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The cellular and humoral immune responses to adenovirus (Ad) remain a major barrier to Ad-mediated
gene therapy. We recently reported that mice deficient in tumor necrosis factor alpha (TNF-a) or Fas (APO-1,
CD95) have prolonged expression of an Ad transgene expressing a foreign protein in the liver. To determine
whether blockade of TNF-« or Fas would have the same effect in normal mice, we created transgenes that
expressed soluble murine CD8 or CDS fused to the extracellular regions of TNF receptor 1 (TNFR) or Fas and
inserted into the left-end region of first-generation (E1/E3—) Ad vectors. Consistent with the results observed
in TNF-deficient mice, expression of the TNFR-CD8 fusion protein was prolonged in vivo compared to that of
control proteins. Not only did expression of TNFR-CDS8 persist in the liver and the lung, but when coadmin-
istered with another first-generation vector, the protein provided “transprotection” for the companion vector
and transgene. In addition, TNFR-CDS8 attenuated the humoral immune response to the Ad. Together, these
findings demonstrate that blockade of TNF-a is likely to be useful in extending the expression of an Ad-encoded

transgene in a gene therapy application.

In view of their high level of transgene expression and ability
to infect nondividing cells, first-generation adenovirus (Ad)-
based vectors remain an important tool for gene therapy. The
utility of these vectors is, however, limited by the immune
response to Ad or its transgene. The cellular arm of the im-
mune response eliminates transgene expression 2 to 3 weeks
postinfection, and the humoral component prevents reinfec-
tion (reviewed in references 35 and 38).

Despite the fact that >90% of Ad is taken up by macro-
phages following intravenous (i.v.) administration (37), little
attention has been paid to the earliest events whereby virus
infection activates the innate immune response. Tumor necro-
sis factor alpha (TNF-«) is a major proinflammatory cytokine
that is secreted by infected macrophages and is known to be
released following wild-type Ad infection (15), as well as fol-
lowing infection with first-generation Ad vectors (21). Wild-
type Ad synthesizes at least four proteins encoded in the E3
gene to counteract TNF-a action (36). In addition, since the
E3 region has been removed from almost all Ad vectors to
accommodate transgenes, Horwitz and colleagues (17) rein-
serted the E3 region into gene therapy vectors and demon-
strated markedly prolonged persistence of expression. We
have recently shown that TNF-a-deficient mice have a marked
impairment in the ability to clear Ad compared to that of
wild-type mice (10). Taken together, these findings suggest that
TNF-«a plays a critical role in the elimination of wild-type and
Ad gene therapy vectors.

Although granzyme/perforin-mediated cytotoxicity is gener-
ally regarded as the most common effector pathway through
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which viruses are eliminated, perforin-deficient mice are able
to mount efficient immune responses against viruses such as
vesicular stomatitis virus, influenza virus, Semliki Forest virus,
and rotavirus (13, 18). We recently observed that perforin-de-
ficient mice were also able to efficiently clear Ad expressing the
chloramphenicol acetyltransferase (CAT) transgene (AdCAT)
(10). In contrast, Fas-deficient ([pr) mice had a modest pro-
longation in the expression of AACAT compared to wild-type
mice, suggesting that Fas-mediated apoptosis played a role in
immune elimination of the virus. This suggestion is supported
by recent studies demonstrating Fas receptor degradation as
an antihost strategy employed by wild-type Ad (29, 31).

Both Fas (8)- and TNF-a (22, 27)-deficient mice develop
immunological abnormalities caused by the deficiency of the
gene product from birth. To determine whether blockade of
TNF-« or Fas in an immunologically intact mouse would affect
the duration of expression of Ad vectors, we constructed sol-
uble inhibitors of TNF-a and Fas. As observed with TNF-a-
deficient mice, the TNF-a inhibitor prolonged transgene ex-
pression whereas the Fas inhibitor was much less effective.

MATERIALS AND METHODS

Mice. C57BL/6 (B6) (H-2"), BALB/c/J (H-2%), C3H (H-2*), and C57/BL-Fas"
mice were purchased from Jackson Laboratory, Bar Harbor, Maine. SCID mice
were bred and maintained at HSS in a pathogen-free environment. TNF-a-
deficient mice (22) were kindly provided by M. W. Marino.

RT-PCR. Total RNA was extracted from lung tissue by RNAzol (TelTest) in
accordance with the manufacturer’s protocol. cDNAs were synthesized with the
Superscript Kit (Gibco). PCR amplification (30 cycles) was performed with
primers specific for CD8 (5') paired with either the TNF receptor (TNFR) or Fas
(3') using the primers described below. Reverse transcription (RT)-PCR for
B-actin was used as a housekeeping gene control. For PCR amplification of CAT
cDNA, the following primers (5'—3") and conditions were used: CACTGGAT
ATACCACCGT and CGCCCCGCCCTGCCACTC; 95°C for 30 s, 55°C for 30 s,
and 72°C for 50 s for 40 cycles. The common primers CCCAGGTCCAACTGC
AGCCC and GGTACTTGTGAGCCAAGGCAG were used for PCR of the Ad
vector spanning the different transgenes.
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FIG. 1. Detection of fusion proteins by ELISA and Western blotting. ELISA plates were coated with capture antibody (A, anti-CD8; B, anti-Fas; C, anti-TNFR1)
and incubated with the culture supernatants from HeLa cells infected with Ad vectors expressing the proteins indicated (x axis). The proteins were detected by
sequential incubation with biotinylated anti-CDS, streptavidin-alkaline phosphatase, and substrate. The results are expressed as OD at 405 nm. Panels A to C are
representative of six experiments. The negative control was culture medium alone. (D) Concentrated supernatants obtained from AdFas-CDS8 (lane 1), AdCD8 (lanes
2 and 3)-, and AATNFR-CDS (lane 4)-infected HeLa cells were analyzed by Western blotting using rabbit anti-Fas (lanes 1 and 2) or goat anti-TNFR1 antibodies (lanes
3 and 4) followed by the appropriate peroxidase-labeled secondary antibodies and substrate. The values to the left are molecular sizes in kilodaltons.

Generation of replication-defective Ad expressing soluble murine proteins.
The extracellular domains of murine TNFR1, Fas, and CD8-a chain were am-
plified from cDNA by using the following primers (in the 5'—3’ orientation):
Fas, ACACTCTGCGATGAAGAGCA; TNFR1, CCTGTAAGGAGACTCAG
AAC; CD8, CGCTAAGCTTCCACCATGGCCTCACCGTTGACCCGC and
GCTGCTCGAGCTATTAATCACAGGCGAAGTCCAATCC. Chimeric
TNFR-CD8 and Fas-CDS8 fusion proteins were created by overlapping PCR,
taking care to avoid the introduction of foreign amino acids, by using the fol-
lowing primers: FasCD8, CGGAGTTCGGGTGCCTGTGGCTTAGCT CATT
TCTGGGACTTTGTTTCCTGCAGTTTGT and ACAAACTGCAGGAAA
CAAAGTCCCAGAAATGAAGCAAGCCACAGGCACCCGAACTCCG;
TNFRCDS8, CGGAGTTCGGGTGCCTGTGGCTTAGCTTCCGCAGTACC
TGAGTCCTGGGGGTTTGTG and CACAAACCCCCAGGACTCAGGT
ACTGGGGAAGCTAAGCCACAGGCACCCGAACTCCG. All fragments
were ligated between the HindIIl and Xhol sites of pAd. The viruses expressing
TNFR-CD8 and Fas-CD8 were produced as previously described (10). Briefly,
the pAd vector containing a transgene was cotransfected with PIM17 into 293
cells. The cell lysate was used to infect 293 cells. Viral DNA was extracted by a
modified Hirt assay, and recombination was verified by restriction enzyme di-
gestion and PCR, and the protein product was verified by enzyme-linked immu-
nosorbent assay (ELISA). The viruses were further plaque purified. Each clone
was rescreened as described above. Finally, large-scale virus was purified by two-
step CsCl concentration and stored in glycerol at —20°C or in sucrose at —70°C.
Viral particles were quantitated by measurement of optical density (OD) at 260 nm.

ELISA. The antibodies used for ELISA and their sources were as follows:
anti-CD8-a chain, TIB 105 hybridoma (American Type Culture Collection);
mouse YST 169 (Caltag); anti-Fas; Jo-2 (Pharmingen); R-anti-Fas, a rabbit
polyclonal antibody (9); and anti-mTNFR1 clone55R-593 (Genzyme). ELISA
plates were coated with antibody (5 pwg/ml) and then incubated overnight at 4°C.
The plates were blocked with phosphate-buffered saline (PBS)-3% bovine serum
albumin (BSA) for 1 h at room temperature and then incubated with the test
sample for 4 to 5 h at room temperature. The plates were washed and sequen-
tially incubated with biotinylated secondary antibody, avidin-alkaline phospha-
tase, and substrate. The OD was read at 405 nm. Unless indicated otherwise, cell

culture supernatants and BALs (broncheoalveolar lavage fluids) were tested
without further dilution whereas serum was diluted 1/2.

To obtain a standard for ELISA, Fas-CD8 was isolated from culture super-
natants by step elution on a DEAE ion-exchange column. The protein was iso-
lated to ~70% purity as determined by silver staining and Western blot analysis.

Western blotting and gel filtration. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was performed on a 12% gel under reducing condi-
tions. Western blotting was performed as previously described (5) by using rabbit
anti-Fas or goat anti-TNFR antibodies (Santa Cruz). To evaluate the molecular
masses of the fusion proteins under nondenaturing conditions, gel filtration on a
Sephadex G-100 column (Pharmacia) equilibrated in PBS was performed fol-
lowing calibration with immunoglobulin G (IgG), BSA, and ovalbumin. Concen-
trated supernatant from virus-infected 293 cells was loaded onto the column, and
1-ml fractions were collected. Fas-CD8 or TNFR-CDS was detected by ELISA as
described above. The same supernatants were run on the same column under
dissociating conditions (0.2% SDS).

T-cell cytotoxicity and proliferation assays. To determine whether the Fas-
CD8 fusion protein could inhibit apoptosis by authentic FasL, Fas-CD8 or CD8
supernatants were incubated with soluble functional human FasL (25) at 4°C for
6 h. The supernatants were then incubated with FasL-sensitive cell line A20 (24),
and apoptosis was quantified by the alamar blue assay of viability as previously
described (24) 12 to 16 h later. To evaluate TNFR-CDS function, recombinant
TNF-a (Genzyme) was incubated with serial dilutions of TNFR-CD8 superna-
tants or anti-mTNF-a clone MP6-XT22 (Pharmingen) at 4°C for 6 h. Cytotoxicity
was then evaluated at 16 h by the alamar blue assay using the 1.929 cell line in the
presence of cycloheximide (10 pg/ml). Fas-CD8 supernatant and Rat IgG were
included as controls.

Allogeneic cytotoxic T-lymphocyte reactions were generated by injection of
C3H B6/F1 spleen cells into C3H mice. Spleen cells were harvested at 7 days and
tested for cytotoxicity against >'Cr-labeled EL4 cell (H-2°) targets. Percent lysis
was calculated according to the formula [(cpm sample — cpm spontaneous)/(cpm
maximum — cpm spontaneous)] X 100%.

To quantify T-cell sensitization to Ad, splenocytes were harvested at day 10
after i.v. infection. Cultures (2.5 X 10° cells/well) were incubated with various
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concentrations of virus in 96-well plates. At day 5, cells were pulsed with [*H]thy-
midine (1 wCi/well) and proliferation was quantified on a scintillation counter.

Jo-2- and LPS-induced hepatic damage. To induce hepatic apoptosis through
the Fas receptor (23), SCID mice were injected with 6 pg of Jo-2 antibody i.v.
The mice were observed for 24 h, and any live mice were sacrificed. To induce
TNF-a-mediated septic shock, C3HeSnJ mice were sensitized and then injected
with lipopolysaccharide (LPS) as previously described (22). In brief, six C3H/
HeSnJ mice per group were injected with 2 X 10'° particles of ACTNFR-CD8 or
the AdCAT control. Five days later, they were sensitized with 25 mg of p-
galactosamine, followed by 0.3 g of LPS given intraperitoneally. The mice were
observed for 3 days, after which surviving mice were sacrificed. At the time of
death, the livers were harvested and fixed in formalin. Formalin-fixed tissue was
embedded in paraffin, and sections were stained with hematoxylin and eosin for
examination by light microscopy.

Anti-Ad antibody response. Quantitation of anti-Ad IgG was performed as
described previously (9). Briefly, plates were coated with purified Ad (10® par-
ticles/well) at 4°C overnight. Following blocking with 3% BSA, serum samples
were diluted from 1/10 to 1/2,000 and incubated with antigen. The plates were
sequentially blocked with 3% BSA, incubated with serum (diluted 1/2,000 for i.v.
infected mice and 1/200 for intratracheally [i.t.] infected mice) and alkaline
phosphatase-conjugated anti-mouse IgG. Neutralizing antibody titers were eval-
uated as previously reported (7). Briefly, twofold serial dilutions of sera were
preincubated with Ad expressing LacZ (500 particles/cell) for 1 h at 37°C and
added to A549 cells in 96-well plates (20,000 cells/well). Expression of LacZ was
measured by 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining
16 h after infection.

Statistical analysis. Test samples were analyzed for normal distribution and
then compared by either Student’s ¢ test (normal distribution) or the Mann-
Whitney rank sum test (nonparametric data). Multiple comparisons were per-
formed by analysis of variance with the Student-Newman-Keuls method for
pairwise comparisons.

RESULTS

Construction and expression of CD8 fusion protein. Tri-
merization has been shown to be important for TNF family
ligand-receptor interaction (3). Given the property of sponta-
neous oligomerization of the CD8 a-chain extracellular (EC)
domain and successful employment of a CDS8-CD40L fusion
protein (6), the CD8 EC domain was fused with the Fas or
TNFR1 EC domain to generate a chimeric fusion protein. As
a control, a virus expressing only the CD8 a-chain EC domain
was also produced. To minimize any possible foreign elements
in the transgene, no extra amino acid was introduced between
these domains.

To determine whether full-length, functional proteins were
produced, HeLa cells were transiently infected with the Ad
vectors and the culture medium was tested for protein expres-
sion by ELISA and Western blot analysis and for function by
inhibition of cell death. As shown in Fig. 1A, all three proteins
could be detected by ELISA using two different monoclonal
antibodies to CD8. These results were specific, since when the
coating antibody was directed against either Fas (Fig. 1B) or
TNF-R1 (Fig. 1C), only the appropriate transgene product was
detected. Western blot analysis revealed that TNFR-CDS8 and
Fas-CD8 had molecular masses of ~60 and 56 kDa, respec-
tively (Fig. 1D), consistent with the sizes predicted from the
DNA sequences and glycosylation (34). To examine the mo-
lecular weights of these fusion proteins under native (PBS) and
dissociating (0.5% SDS) conditions, we applied culture super-
natants to a Sephadex G-100 gel filtration column and detect-
ed the fusion proteins by ELISA. Under native conditions,
TNFR-CDS8 and Fas-CDS eluted near the void volume of the
column, whereas under dissociating conditions, the size of
TNFR-CDS8 was ~45 kDa (data not shown).

CDS8 fusion proteins specifically inhibit their cognate li-
gands in vitro. To ensure that the fusion proteins retained the
function of binding authentic ligand, we tested the culture
supernatants containing each protein in an in vitro functional
assay. As shown in Fig. 2A, TNFR-CDS efficiently inhibited
TNF-a induced death of L929 cells. Similarly, Fas-CDS atten-
uated FasL-mediated apoptosis of the B-cell lymphoma A20
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FIG. 2. CDS fusion proteins specifically inhibit their cognate ligands in vitro.
(A) Twofold dilutions of TNFR-CDS8 viral supernatant or MP6-XT22 anti-
TNFR-a monoclonal antibody were preincubated with 300 pg of TNF-a per ml
for 4 h at 4°C and then incubated with 1.929 cells in the presence of cyclohexi-
mide (10 pg/ml) for 16 h. Cell viability was evaluated by using alamar blue. (B)
A serial twofold dilution of soluble human Fas ligand (FasL) (25) was added to
the B-cell lymphoma A20 in the presence of either Fas-CD8 or soluble CD8
alone. Cell viability was quantified by the alamar blue assay as for panel A.
Results are presented as mean of duplicates and are representative of three
experiments. (C) Alloreactive (anti-H-2°) or control (F1) T cells were generated
in vivo as described in Materials and Methods and tested for cytotoxicity against
SICr-labeled EL4 cells. Supernatants from HeLa cells infected with Ad vectors
expressing B-galactosidase, CD8, Fas-CD8, or TNFR-CDS were coincubated in
the cytotoxicity assay, and the results are expressed as percent specific lysis. The
results shown are means of triplicates and are representative of two experiments.
E:T ratio, effector-to-target cell ratio.
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FIG. 3. Fusion proteins Fas-CD8 and TNFR-CDS protect mice from lethal anti-Fas hepatic apoptosis or LPS-induced shock. (A) SCID mice were injected i.v. with
2 X 10'° particles of AACAT (n = 6) or AdFas-CD8 (n = 6). Six days later, the mice were injected with 6 pg of anti-Fas i.v. Livers of mice that died or were sacrificed
at 24 h postinjection were analyzed by hematoxylin- and eosin staining. Livers from AdCAT-infected mice showed extensive hemorrhage with liquefaction “necrosis”,
whereas mice infected with AdFas-CD8 were protected. Magnification, X40. (B) C3H/HeSnJ mice were injected i.v. with 2 X 10'° particles of AdITNFR-CDS (n =
6) or the AACAT control (n = 6). Five days later, they were sensitized with 20 mg of p-galactosamine followed by 0.3 pg of LPS given intraperitoneally. The livers of
mice that died or were sacrificed were sectioned and stained with hematoxylin and eosin. The AACAT-injected mice showed extensive hemorrhagic liquefaction of the
liver, whereas mice receiving AATNFR-CD8 were protected. Magnification, X40.

(Fig. 2B). Since CDS8 can bind to major histocompatibility
complex class I via its CDR1 and CDR2 domains, we also
evaluated the possible interference of soluble CDS in a clas-
sical allogeneic cytotoxic T-lymphocyte reaction. As shown
in Fig. 2C, addition of supernatants containing Fas-CD8§ or
TNFR-CDS failed to inhibit this in vitro reaction. In addition,
no evidence for binding of these fusion proteins to several
major histocompatibility complex class I-positive cell lines
(AE7 and EL4) was observed by flow cytometry analysis (data
not shown).

The soluble Fas and TNFR fusion proteins are expressed
and functional in vivo. Purified viruses were injected into
BALB/c mice i.v. and serum was assayed for transgene expres-
sion at 1 week postinjection. To determine whether the se-
creted soluble fusion proteins were functional, inducers of cell
death were administered to Ad-infected SCID mice at 1 week

postinfection. As shown in Fig. 3A, 6 pg of anti-Fas antibody
Jo2 induced massive hepatic apoptosis in SCID mice infected
with the control AACAT virus (all six mice died by 24 h),
whereas mice infected with AdFas-CDS8 were substantially pro-
tected (none of six mice died at 24 h). To investigate the
functional capacity of the TNFR-CD8 fusion protein in vivo,
we exploited the high sensitivity of mice to lethal shock when
exposed to bacterial LPS systemically. Following LPS injection,
the mice were observed for 3 days, after which surviving mice
were sacrificed. All of the six mice injected with AACAT died
within 6 h of injection of LPS. In striking contrast, all six mice
that had been injected with AATNFR-CDS survived (similar
to TNF-a deficient mice [21]). At autopsy (immediately
after death), the AdCAT-injected mice showed extensive
hemorrhagic liquifaction of the liver whereas mice receiving
AdTNFR-CDS8 were protected (Fig. 3B).
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FIG. 4. Detection and kinetics of transgene expression in vivo. (A) To compare the relative sensitivities of the ELISAs for the transgenes, SCID mice (four or five
per group) were infected with 2 X 10'° particles of Ad vectors expressing CD8, FasCD8, or TNFR-CDS8. The 7-day serum samples were pooled, diluted 1:2, and tested
by ELISAs using the capture antibodies shown and anti-CD8 antibody YST 169 as the detecting antibody. AdFas-CD8, AdTNFR-CDS, or both viruses together were
used to infect BALB/c (B) or B6 (C) mice. Serum was analyzed at weekly intervals for Fas-CD8 (closed symbols) or TNFR-CD8 (open symbols) transgene expression
by ELISA as described in the legend to Fig. 1. The results are expressed relative to the OD at week 1. Expression of Fas-CD8 was significantly higher in AdFas-
CD8-plus-AdTNFR-CD8-infected mice compared to AdFas-CD8-infected mice (BALB/c mice at week 2, P < 0.0001; B6 mice at week 6, P < 0.001).
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FIG. 5. T cells in AATNFR-CD8-infected mice proliferate in response to antigen but show reduced mononuclear cell infiltration in the liver. B6 mice were infected
with 2 X 10'° particles of AACAT (n = 4) or 2 X 10'° particles of ACTNFR-CDS (n = 4) together with AACAT and sacrificed at 7 days postinfection. Liver sections
were stained with hematoxylin and eosin and examined by light microscopy (magnifications: A and C, X10; B and D, X40). Extensive perivascular infiltrates were
observed in mice infected with AACAT (A and B) but were much less prominent in mice receiving the coinjection (C and D). To determine whether T cells were
sensitized to Ad, T-cell proliferative responses were compared at different multiplicities of infection (MOI) at day 5 by [°H]thymidine incorporation (E).

Duration of transgene expression in the liver. To compare
the expression levels of the different transgenes in vivo,
SCID mice were injected with 2 X 10'° particles of AdCDS,
AdTNFR-CDS, or AdFas-CDS8 and pooled serum from each
group was tested for CDS8 expression by ELISA. As shown in
Fig. 4A, CDS§, Fas-CDS8, and TNFR-CD8 were produced at
similar levels in vivo as determined by the CDS8 sandwich

ELISA. In contrast, when anti-Fas or anti-TNFR was used as
the coating antibody, the ELISA sensitivities were severalfold
higher for Fas-CD8 and TNFR-CDS, respectively. Because of
the low level of CD8 detection, this transgene was not used for
kinetic studies.

To determine whether inhibition of Fas or TNF-a allowed
prolonged expression of the respective fusion proteins in nor-
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mal mice, BALB/c and B6 mice were infected by the i.v. route
and tested for fusion protein expression by ELISA. In BALB/c
mice, levels of Fas-CDS8 in serum peaked at week 1 (corre-
sponding to ~4 pg/ml compared to a partially purified stan-
dard) and then approached background levels after 2 weeks,
whereas TNFR-CDS levels were sustained until week 2 and
then declined in week 3 (Fig. 4B). When AdFas-CD8 and
AdTNFR-CD8 were coinjected, Fas-CDS8 persisted with kinet-
ics similar to those of TNFR-CDS8 (Fig. 4B). To examine strain
differences, the experiments were repeated with B6 mice. In
contrast to BALB/c mice, a high level of Fas-CD8 expression
was detected in about a third of mice for 4 weeks postinjection,
followed by a gradual decline. All of the B6 mice expressed
high a level of TNFR-CDS (n = 5) up to 6 weeks postinfection.
As in BALB/c mice, TNFR-CDS8 prolonged the expression of
Fas-CDS8.

Coinfection with AACAT and AdTNFR-CDS8 results in re-
duced mononuclear cell infiltration in the liver. We previously
reported that prolonged expression of AACAT in the livers of
TNF-a-deficient mice was explained, in part, by reduced he-
patic infiltration of mononuclear cells. To determine whether a
similar mechanism could explain prolonged TNFR-CDS8 ex-
pression in B6 mice, we examined the livers of mice infected
with AATNFR-CDS 7 days postinfection. As shown in Fig. 5,
AdCAT-infected mice showed extensive infiltration of mono-
nuclear cells, especially around the portal vein, whereas coin-
jection of AdTNFR-CDS8 with AdCAT greatly reduced the
extent of inflammation. As shown in Fig. 5E, T cells from
TNFR-CDS8 mice were equivalently sensitized to virus, indicat-
ing that the absence of TNF-« results in a marked reduction in
mononuclear cell recruitment but does not impair T-cell pro-
liferation (this study) or T-cell cytotoxicity (9).

Absence or blockade of TNF-a prolongs transgene expres-
sion in the lung. To determine whether mucosal immune re-
sponses in the airway were similar to the systemic immune
response in the liver, we administered AACAT to TNF-a- and
Fas-deficient mice by the i.t. route and quantified CAT expres-
sion in the lungs. At 4 weeks postinjection, CAT activity was
significantly higher in lung tissue obtained from TNF-a-defi-
cient mice but only modestly higher in Fas-deficient mice com-
pared to wild-type mice (Fig. 6).

We next examined whether the soluble fusion proteins
would promote virus persistence in the lung. When B6 mice
were infected with AdTNFR1-CDS8, AdFas-CD8, or AdCD8
by the i.t. route, relatively high levels (compared to the SCID
control) of the TNFR1-CD8 but not the Fas-CD8 fusion pro-
tein were detected in BALs 4 weeks postadministration (Fig.
7). In view of the differences in the sensitivities of the ELISAs,
we evaluated mRNA transcription of the transgenes with the
same primer pairs used to create the transgene. RT-PCR con-
firmed continued transcription of the TNFR1-CDS8 transgene
mRNA in four out of five mice and Fas-CDS8 in none of four
mice, and CD8 mRNA was barely detected in all five mice at
this time (Fig. 7). Similar results were obtained when common
vector primers were used for PCR. These findings indicate that
blockade of TNF-a in the lung has a protective effect on
immune elimination similar to that observed in the liver but
that Fas plays a lesser role than that previously observed in the
liver (10).

Transprotection mediated by TNFR-CD8. To approximate
a gene therapy application more closely, we examined wheth-
er TNFR-CDS8 would provide transprotection for a second
gene product, in this case, the bacterial enzyme CAT (Fig. 8).
AdTNFR-CDS8 and AdCAT were coinjected iv., and CAT
expression was evaluated at day 21 in BALB/c mice (Fig. 8A)
or at day 28 in B6 mice (Fig. 8B). As shown, coexpression of
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ticles) was administered to TNF-a-deficient (TNF—/—) mice, Fas-deficient (lpr)
mice, or paired wild-type (WT) controls (n = 5) by the i.t. route, and CAT
expression was quantified at days 7 and 30 as previously described (10).

AdTNFR-CDS8 with AACAT markedly enhanced CAT expres-
sion in both strains of mice compared to AJCAT alone. To
determine whether this effect could also be seen in the lung,
the three transgenes were coadministered with AACAT by the
i.t. route and expression of CAT was quantified at day 28. As
shown in Fig. 8C, TNFR-CDS conferred significantly greater
protection for CAT expression compared to the other trans-
genes. When analyzed at the level of transcription, CAT
mRNA was only detected in AJTNFR-CDS8-infected lungs
(Fig. 8D). CAT mRNA expression was not detected in the
lungs of mice infected with AdCAT alone (data not shown).
Together, these findings indicate that TNFR-CDS8 can extend
the expression of a foreign transgene product and that this
expression is due to continued transcription of the transgene.

TNFR-CDS attenuates the humoral immune response to Ad.
We previously showed that TNF-a-deficient mice had an im-
paired humoral immune response to AACAT (10). This finding
is of considerable importance, since the humoral immune re-
sponse prevents successful readministration of the virus. T-
cell-dependent B-cell responses in TNF-a-deficient mice are
compromised due to a defect in germinal-center formation (22,
27). We therefore examined the effect of TNF-a blockade
on humoral responses to Ad in the liver and lung 4 weeks
postinfection. Following i.v. administration, IgG responses
in AATNFR-CDS8 mice were substantially reduced compared
to those in controls (CAT and CD8) (Fig. 9A). In contrast,
mice infected with AdFas-CD8 alone or with both vectors
simultaneously had antibody responses similar to those of con-
trols. When mice were infected with AATNFR-CDS by the i.t.
route, there was a statistically significant reduction in anti-Ad
antibodies compared to controls (Fig. 9B). Neutralizing assays
confirmed that the reduction in total antibody levels was asso-
ciated with reduced neutralizing activity. About 10- and 4-fold
less neutralizing antibody was produced in mice infected with
AdTNFR-CDS than in those infected with AdCD8 by the i.v.
(Fig. 9C) and i.t. (Fig. 9D) routes, respectively.

DISCUSSION

TNF and Fas belong to the nerve growth factor-TNF (NGF-
TNF) receptor NGF-TNF superfamily of proteins that now
comprise almost 20 members (1, 33). TNF-a has dual antiviral
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FIG. 7. B6 mice (four or five per group) were infected with 2.5 X 10° viral particles of AATNFR1, AdFas-CD8, AdCDS8, or AACAT (background control) by the
i.t. route. BALs were obtained at day 28, and the levels of expression of TNFR-CDS8 (A), Fas-CD8 (B) and CD8 (C) were quantified by ELISA as described in the
legend to Fig. 1. The level of expression of the corresponding transgene in SCID serum (open bars in panels A and B) is shown for comparison. In panel C, BAL from
AdTNFR-CD8-infected mice whose results are shown in panel A was used as a control (open bar). Expression of the mRNAs encoding these proteins was also evaluated
by RT-PCR using the primers described in Materials and Methods. The lanes containing RNA from mice infected with the transgene are shown. N, mice injected with
an irrelevant transgene; S, SCID mouse injected with the same transgene; P, plasmid positive control.

potential based on the ability to directly induce cytotoxicity as
well as to promote a potent proinflammatory immune re-
sponse. This proinflammatory response is mediated, in part, by
NF-«B transcription of numerous cytokine and adhesion mol-
ecule gene products (reviewed in reference 2). FasL is a cyto-

toxic effector that induces apoptosis in activated cells that bear
the Fas receptor (reviewed in reference 26). FasL has been
implicated in the host defense against several virus infections.
CD4™" T cells can transfer lethal lymphocytic choriomeningitis
virus disease to B2-microglobulin-deficient mice by a Fas-de-
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FIG. 8. Transprotection of CAT by TNFR-CDS. For liver tests, BALB/c (A) or B6 (B) mice (four or five per group) were either infected with 2 X 10'° particles
of AACAT alone or coinfected with 2 X 10'° particles of AACAT together with 2 X 10'° particles of AATNFR-CDS i.v. The mice were sacrificed at the time points
shown, and the livers were harvested for measurement of CAT activity. NS, not significant. For lung tests, B6 mice were infected with 2.5 X 10° particles of ACTNFR1
(n = 5), AdFas-CD8 (n = 4), or AdCDS8 (n = 5) together with 2.5 X 10° particles of AACAT by the i.t. route. At day 28, the mice were sacrificed and the lungs were
harvested for measurement of CAT enzyme activity (C) or CAT mRNA expression by RT-PCR (D). V, CAT viral DNA; N, negative control.

pendent pathway (39), and evidence for FasL-mediated tissue
injury has been observed both in the hepatitis transgene model
and in Fas null mice (20), as well as in human livers infected
with hepatitis B virus (14, 16).

We previously reported a marked or moderate persistence
of expression of a foreign transgene, that for CAT, in mice that
were deficient in TNF-« or Fas, respectively (10). In the pres-
ent study, we demonstrated the persistence of transgenes in
normal animals by expressing soluble receptors that inhibited
their respective ligands. To design Ad vectors expressing sol-
uble TNFR1 and Fas, the extracellular domains of these pro-
teins were ligated to the EC domain of CDS8. We developed
ELISAs to quantify recombinant protein levels and demon-
strated that soluble CD8 and the chimeric fusion proteins
TNFR-CDS8 and Fas-CDS8 were produced by virus-infected
cells in vitro. It has previously been shown that TNFR and Fas
function as trimmers (3, 19). Western blot analysis and gel fil-
tration confirmed the correct size of the fusion proteins and,
most important for ligand binding, confirmed that the fusion
protein multimerized under nondissociating conditions. Both
TNFR-CDS and Fas-CDS8 were found to block their respective
ligands in vitro, as well as to prevent fatal LPS-induced shock

mediated through TNF (22) or anti-Fas-mediated hepatic apo-
ptosis (23) in vivo.

Most foreign transgenes expressed by Ad are eliminated
between 2 and 3 weeks postinfection (35, 38). Few studies,
however, have evaluated the duration of expression of self
transgenes. Tripathy et al. (32) compared the duration of ex-
pression of transgenes encoding a foreign (human) soluble
protein with that of a self (mouse) soluble protein, erythro-
poietin, following intramuscular injection into normal mice.
Whereas the human-encoded protein was rapidly eliminated,
mouse erythropoietin persisted for periods exceeding 4 months
as determined by its biological effect on erythrocyte produc-
tion. The authors concluded that limited transgene expression
reported by other investigators could be explained by an im-
mune attack on the foreign protein. Other investigators have
shown a shorter duration of expression of self proteins. Al-
though a biological effect of thrombopoietin was evident for 2
months, mRNA expression of the transgene was not detected
beyond 2 weeks postinfection, regardless of the route of ad-
ministration or the mouse strain infected (30).

To determine the duration of expression of CDS self trans-
genes following i.v. administration in normal mice, we quanti-
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significantly lower than the control (CAT and CD8) levels (analysis of variance, P < 0.05). In panel B, antibody levels were significantly lower in the TNFR-CD8 group

than in the CD8 group (P < 0.001).

fied the levels of soluble CD8 and the CDS fusion proteins in
serum at weekly intervals postinfection. Failure to detect CD8
in serum beyond 1 week was, at least in part, explained by the
low sensitivity of the CD8 ELISA, whereas when serum was
tested neat or diluted 1/2, the ELISAs for Fas and TNFR were
approximately equivalent in sensitivity. The significant increase
in the levels of TNFR-CDS8 compared to Fas-CDS therefore
suggests that the TNFR fusion protein prolonged its own ex-
pression in the liver. This was particularly striking in the B6
strain, where the fusion protein was readily detectable in serum
2 to 3 months postinfection.

We previously reported that persistence of a foreign trans-
gene, that for CAT, in TNF-a-deficient mice was explained
by reduced recruitment of T cells to the liver rather than a
failure of T-cell cytotoxicity (10). Since reduced mononuclear
cells were also observed in the livers of mice infected with
AdTNFR-CDS yet T-cell proliferation in response to the virus
was normal, we conclude that persistence of the virus in these
mice is also due to impaired recruitment to the site of infec-
tion.

To further examine the effects of the soluble TNFR and Fas
fusion proteins, similar experiments were performed in the
lung. Following i.t. administration, TNFR-CDS, but not Fas-
CDS8 or CD8 alone, was detected at relatively high levels in the
BAL at day 28. Detection of the protein was due to persistent
expression, since mRNA was readily demonstrable in most of
these mice at the time of sacrifice. Together, these findings
indicate that infection of normal mice with AdTNFR-CDS8
results in prolonged expression of the transgene and is consis-
tent with the results obtained with TNF-a-deficient animals
(10). Fas-CD8 had a much more modest effect on Ad persis-
tence and, for reasons that are unexplained, was more variable
from mouse to mouse. This result is also consistent with the
lower expression of CAT in Fas-deficient mice compared to
TNF-«a-deficient mice (10) and suggests that redundant path-
ways are able to compensate for Fas-mediated cytotoxicity in
this model. Although detection of AJTNFR-CD8 mRNA in
the lungs of infected mice at 4 weeks indicated persistent
expression of the transgene, the sensitivity of the ELISAs could
be a limiting factor for accurate assessment of transgene per-
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sistence at the protein level. To simulate a potential gene
therapy application, we examined the ability of the fusion pro-
teins to protect against an immune response against a foreign
transgene, that for CAT. Coadministration of AJTNFR-CDS8
and AdCAT i.v. caused a striking increase in CAT expression
in both BALB/c and B6 mice. Similarly, TNFR-CDS, but not
the other two transgenes, extended CAT expression in the
lungs. Ad-mediated transgene expression may vary between
different mouse strains (4). Although our studies are not ex-
haustive, persistent expression of TNFR-CDS in both BALB/c
and B6 mice suggests that these results are likely to be gener-
alizable. Together, these findings suggest that transprotection
by TNFR-containing fusion proteins might be useful in extend-
ing the expression of a transgene product in human diseases,
including cystic fibrosis.

Many strategies have been proposed to reduce the immune
response against Ad-encoded transgenes. However, depletion
of lymphocyte subpopulations or immunosuppressive drugs
such as cyclosporine would be expected to predispose to secon-
dary infection. TNF-a-deficient mice do not spontaneously
develop infections, although they have higher mortality when
infected with Listeria monocytogenes or Mycobacterium tuber-
culosis (22, 27). We did not observe any overt infection in mice
receiving AATNFR-CDS, suggesting that this may be a relative-
ly safe form of immunosuppression, at least in normal individ-
uals. Further studies are required to determine whether tempo-
rary blockade of TNF-« increases the risk of infection in hosts
who have a pre-existing infection or are immunocompromised.

Humoral immune responses pose another hurdle for gene
therapy by eliminating soluble foreign transgenes and by pre-
venting readministration of the Ad vectors. While the striking
reduction in the IgG antibody response to Ad in TNF-a-defi-
cient mice (10) might be expected in view of the key role of
TNF in the formation of germinal centers (22, 27), the signif-
icant decrease in the total and neutralizing anti-Ad IgG re-
sponse observed following expression of a soluble inhibitor of
TNF-« indicates that a similar effect can be obtained in mice
that have normal maturation of lymph nodes. Blockade of
TNF-« in normal mice may reduce humoral responses by also
inhibiting T-B interaction in germinal centers or by one of the
other numerous effects that TNF-a has on the immune system.
These effects range from promoting maturation of dendritic
cells that are important in antigen presentation (28), recruit-
ment of effector cells to the site of infection, and regulation of
T- and B-cell function (12). Despite reduction of the humoral
immune response to Ad in AATNFR-CD8-infected mice, pre-
liminary attempts to reinfect the mice have not yielded a high
level of expression of a second transgene 1 to 2 months later
(unpublished observations).

The reduced antibody response was specific for TNF block-
ade, since mice injected with Fas-CD8 or CDS8 had similar
levels of anti-Ad IgG. Interestingly, coadministration of Fas-
CD8 and TNFR-CD8 abrogated the humoral effect of TNFR,
suggesting that blocking Fas most likely protects B cells from
apoptosis mediated through Fas ligand expressed on Thl
CD4™" T cells (see reference 11). This finding emphasizes that
whereas blockade of TNFR1 or Fas (to a much lower extent)
independently prolongs the expression of transgenes, the com-
bination of transgenes abrogates the effect of TNF inhibition
on the humoral immune response. These findings caution
against the combined use of immunomodulators without care-
ful evaluation of their interactions.
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