effi-
cient host immune response to the defective virus, which has
proven to be a major obstacle to the successful use of Ad
vectors in a variety of gene therapy applications (reviewed in
ref. 1). Although some of the complications revealed by the use
of Ad vectors undoubtedly will be Ad specific, many of the
problems are generic to in vivo gene therapy strategies. The
replication defective Ad vectors present an opportunity to
characterize both shared and Ad-specific aspects of the host
immune response to gene therapy vectors.

The response of the host to the introduction of Ad vector can
vary depending on the dose of virus, the site of delivery, and
the genetic makeup of the vector as well as the transgene
expressed from the viral backbone. When administered intra-
venously into mice, the vast majority of Ad is localized to the
liver (2). During the first 24–48 hr of infection, 90% of vector

DNA is eliminated, presumably through innate pathways of
virus clearance mediated by the Kupffer cells within the liver
(2). Despite the clearance of the majority of virus within days,
over 95% of hepatocytes can be transduced by Ad vectors (3)
with maximum transgene expression occurring during the first
week of postinfection. In immune-competent animals, trans-
gene expression rapidly declines to baseline levels by 2 to 3
weeks postinfection.

The rapid clearance of the virus is attributed to the cellular
arm of the immune system. This observation is supported by
experiments showing that Ad-mediated transgene expression
extends beyond 4 months in immunodeficient mice that lack
mature T and B lymphocytes (4–9); that adoptive transfer of
CD81 and CD41 cytotoxic T cells (CTL) from Ad vector-
infected mice clear the vector and the transgene from infected
RAG-2 mice (5, 9); and that immune depletion of CD81 or
CD41 cells in immunocompetent mice results in persistence of
transgene expression (5, 8–11).

Recent studies have reported that the perforin and Fas
pathways are the major effector pathways responsible for T cell
cytotoxicity (12–15). Clearance of Ad gene transfer vectors by
antigen-specific CTL has been reported to be mediated by the
perforinygranzyme pathway (16). Because, as discussed in
relation to hepatitis infection (17, 18), cytolytic destruction of
90% of hepatocytes over a short period of time would most
likely be fatal, we considered the possibility that Ad vector
clearance could occur by other clearance pathways. Here, we
report that TNF-a plays a major role in the elimination of the
Ad vector.

MATERIALS AND METHODS

Mice. C57BLy6 and C57BLy6-Faslpr mice (B6ylpr) were
obtained from The Jackson Laboratory. The mutant strain,
CBAylprcg (CBAyK1Jmsylprcgylprcg) and the wild-type,
CBAy11 (CBAyK1Jms) have been described in detail pre-
viously (19). Homozygous C.B-17 severe combined immuno-
deficient (SCID) mice (kindly provided by George Carlson,
McLaughlin Research Institute, Great Falls, MT) were bred
and maintained in a specific pathogen-free environment at the
animal facilities of the Hospital for Special Surgery (New
York, NY). Mice deficient in TNF-a expression (TNF-a 2y2,
TNF-a 2y2 C57BLy63129) were created by replacement-
type homologous recombination and are described elsewhere
(20). Perforin knockout mice (perf2y2) have been described
elsewhere (21).
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Ad. Ad5-chloramphenicol acetyl transferase (CAT) express-
ing the CAT gene from a first-generation Ad vector was used
in all studies and has been previously described (22).

In Vivo Gene Transfer of Ad5-CAT. Mice were anesthetized
with methoxyflurane and the skin incised to expose the jugular
vein. The mice then were injected intrajugularly with 5 3 109

viral particles of Ad5-CAT diluted to 100 ml with PBS (137 mM
NaCly2.7 mM KCly10 mM Na2HPO4, pH 7.4 using a 28 g 1/2
(0.36 mm 3 13 mm) needle affixed to a 0.5-cc insulin syringe.
After the injection, the incision was sutured. Mice were
sacrificed on the specified day, and liver removed, homoge-
nized in 2 ml of PBS per gram (wet weight) of tissue, and the
homogenates processed for CAT assays. CAT assays were
performed as previously described (22). Initially, 1% to 5% of
the total tissue homogenate was assayed. When values were out
of the range of assay (generally .60% acetylated chloram-
phenicol) lysates were diluted in PBS containing 1 mg of BSA
per ml. Each assay point included five animals from a single
experiment.

Cells. Murine embryonic fibroblasts were prepared from
embryos of C57BLy6 (H2b) strain at fetal age of 16 days,
following a standard procedure (23) with minor modifications.
Briefly, embryos were aseptically removed, rinsed with PBS,
cut into small pieces, and incubated at 4°C in PBS containing
0.05% trypsin and 1 mM EDTA (PBSytrypsinyEDTA) over-
night. After the removal of particulate debris, embryonic cells
released into the medium were plated onto 100-mm plates and
cultured in a-modified minimum essential medium supple-
mented with 5% fetal bovine serum (HyClone), penicilliny
streptomycin (5,000 unitsy50 mg per ml), and 5 3 1025 M
2-mercaptoethanol at 37°C. Embryonic fibroblasts were har-
vested by trypsinization, washed, and either split for continuing
culture or frozen as stocks. Fibroblasts of the third passage
were used in most experiments.

In Vitro Stimulation of Splenic Lymphocytes and Lympho-
cyte-Mediated Cytotoxicity Assays. The spleens from Ad5-
CAT-infected mice were aseptically removed and single cell
suspensions prepared. Spleen cells were cultured at a density
of 4 3 106 cellsyml (1.5 ml per well of 24-well plates) in
a-modified minimum essential medium with supplements as
above in the presence of Ad5-CAT at a multiplicity of infection
of 50. After a 5-day culture, reactivated CTLs were harvested,
washed, and resuspended at the desired concentrations in
culture medium. Embryonic fibroblasts were infected with
Ad5-CAT at a multiplicity of infection of 500 for 24 hr before
use as target cells. Infected, as well as uninfected control,
fibroblasts were detached from the culture plates and labeled
with 51Cr (' 100 mCiy106 cells) for 1.5 hr in suspension. CTLs
and labeled target cells (104 cellsywell), at different effectory
target ratios, were added to individual wells of round-
bottomed 96-well microtiter plates and incubated at 37°C for
5 hr. The percentage of target cell lysis induced by CTLs was
determined by quantifying 51Cr released from target cells,
based on the equation: % specific release (cytolysis) 5 (ex-
perimental release 2 spontaneous release)y(total release 2
spontaneous release) 3 100%.

TNF Cytotoxicity. H-2b fibroblasts were infected with Ad5-
CAT at 1,000 particlesycell. Twenty-four hours postinfection,
cells were labeled with 51Cr and exposed to increasing con-
centrations of TNF. Cell lysis was examined over the next 18
hr by 51Cr release, and CAT transgene expression was quan-
tified as described above.

Histology. Liver was fixed in formalin, embedded in paraf-
fin, and sections stained with hematoxylin and eosin.

Neutralizing Antibody Assay and ELISA. The determina-
tion of Ad-neutralizing antibody titers was performed on
28 days postinfection serum as described in Gall et al. (24).
Anti-Ad antibodies were measured by ELISA in 96-well plates
coated with 1010 particles (approximately 50 ng) per well of Ad
in PBS at 4°C overnight. The wells were washed and then

blocked with 1% BSA at room temperature for 1 hr. The plates
were then serially incubated with mouse sera (1y1,000 dilution
in 3% BSAy10% normal goat serumy0.05% Tween-20yPBS),
a 1y1000 dilution of alkaline phosphatase-conjugated goat
anti-mouse IgG and developed with substrate (Sigma 104
Phosphatase Substrate). Plates were read at 405 nm in an
ELISA reader.

RESULTS

Fas-Deficient Mice Have a Modest Impairment of Ad5-CAT
Transgene Clearance. Recognition of the peptideymajor his-
tocompatibility complex by the T cell receptor is the first of
several receptor ligand interactions that take place between
the effector and target cell. To examine the role of CTL
effector pathways and cell surface interactions considered
important for lytic function, mice that were defective in either
the Fas (lpr) (25) or perforin (21) pathways were evaluated for
their efficiency of clearance of Ad5-CAT from the liver.

Administration of 5 3 109 particles of Ad5-CAT by intra-
jugular injection produced uniformly high levels of gene
expression in all strains examined 7 days postinfection (Fig. 1).
As expected from previous studies (4, 22, 26), SCID mice had
persistently high elevations of CAT expression, whereas nor-
mal immunocompetent mice (P2, B6y11), had baseline levels
of CAT expression at 28 days postinfection. Surprisingly, the
levels of CAT gene expression also were reduced to baseline
in perforin-deficient mice (perf2y2) at day 28, indicating that
perforin was not required for elimination of transgene expres-
sion.

In contrast to the results obtained from Ad5-CAT-infected
perf2y2 mice, Fas-deficient lpr mice showed a low level of
persistence of CAT gene expression when compared with the
appropriate wild-type control strain at 28 days. This result
indicates that the Fas pathway contributes modestly to host
clearance of Ad5-CAT. Because similar results were observed
in CBA lprcg mice (not shown) that have a point mutation in
the signal transducing region of the Fas receptor (27), these
findings are not explained by strain differences.

TNF-a Deficiency Markedly Attenuates Clearance of Ad5-
CAT from the Liver. As shown in Fig. 1, neither Fas nor
perforin alone could account for the efficient clearance of the

FIG. 1. Persistence of reporter gene expression in immunodeficient
mice after i.v. administration of Ad5-CAT. Particles of Ad5-CAT (5 3
109) were administered to mutant strains (perf2y2 or B6ylpr) and
their wild-type counterparts (P2 and B6y11) by i.v. injection to the
jugular vein (as described in Materials and Methods). SCID mice were
used as a control for animals that do not clear Ad vectors due to a lack
of B and T cells. Animals were sacrificed 7 or 28 days postinfection,
and the livers harvested for CAT expression assays as indicated in the
text. Each group includes a minimum of five animals. Relative CAT
activity corresponds to the calculated CAT activity present in the total
liver.
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transgene from the liver of infected animals. Using an identical
strategy to that described in Fig. 1, we next determined
whether TNF-a played a role in immune clearance of the virus.
Particles of Ad5-CAT (5 3 109) were administered i.v. to
TNF-a 2y2, TNF-a 11, and SCID mice. Twenty-four days
postinfection, animals were sacrificed and CAT expression
levels determined. In comparison to TNF-a 1y1 animals, high
levels of CAT expression were observed in TNF-a 2y2 mice
(Fig. 2A). To determine if CAT expression levels in the TNF-a
2y2 mice had stabilized at the 24-day time point, the exper-
iment was repeated and CAT expression levels determined at
28 and 60 days postinfection. As shown in Fig. 2B, TNF-a-
deficient mice were able to completely inhibit transgene
expression by day 60 postinfection, indicating that other host
defense mechanisms were available to eliminate transgene
expression over a prolonged period of time.

TNF-a Administration Does Not Alter Ad5-CAT Expression
in Vivo or in Vitro. The experimental findings indicate that
TNF-a plays an important role in facilitating elimination of
virus-encoded transgene expression. Chisari and colleagues
(28, 29) have shown in the transgenic hepatitis model that a
single dose of TNF-a injected into the transgenic animals was
sufficient to clear the hepatitis B genomic transcript. To
determine whether TNF-a exerted its protective effect directly
on hepatocytes after Ad5-CAT infection, 12 SCID mice were
infected with Ad5-CAT. On days 7 and 14 postinfection, half
the animals received either 80,000 units of recombinant mouse
TNF-a or saline by i.p. injection. Animals were sacrificed 21
days postinfection, and CAT gene expression in the liver was
measured. All animals receiving i.p. injections of TNF-a had
levels of CAT expression identical to those found in the control
group (data not shown). These findings indicate that systemic
TNF-a did not seem likely to mediate a direct curative effect
on Ad5-CAT-infected hepatocytes in vivo.

To examine whether TNF-a was directly capable of medi-
ating noncytolytic clearance of Ad in vitro, a fibroblast assay
was established. Primary mouse fibroblasts were infected with
Ad5-CAT (103 particlesycell), exposed to varying concentra-
tions of TNF-a, and harvested after 2, 4, 10 or 18 hr. As shown
in Fig. 3, the decline in CAT activity assays (Fig. 3A) directly
correlated with the level of cell lysis (Fig. 3B), indicating that
the cytokine did not appear to have a curative effect separable
from the ability to induce cell lysis.

TNF-a-Deficient Lymphocytes Lysed Virus-Infected Tar-
gets in Vitro But Showed Reduced Homing to the Liver. To
further explore how TNF-a deficiency allowed persistence of
Ad5-CAT infection, we examined CTL activity from wild-type
and mutant strains at 28 days postinfection. Significant lysis of
virus-infected, and to a lesser extent of uninfected, fibroblasts

was detected in the assays using CTLs derived from wild-type
(Fig. 4 A, C, and E), lpr (Fig. 4D), and TNF-a 2y2 (Fig. 4F)
mice. In contrast, CTLs derived from perf2y2mice exhibited
only a marginal cytolytic activity against infected fibroblasts
(Fig. 4B). Interestingly, the reactivated CTLs prepared from all
strains of mice (wild-type, perf2y2, TNF-a 2y2, and lpr)
mice were capable of inducing substantial lysis of yeast arti-
ficial chromosome-1 cells, the classical natural killer (NK)
target cells (Fig. 4 G and H), suggesting the presence of NK
cells and lymphokine-activated killer cells in the bulk popu-
lation of reactivated cells. The presence of NKylymphokine-
activated killer activities also provides an explanation for the
low degree of killing of uninfected fibroblasts observed in the
CTL cytotoxicity assays. Because the subclone of YAC-1 cells
used expressed a substantial level of Fas antigen (data not
shown), the lysis of these cells by perf2y2 lymphocytes most
likely was mediated via the Fas-dependent pathway.

Because CTL were generated from TNF-a-deficient mice in
vitro, we next asked whether lymphocytes adequately homed to
the site of infection. Studies previously have demonstrated that
Ad-vector infection leads to CD41 and CD81 lymphocyte
infiltration of the liver, which peaks 7–10 days postinfection
(5). TNF-a is known to be a potent stimulator of adhesion
molecules, which, in turn, facilitate leukocyte adhesion to
vessels and transendothelial migration (30). TNF-a 2y2 and
TNF-a 1y1 mice were infected with Ad5-CAT and sacrificed
at day 7 postinfection. As shown in Fig. 5, wild-type mice

FIG. 2. Persistence of CAT gene expression in TNF-a 2y2 mice
transduced by Ad5-CAT. (A) Ad5-CAT administered to TNF-
deficient mice (TNF-a 2y2), the parental strain (TNF-a1y1), or
SCID mice and sacrificed at day 24 postinfection. Liver CAT enzyme
measurements were performed as described previously. (B) Extended
time course of CAT expression in TNF-a 2y2 mice after adminis-
tration of 5 3 109 particles of Ad5-CAT. Animals were sacrificed at 28
and 60 days postinfection.

FIG. 3. In vitro clearance of CAT transgene expression from
primary mouse fibroblasts directly correlates with TNF-a cytolytic
activity. Primary mouse fibroblasts infected for 24 hr with 1,000
particlesycell of Ad5-CAT were exposed to increasing concentrations
of TNF-a as shown. At the indicated time intervals (2, 4, 10, 18 hr)
samples were examined for (A) CAT enzymatic activity and (B)
cytolysis as described in the text.
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showed extensive lymphocytic infiltration of the liver (average
number of inflammatory foci per low power field was 8.6 6
2.3). In marked contrast, TNF-a-deficient mice had a signif-
icant reduction in lymphocytic infiltrates (1.6 6 1.5 foci per
field, P , 0.0005, n 5 5, Student’s t test) (Fig. 5).

TNF-a-Deficient Mice Have an Impaired Humoral Immune
Response to Ad. It recently has been observed that TNF-a
2y2 mice have an impaired antibody production (20, 31). To
determine whether the humoral immune response to Ad was
compromised in these mice, we quantified IgG anti-Ad anti-
body titers by ELISA. Analysis of serum from 28-day Ad5-
CAT-infected wild-type or TNF-a 2y2 mice showed signifi-
cantly reduced anti-Ad5 antibody compared with wild-type
mice (Fig. 6). The low titer of anti-Ad5 antibody in the TNF-a
2y2 mice also was reflected by the lack of serum neutraliza-
tion activity by in vitro anti-Ad5 serum neutralization assays.

DISCUSSION

Despite genetic reengineering of the Ad gene delivery vector,
the efficiency with which the host eliminates replication de-
fective Ad vectors is striking. After i.v. vector administration,
the vast majority of Ad vector is localized to the liver. Greater
than 90% of the vector is eliminated within 24 hr of admin-
istration, well before maximal levels of transgene are expressed
(2). A small percentage of the input Ad vector therefore is
responsible for subsequent transgene expression found in most
of the hepatocyte population. During the second and third
weeks postinfection, immune activation results in clearance of
viral-mediated transgene expression, and it generally has been
assumed that cells harboring the Ad vector are subject to
immune-mediated lysis.

Although perforin-dependent CD81 CTLs have long been
thought to be the dominant cytolytic effector of virus-infected
cells, recent studies indicate that perforin-mediated cytotox-
icity against lymphocytic choriomeningitis virus is only one of

FIG. 4. Cytolytic functions of splenic lymphocytes obtained from
Ad-infected mice. (A-F) CTL response. Splenic lymphocytes harvested
from perf2y2 (B), lpr (D), TNF-a 2y2 (F), and their respective
wild-type (WT) controls (A, C, and E) were stimulated in vitro for 5
days (see text) and tested for specific lysis of Ad-infected fibroblasts
(F) or uninfected fibroblasts (E). (G and H) NKylymphokine-activated
killer activity. Stimulated splenic lymphocytes derived from all six
strains of mice were tested for lysis of yeast artificial chromosome-1
cells, a classical target for NK cells.

FIG. 5. Impaired intrahepatic recruitment of leukocytes in TNF-
a-deficient mice. Wild-type (A and C) and TNF-a-deficient (B and D)
mice were infected with Ad5-CAT as in Fig. 1 and sacrificed 7 days
postinfection. The livers were fixed in formalin and stained with
hematoxylin and eosin. A significant reduction in the number of
clusters of mononuclear cells (arrows) was observed in the TNF-
deficient compared with the wild-type mice (A and B 340; C and D
310).

FIG. 6. The humoral immune response to Ad5-CAT infection is
impaired in TNF-a-deficient mice. TNF-a-deficient and wild-type
control mice were infected with Ad5-CAT as described in Fig. 1. Sera
were analyzed at 28 days postinfection for anti-Ad IgG antibody by
ELISA. Each dot represents the ELISA titer of serum from an
individual animal at a 1:1,000 dilution. In vitro neutralization of Ad
infections were determined for each sample. E represent sera that have
Ad-neutralizing titers .20. F represent undetectable neutralization at
a 1:20 serum dilution.
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multiple host antiviral strategies (15). Perf2y2 mice are able
to mount efficient immune responses against viruses, such as
vesicular stomatitis virus, influenza, Semliki forest virus, and
rotavirus (15, 32). In the present study, perf2y2 mice had
little or no impairment of Ad vector clearance in vivo as
determined by a quantitative CAT transgene expression assay.
These results were unexpected based on a previous report
demonstrating a major role for the perforin pathway in Ad
clearance (16). The differences between the results obtained in
the present study and those of Yang et al. (16) may be
explained by genetic makeup of the viral backbone, the
transgene being expressed, the quantitative CAT assay used in
the present study, or strain differences in the recipient mice.
Despite efficient in vivo clearance, spleen cells obtained from
Ad-infected perf2y2 mice demonstrated profoundly im-
paired in vitro CTL lysis of fibroblasts. This may be attributed
to the absence of Fas and perhaps other relevant surface
receptors on target primary fibroblasts (C.-C. L., unpublished
observations).

Fas recently has been shown to be a second major pathway
of T cell-mediated cytotoxicity (12, 13). Fas-deficient (lpr)
mice were modestly compromised in their ability to clear the
Ad vector, suggesting that Fas-mediated apoptosis of either
hepatocytes or macrophages (33) helped to facilitate virus
clearance. Hepatocytes express high levels of Fas and are not
protected by Bcl-2 (34), rendering them highly susceptible to
Fas-mediated apoptosis (35). CD41 T cells can transfer lethal
lymphocytic choriomeningitis virus disease to b2-microglobu-
lin-deficient mice by a Fas-dependent pathway (36), and
evidence for FasL-mediated tissue injury has been observed
both in the hepatitis transgene model and in fas null mice (37)
as well as human livers infected with hepatitis B virus (38, 39).
Of interest, humans with Fas mutations (Canale Smith syn-
drome), who received contaminated blood transfusions, failed
to clear hepatitis B and hepatitis C infections compatible with
a role for Fas in immune-mediated clearance of hepatotropic
viruses (40).

Because neither perforin nor Fas deficiency alone substan-
tially prevented clearance of the Ad vector, either both path-
ways need to be disabled to impair clearance or another
effector pathway(s) is quantitatively more important for Ad-
vector elimination. Cytokines such as TNF-a (41) and the
interferons (42, 43) play prominent roles in the host defense
against viruses. TNF-a is particularly important in host Ad
interactions as 4 of 25 Ad-encoded early proteins inhibit
TNF-a function (42). Two early transcription units, E3 and
E1B, code for polypeptides [E3–14.7 K (44), 10.4y14.5 (45);
E1B-19K (45–47) that function to directly block TNF-a acti-
vation as well as apoptotic pathways shared by TNF-a and Fas
(42)]. Of note, these transcription units have been deleted or
rendered nonfunctional in all of the generic Ad gene transfer
vectors currently in use. Viral vectors deleted only in E1A also
are lacking anti-TNF function because the E1A gene product
is required to transcriptionally transactivate both E1B and E3.
Of considerable interest, a vector that overexpresses a tran-
scriptionally active E3 transcription unit suppressed the pro-
duction of neutralizing antibody and resulted in transgene
persistence (48).

Administration of Ad5-CAT to TNF-a 2y2 animals resulted
in persistence of transgene expression 28 days postinfection.
Compared with the experimental results from the Fas-deficient
or perf2y2 animals, the contribution of TNF-a to immune-
mediated clearance of Ad5-CAT was considerable and demon-
strates a key role for this cytokine in host elimination of the
replication defective Ad5-CAT gene transfer vector. Because
CAT activity approximated background levels 60 days postinfec-
tion in the TNF-a-deficient animals, other pathways are able to
compensate for the effects of TNF-a deficiency over time.

To understand how TNF-a functions to eliminate the Ad5
vector, we first considered the possibility that, as in the

hepatitis B transgene model (28, 29), TNF-a could directly
eliminate virus expression in hepatocytes. Chisari and col-
leagues (29) reported that a single administration of a noncy-
topathic dose of TNF-a cured hepatocytes of hepatitis B virus
expression whereas interferon-g, interleukin 1, interleukin 3,
interleukin 6, and other cytokines were ineffective (29). TNF-a
most likely acts by inducing degradation of the viral transcript
in the cytoplasm (49). However, the administration of 80,000
units of TNF-a on two separate occasions failed to clear
Ad5-CAT-mediated transgene expression in SCID mice. Pre-
liminary experiments administering exogenous TNF-a to
TNF2y2 animals have failed to reverse the prolongation of
CAT expression. It previously has been shown that the
TNF2y2 animals are resistant to exogenous TNF (20), indi-
cating some secondary defect in TNF receptor signaling arises
in these animals. Furthermore, we could find no evidence for
inhibition of transgene expression independent of the cytolytic
effect of TNF-a in vitro. These findings suggested that TNF-a
was important either for promoting T cell cytolytic activity or
that TNF-a facilitated immune clearance of the transgene by
some other route. The former possibility was considered less
likely because T cells obtained from TNF-a-deficient mice
were cytolytic in vitro as also shown previously (20).

TNF-a is a multifunctional cytokine with many proinflam-
matory properties (50). Among its actions are the up-
regulation of adhesion molecules, such as intercellular adhe-
sion molecule 1, which recruit leukocytes to the site of
inflammation (51). In the present study, we observed a marked
difference in the numbers and size of mononuclear cell infil-
trates in TNF-a-deficient compared with wild-type mice.
Because 90% of the Ad vector is rapidly taken up by hepatic
Kupffer cells (2) and TNF-a is the major proinflammatory
cytokine produced by these cells, failure to induce adhesion
molecule expression could explain the limited mononuclear
cell infiltrate and enhanced transgene expression in TNF-a-
deficient mice. This interpretation is consistent with the
enhanced susceptibility of TNF-a-deficient mice to Listeria
monocytogenes (31) as well as a variety of other infectious
agents (20). Similarly, it has been found that the major
anti-inflammatory effect of anti-TNF-a antibody administra-
tion in autoimmune diseases is to decrease adhesion molecule
expression, which secondarily reduces inflammation (52, 53).

The results in the present study indicate a prominent role for
TNF-a in the clearance of the Ad5 gene vector. We propose
that lack of leukocyte recruitment is the major factor respon-
sible for impaired clearance of transgene expression in TNF-
a-deficient mice. However, TNF-a also is involved in lymphoid
activation and in the humoral immune response to infectious
agents (20, 31). The reduced humoral immune response
against Ad infection observed in TNF-a 2y2 mice is also of
considerable interest as the antibody responses prevent rein-
fection with Ad vectors. Studies are underway to determine
whether TNF-deficient mice can be reinfected with Ad5-CAT.
The data also complements the observations made by Ilan et
al. (48) where overexpression of the anti-TNF E3 genes
effected both cellular and humoral components of the immune
response to Ad infection. Understanding how the Ad-infected
cell triggers immune effector pathways should facilitate strat-
egies designed to selectively block immune-mediated clearance
of Ad-infected cells without global immunosuppression.
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