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A 14,700-kDa protein (14.7K) encoded by the E3 region of adenovirus has been shown to protect
adenovirus-infected mouse C3HA cells from lysis by tumor necrosis factor (TNF) (L. R. Gooding, L. W.
Elmore, A. E. Tollefson, H. A. Brady, and W. S. M. Wold, Cell 53:341-346, 1988). These infected cells are
sensitized to TNF by expression of the adenovirus ElA proteins (P. Duerksen-Hughes, W. S. M. Wold, and L.
R. Gooding, J. Immunol. 143:4193-4200, 1989). In this study we show that 14.7K suppresses TNF cytolysis
independently of adenovirus infection. Mouse C3HA and C127 cells were transfected with the 14.7K gene

controlled by the mouse metallothionein promoter, and permanent 14.7K-expressing cell lines were tested for
sensitivity to TNF cytolysis. Transfected cells which were sensitized to TNF either by inhibitors of protein
synthesis, microfflament-destabilizing agents, or adenovirus infection were found to be resistant to TNF
cytolysis. Two monoclonal antibodies were isolated and used to quantitate 14.7K in transfected and infected
cells. Enzyme-linked immunosorbent assay (ELISA) analysis with these monoclonal antibodies and 14.7K
immunoblots showed that 14.7K expression can be induced with cadmium in C3HA and C127 transfectants.
The 14.7K induction correlated with a dose-dependent decrease in sensitivity to TNF cytotoxicity. The 14.7K
protein does not substantially alter cell surface TNF receptor numbers or affinity on C3HA mouse fibroblasts,
as determined by Scatchard analysis of I251-TNF binding. The 14.7K protein also does not alter TNF signal
transduction in general, because TNF induction of cell surface class I major histocompatibility complex
molecules on 14.7K transfectants was unmodified. Our findings indicate that the adenovirus 14.7K protein
functions as a specific inhibitor ofTNF cytolysis in the absence of other adenovirus proteins and thus is a unique
tool to study the mechanism of TNF cytotoxicity.

Tumor necrosis factor (TNF), an immunomodulator pro-

duced by macrophages and lymphocytes, is responsible for a
wide variety of physiological effects. Originally discovered
to cause hemorrhagic necrosis of murine sarcomas (11),
TNF is now known to suppress the production of lipoprotein
lipase in adipocytes (4, 74), induce acute-phase proteins in
the liver (49), and mediate lipopolysaccharide-induced shock
in mice (3, 75). TNF also has a wide variety of immunologic
effects: TNF enhances expression of class I major histocom-
patibility complex (MHC) molecules (14, 57), induces fibro-
blast growth (78), increases neutrophil adhesion (23), acti-
vates polymorphonuclear leukocytes (67, 68), augments
natural killer cell cytotoxicity (51), and stimulates B-cell
differentiation (37).
The antitumor and antiviral effects ofTNF have been well

established. TNF is cytotoxic to a wide variety of primary
tumors and transformed cell lines (8, 22, 61, 72), although
not all malignant cells are sensitive to TNF (41, 72, 76). TNF
can also suppress virus replication in cells infected with
either RNA or DNA viruses (35, 40, 48, 83, 85). TNF can
lyse cells infected with vesicular stomatitis virus, herpes
simplex virus type 2, or adenovirus (2, 48, 83). TNF can also
inhibit B-cell activation by Epstein-Barr virus (36) and
prevent infection by human immunodeficiency virus (85).
The mechanism of TNF-induced cytolysis remains ob-
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scure. Although TNF induces many cellular factors, includ-
ing superoxide dismutase (82, 84); prostaglandin E2 (43);
colony-stimulating factors (39, 50); interleukins 1, 6, and 8
(16, 17, 39, 46, 71); the epidermal growth factor receptor
(53); and the interleukin 2 receptor (42, 44, 63), it is not clear
which if any of these molecules is involved in the TNF-
induced lytic process.

Adenovirus-infected mouse C3HA fibroblasts are made
sensitive to TNF cytolysis by expression of the adenovirus
ElA genes (12). ElA-expressing cell lines are often (12, 18),
although not always (26), spontaneously sensitive to TNF
cytolysis. TNF cytolysis of adenovirus-infected C3HA cells
is suppressed, however, when the E3 14,700-kDa protein
(14.7K) encoded by the adenovirus E3 transcription unit is
expressed in the infected cell (26). The 14.7K protein is a

general mediator of TNF suppression; it can suppress cyto-
toxicity in cells spontaneously sensitive to TNF and in
resistant cells made sensitive to TNF by inhibitors of protein
or RNA synthesis or by treatment of cells with cytochalasin
E (cytE) (27).
Our previous studies were carried out in cells infected by

wild-type adenovirus or mutants lacking the 14.7K and other
E3 genes (26, 27). Although these studies established that
14.7K is necessary to prevent TNF cytolysis, the studies did
not establish that 14.7K is sufficient. We could not eliminate
the possibility that other adenovirus proteins, coded within
regions of adenovirus for which deletion mutants are not
available, act with 14.7K to mediate suppression of TNF
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lysis. To determine whether 14.7K functions independently
of other adenovirus proteins, we have isolated permanently
transfected C3HA and C127 cell lines expressing the 14.7K
protein. These transfectants were then tested for sensitivity
to TNF cytolysis. Our results indicate that 14.7K can indeed
protect cells against TNF cytolysis in the absence of other
adenovirus proteins.

MATERIALS AND METHODS

Cell lines and viruses. C3HA, a mouse embryo fibroblast
(25), and C127, a fibroblastlike line derived from a mouse
mammary tumor (19), were maintained in Dulbecco's mini-
mum essential medium (DMEM) supplemented with 10%
fetal calf serum (growth media). KB human oral carcinoma
cells were used to grow wild-type adenoviruses and adeno-
virus E3 deletion mutants. Virus titers were determined by
plaque assay on A549 human lung carcinoma cells.
Group C adenovirus type S (AdS) E3 mutants have been

described. rec700 is an AdS/2/5 construct in which the AdS
EcoRI C fragment has been replaced by the equivalent Ad2
EcoRI D fragment (81). recSI2 d1762 deletes nucleotides 2904
to 3251 in the E3 transcription unit of rec700, a deletion that
removes only the 14.7K gene and leaves other E3 genes
intact (Sa). recSI2 d1706 deletes nucleotides 1604 to 2238; this
mutant overproduces mRNA h, resulting in an increased
expression of the 14.7K protein (5). Both dl762 and dl706
were derived from rec700.

Plasmids and transfections. The 14.7K gene was inserted
into a pBR322-derived bovine papillomavirus (BPV) vector,
pBMT-3x, which has been described previously (13). This
vector contains both the mouse metallothionein gene and the
human metallothionein IA gene; the latter confers resistance
to the toxic effects of heavy metals and thus functions as a
dominant selection marker. This plasmid also contains the
69% BamHI-HindIII fragment of BPV type I (BPV-1) that
includes the open reading frames El through E8 (54). The
14.7K sequence was removed from pKA-14.7K E (59a) with
XhoI. This segment, which includes nucleotides 2880 to 3382
in the E3 transcription unit of rec700, contains the entire
14.7K gene without the E3 promoter. The 14.7K fragment
was ligated into the XhoI site within the first exon of the
mouse metallothionein gene, putting the 14.7K gene under
control of the mouse metallothionein promoter. The 14.7K
vector, designated pBMT-14.7K, was found to express con-
stitutively the 14.7K protein; expression of 14.7K could be
further induced with 20 to 50 ,uM CdCl2.
C3HA fibroblasts were transfected by using lipofectin

reagent (Bethesda Research Laboratories, Bethesda, Md.),
and stable transfectants were selected with 10 ,uM CdCl2.
Fifteen micrograms of pBMT-3x or pBMT-14.7K was com-
bined with an equal volume of lipofectin and added to S x
105 cells seeded overnight on 60-mm plates. After a 24-h
incubation, the cells were treated with 3 ml of 15% glycerol-
BES [N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid;
Calbiochem, La Jolla, Calif.] in serum-free DMEM for 2
min. The cells were incubated for 48 h at 37°C in 8% C02,
removed with trypsin, and split 1:3 into DMEM supple-
mented with 10% fetal calf serum (FCS) and 10 ,uM CdCl2.
Cells were refed every 3 days until discrete colonies ap-
peared; the colonies were harvested with cloning cylinders.
Transfectants containing the pBMT-3X plasmid are desig-
nated C3HA/pBMT, and transfectants containing the pBMT-
14.7K plasmid are designated C3HA/pl4.7K.
C127 cells were seeded as described above and transfected

by using calcium phosphate DNA coprecipitation as previ-

ously described (28). After a 4-h incubation, the cells were
treated with 15% glycerol-BES in serum-free DMEM for 1
min. After 48 h, stable transfectants were selected as de-
scribed above by using 20 ,uM CdCl2.
Hybridoma production, cloning, and ascites preparation. A

TrpE-14.7K fusion protein and TrpE protein were prepared
in Escherichia coli and purified as previously described (73).
Production of monoclonal antibodies (MAbs) against TrpE-
14.7K was conducted at the hybridoma facility at the Uni-
versity of Georgia under the direction of Lee H. Pratt.
Briefly, female BALB/c mice were given intraperitoneal
injections of 100 ,ug of TrpE-14.7K in 0.2 ml of complete
Freund's adjuvant. After 14 days, each mouse was boosted
with 50 ,ug of fusion protein in 0.05 ml of incomplete
Freund's adjuvant. Three days after boosting, spleen cells
from the immunized mice were fused with SP2/0-Agl4
myeloma cells by using polyethylene glycol (Boehringer
Mannheim, Indianapolis, Ind.) and cultured as previously
described (15). Hybridoma culture fluids were screened
against TrpE-14.7K and TrpE by a standard enzyme-linked
immunosorbent assay (ELISA) (58). Positive clones were
rescreened against the fusion protein and against TrpE.
Antibodies that reacted against both proteins were specific
for TrpE. Antibodies that reacted with only the fusion
protein were positive for 14.7K and were recloned by
limiting dilution. Ascites fluid was prepared in pristane-
primed BALB/c mice.

Purification, characterization, and biotinylation of MAbs.
MAbs to 14.7K (MAb 3 and MAb 5) were purified from
ascites fluid by affinity chromatography with a protein G
Sepharose 4FF column (Pharmacia, Piscataway, N.J.). Im-
munoglobulin isotypes were identified by using isotype-
specific mouse polyclonal antibodies (Meloy Laboratories,
Springfield, Va.) in an Ouchterlony double-immunodiffusion
assay. NHS-LC-BIOTIN (Pierce Chemicals, Rockford, Ill.)
was used to biotinylate proteins (1 mg/ml) essentially accord-
ing to manufacturer's instructions by using a reagent-to-
protein molar ratio of 20:1. Unreacted biotin was removed
by dialysis at 4°C against 0.02 M phosphate buffer and 0.02%
sodium azide (NaN3), pH 7.4, for 72 h.

Virus infections and lysate preparation for immunoblots.
C3HA and C127 cells were infected with rec700 or E3 14.7K
mutants at multiplicities of infection ranging from 30 to 200
PFU per cell. After 24 h, the cells were removed with trypsin
and lysed with 1 x Laemmli sample buffer (10% glycerol, 2%
[wt/vol] sodium dodecyl sulfate [SDS], 60 mM Tris [pH
6.8]). Infection rates were determined in each experiment by
indirect immunofluorescence on fixed monolayers by using
an antiserum against Ad5 (American Type Culture Collec-
tion, Rockville, Md.). Monolayers were then incubated with
a fluorescein-conjugated goat anti-rabbit antiserum (Meloy),
and the fraction of cells infected was determined by fluores-
cence microscopy. Cells were fixed 48 h after infection. For
all reported experiments 90 to 100% of cells were infected.

Transfected-cell lysates and polyacrylamide gel electropho-
resis. Transfected cells were grown to confluency on 100-mm
plates in DMEM or DMEM supplemented with 5 to 50 ,uM
CdCl2 (as indicated) for 24 h and then lysed as described
above. Cell lysates were removed with a rubber policeman.
Protein concentrations were determined by using bicincho-
ninic acid as previously described (69). ,-Mercaptoethanol
(1% final concentration) was added to boiled-cell lysates,
and samples were then electrophoresed on an SDS-12%
polyacrylamide gel electrophoresis minigel (Bio-Rad, Rich-
mond, Calif.). Proteins were loaded at 20 to 32 ,ug per lane,
as indicated.
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Immunoblots. Proteins were transferred to a hybridization
transfer membrane (Micron Separations, Westboro, Mass.)
in transfer buffer (48 mM Tris [pH 9.2], 39 mM glycine, 1.3
mM SDS, 20% methanol) by using a semidry blotter (Bio-
Rad). The membrane was incubated overnight at 4°C in
blocking buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris
[pH 7.4], 0.02% NaN3, 0.05% Nonidet P-40, 0.25% gelatin,
5% Carnation nonfat dry milk, 100 U of heparin per ml).
The membrane was incubated in a heat-sealable pouch

(Kapak, Minneapolis, Minn.) for 2 h with a 14.7K polyclonal
antiserum (1:400) (73) or a 14.7K MAb (1:1,000) in TTBS
(500 mM NaCl, 20 mM Tris [pH 7.5; TBS] with 0.05% Tween
20 and 1% gelatin). Membranes incubated with MAbs were
washed twice in blocking buffer and then incubated with
rabbit immunoglobulin anti-mouse antibody (1:100) (Fisher
Scientific, Orangeburg, N.Y.) for 2 h. All membranes were
then washed twice in blocking buffer and incubated with 5
,uCi of 125I-protein A (specific activity, 30 ,uCi/,ug) (ICN
Biochemicals, Westboro, Mass.) in 150 mM NaCI-25 mM
Tris (pH 7.5)-25 mg of bovine serum albumin (BSA) per
ml-0.02% NaN3. After 1 h, the membranes were washed
four times in TTBS, once in TBS, and once in distilled water.
The blots were air dried and exposed for 14 to 36 h as
indicated. "4C-labeled molecular mass markers were pur-
chased from Amersham, Arlington Heights, Ill.
ELISA. Cell lysates to quantitate 14.7K were prepared as

previously described (73) except that the lysates were rap-
idly frozen and thawed four times in lysis buffer containing
0.4 M NaCl. A sandwich ELISA system was developed by
the method of Pratt et al. (58). All incubations were per-
formed at room temperature for 2 h unless otherwise indi-
cated.

Microtiter plates (Immulon 4; Dynatech, Alexandria, Va.)
were coated with 50 ,ul of MAb 5 (10 ,ug/ml) and washed
three times with wash buffer (10 mM Tris-HCl, 0.05% Tween
20, 0.02% NaN3 [pH 8.0]), and nonspecific protein binding
was blocked with 50 ,ul of 2% BSA in phosphate-buffered
saline (PBS) for 30 min. The plates were washed, and 50 p,l
of diluted lysates or of TrpE-14.7K fusion protein was
added. After being washed, the plates were incubated with
50 ,ul of biotin-labeled MAb 3 (10 pug/ml), washed, and then
incubated with 50 p.l of a 1:10,000 dilution of ExtrAvidin
alkaline phosphatase (Sigma, St. Louis, Mo.).
Bound alkaline phosphatase was detected by using a

two-step amplification system (38). Fifty microliters of
NADP in 0.53% diethanolamine-1.0 mM MgCl2 (pH 9.5) was
added to the plates and incubated for 30 min. The color was
developed by the addition of 100 ,ul of 0.55 mM p-iodoni-
trotetrazolium violet, 0.125 mg of diaphorase per ml, and
0.0125 mg of alcohol dehydrogenase per ml in 25 mM sodium
phosphate (pH 7.2). After a 10-min incubation, the reaction
was terminated with 50 pl1 of 0.4 N HCl and the A492 was
read with a Titertek multiscan plate reader (Flow Laborato-
ries, McLean, Va.). Background absorbance was deter-
mined by using the ELISA in the absence of the 14.7K
protein.
TNF cytolysis assay. Cells at a density of 7.5 x 105 were

infected with 100 to 150 PFU per cell of wild-type or E3
mutant adenovirus as indicated. The TNF assay was per-
formed as previously described (26). Recombinant human
TNF (2.4 x 107 U/mg) was generously supplied by Cetus
Corp., Emeryville, Calif. When indicated, cycloheximide
(CHX) was added to a final concentration of 20 ,ug/ml, cytE
was added to a final concentration of 2 ,ug/ml, and CdCl2 was
added to a final concentration of 5 to 50 p.M. Cells were
incubated with TNF for 16 h (with CHX or cytE) or 18 h

(without CHX or cytE) at 37°C and 8% CO2. Results are
expressed as percent specific 51Cr release and are deter-
mined by using the following formula: percent specific
release = (experimental release - control release)/(maxi-
mum release - control release) x 100.

Control values were measured as the percent 51Cr release
from cells incubated with medium alone or with CHX, cytE,
and/or CdCl2 (as indicated) in the absence of TNF. Sponta-
neous release was <35% at all TNF concentrations. Maxi-
mum 51Cr release was determined by lysing cells with 100 p.1
of 1 N HCI prior to harvest. Infection rates were determined
by indirect immunofluorescence as described above.

Iodination of TNF and direct radioligand-binding assay.
Purified human recombinant TNF (12 ,ug) was radioiodinated
with Na1251 by using the lodogen method (45) to a specific
activity of 5.4 x 107 cpm/,ug. A direct-binding assay was
performed essentially as described by Andrews et al. (1).
Briefly, graded amounts of 125I-radioactive TNF were added
to C3HA (2.8 x 10' cells), C3HA/pBMT (2.35 x 106 cells),
or C3HA/p14.7K (3 x 106 cells) fibroblasts in 1.0 ml of
binding buffer (Hanks balanced salt solution [pH 7.2] sup-
plemented with 5% FCS and 0.1% NaN3) for 1.5 h at 4°C
with constant mixing. Nonspecific binding was estimated by
the inclusion of a 100-fold excess of nonradioactive TNF in
a parallel set of samples. The amount of radioactivity bound
was determined by counting the washed pellets in duplicate
samples by using a gamma spectrophotometer (Packard
B5005). The equilibrium dissociation constant (Kd) and the
number of receptors per cell were calculated by the method
of Priore and Rosenthal (59).
Flow cytometry analysis. C3HA transfectants were incu-

bated with TNF (final concentration, 500 U/ml) in growth
medium for 96 h and then harvested by using 0.02% EDTA
in PBS. One million cells were resuspended in 50 p. (80
p.g/ml) of anti-class I MHC antibody 16.1.2 and incubated on
ice for 45 min. Equivalent numbers of cells were also
incubated with a mouse anti-immunoglobulin G2a (80 p.g/ml)
(Sigma) or anti-transferrin receptor antibody R17 217.1.3
(American Type Culture Collection). After the cells were
washed three times in 2 ml of growth medium supplemented
with 0.01% NaN3, the cells were resuspended in 50 p.1 of goat
anti-mouse immunoglobulin phycoerythrin conjugate (1:10;
Fisher Scientific) or fluorescein isothiocyanate conjugate
(1:20; Fisher Scientific) for 45 min. Cells were washed and
resuspended in 1% paraformaldehyde (Sigma) in PBS. Flow
cytometry was performed by using a FACScan (Becton
Dickinson, Sunnyvale, Calif.). All samples incubated with
anti-immunoglobulin G2a displayed a mean fluorescence
intensity of <5 U.

RESULTS

The 14.7K protein is expressed in C3HA and C127 cells
stably transfected with the 14.7K gene. The entire Ad5 14.7K
gene was inserted into a BPV vector (pBMT-14.7K) under
control of the mouse metallothionein promoter. The plasmid
was then stably transfected into C3HA and C127 cells.
Multiple transfected clones from each cell line were tested
for expression of the 14.7K protein, and a representative
clone from each transfection was chosen for study.

Figure 1 shows a Western immunoblot with a polyclonal
antibody against a TrpE-14.7K fusion protein. This immu-
noblot shows that C3HA (Fig. 1A, lane 3) and C127 (Fig. 1B,
lane 3) cells transfected with pBMT-14.7K express the 14.7K
protein. C3HA cells transfected with the parent plasmid not
containing the 14.7K gene (C3HA/pBMT) did not express
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FIG. 1. Immunoblots of C3HA and C127 cells transfected with 14.7K. (A) C3HA cells were uninfected (lane 6) or infected for 24 h with
either the wild-type adenovirus rec700 (lane 1) or the E3 deletion mutant dl706, which overproduces 14.7K (lane 2). C3HA/pBMT
transfectants (not expressing 14.7K) (lane 7) and C3HA/p14.7K transfectants (expressing 14.7K) (lane 3) were left uninduced or induced with
CdCl2 for 24 h (lanes 4 and 5, respectively) before lysates were made (see Materials and Methods). (B) C127 cells were left uninfected (lane
1), infected with d1706 (lane 2), or transfected with pBMT-14.7K (ClA.1, lanes 3 to 5). C1A.1 cells were exposed to various concentrations
of CdCl2 as indicated. Lysates were incubated with a polyclonal antiserum against a TrpE-14.7K protein (73). 14C-molecular mass markers
are indicated. Twenty micrograms of protein per lane was loaded. The autoradiogram was exposed for 36 h.

any protein cross-reacting with the 14.7K antiserum (Fig.
1A, lane 7). The 14.7K protein often appears as a triplicate in
immunoblots (73).
The 14.7K gene is under control of the mouse metallothio-

nein promoter, which can be induced by divalent cations
such as cadmium (13, 54). The amount of 14.7K produced by
C3HA/p14.7K could be increased with 50 pFM CdCl2 (Fig.
1A, lane 5), although 14.7K was only slightly induced with 10
,uM CdCl2 (Fig. 1A, lane 4). C127 transfectants also made
14.7K constitutively, and 20 ,uM CdCl2 increased the amount
of 14.7K produced (Fig. 1B, lanes 3 to 5).
The 14.7K transfectants produced a significant amount of

14.7K compared with that produced by cells infected with
adenovirus. The 14.7K transfectants expressed more 14.7K
than cells infected with the wild-type virus rec700 (Fig. 1A,
lane 1). The C127 14.7K transfectant produced similar
amounts of 14.7K as cells infected with d1706, which over-
produces the 14.7K protein (Fig. 1B, lane 2 and 3). Similarly,
the C3HA/p14.7K cells induced with 50 ,uM CdCl2 expressed
similar amounts of 14.7K, as did C3HA cells infected with
d1706 (Fig. 1A, lanes 2 and 5). In either transfection or
infection, C3HA transfectants produced more 14.7K than
C127 cells. These results were confirmed by ELISA analysis
(see below and Table 1).

Quantitation of 14.7K in transfected and infected cells.
Having determined that 14.7K is expressed in cells trans-
fected with the 14.7K gene, we next wanted to quantitate
more precisely the amount of 14.7K produced in transfected
cells. A sandwich ELISA to quantitate the amount of 14.7K
produced by the C3HA and C127 14.7K transfectants was
developed. Two MAbs specific for different 14.7K epitopes
within a TrpE-14.7K fusion protein were produced. Figure
2B shows that MAb 3 and MAb 5 bound to 14.7K extracted

from C3HA cells infected with rec700 (lane 4) and also from
the C3HA/p14.7K transfectants (lane 2); the combination of
these two MAbs reacted with intensities as strong as the
TrpE-14.7K polyclonal antiserum (Fig. 2A). A MAb against
TrpE did not bind to 14.7K under similar conditions (data
not shown).
The sandwich ELISA consisted of MAb 5 bound to the

solid phase, antigen, and biotin-labeled MAb 3. The amount
of labeled MAb 3 bound to antigen was amplified by using a
two-step amplification system (see Materials and Methods)
and quantitated by spectrophotometry (A492). The amount of
14.7K in each experiment was determined from a standard
curve; absorbance was linear from 0.2 to 4.0 ng per well of
the TrpE-14.7K protein. This quantitation is based on the
assumption that the antibodies bind equally well to the
native 14.7K and the TrpE-14.7K fusion protein.
As measured by ELISA (Table 1), C3HA cells infected

with d1706 produced about 20-fold more 14.7K than cells
infected with rec700. Cells infected with d1762, which deletes
nearly the entire 14.7K gene, did not produce detectable
levels of 14.7K. These data are consistent with the 14.7K
immunoblot (Fig. 1A, lanes 1 and 2), which showed that
C3HA cells infected with dM706 produced more 14.7K than
cells infected with rec700. C3HA/p14.7K also expressed
14.7K, and treatment of C3HA/p14.7K with 20 ,uM CdCl2
resulted in approximately a 10-fold increase in 14.7K pro-
duction. These data correlate with the immunoblot which
showed 14.7K induction with cadmium in C3HA/p14.7K
(Fig. 1A, lane 5).
C127 cells infected with d1706, but not d1762, produced

14.7K (Table 1). The C127 14.7K transfectant C1A.1 ex-
pressed similar levels of 14.7K, as did C127 cells infected
with d1706. Cadmium induction of 14.7K in ClA. 1 resulted in
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FIG. 2. Immunoblots of C3HA cells transfected with 14.7K anti-
bodies. Parallel immunoblots were incubated with either a TrpE-
14.7K polyclonal antiserum (A) (73), or MAb 3 and MAb 5 (B) (see
Materials and Methods). C3HA cells (uninf.) were transfected with
either pBMT-14.7K (C3HA/p14.7K) or pBMT (C3HA/pBMT). C3HA
cells were also infected with either the wild-type adenovirus rec700 or
the 14.7K deletion mutant dn762. Thirty-two micrograms of protein
per lane was loaded, and the autoradiograms were exposed for 14 h.

a twofold increase in 14.7K expression (Table 1), which is
consistent with that detected by immunoblot (Fig. 1B). Both
ELISA analysis (Table 1) and immunoblot examination (Fig.
1) showed that C3HA cells expressed more 14.7K than C127

TABLE 1. Quantitation of 14.7K in cell lysates by ELISA

a ~~~14.7KCell line Dilution A492 (Lg/106 cells)'

C3HA 1:4 0.049 0.000
C3HA + rec700 1:100 0.172 ± 0.004 0.238
C3HA + d1706 1:1,000 0.468 ± 0.030 5.82
C3HA + d1762 1:4 0.037 ± 0.000
C3HA/pBMT 1:4 0.045 ± 0.006
C3HA/p14.7K 1:20 0.220 ± 0.000 0.786
C3HA/p14.7K + 1:100 0.343 ± 0.000 7.54

20 ,uM CdCl2
C127 1:4 0.016 ± 0.004
C127 + d1706 1:50 0.209 ± 0.005 0.290
C127 + d1762 1:4 0.036 ± 0.008 -
ClA.1 1:100 0.162 ± 0.006 0.342
ClA.1 + 20 ,uM 1:100 0.160 ± 0.030 0.657
CdCl2
a Values represent mean A492 minus background absorbance + standard

error of the mean.
b_, Negligible.
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FIG. 3. TNF cytolysis of C3HA fibroblasts transfected with the
14.7K gene. C3HA/p14.7K cells are C3HA fibroblasts stably trans-
fected with pBMT-14.7K. C3HA/pBMT cells are C3HA cells stably
transfected with pBMT-3x, which does not produce 14.7K (see
Materials and Methods). Representative clones are shown; similar
experiments were performed with at least two other clones from
each plasmid. Cells were plated at 7.5 x 105 cells per 100-mm plate
and labeled 18 h later with 200 ,Ci of Na251CrO4. TNF was added 4
h after labeling in the absence (A) or presence (B) of 20 ,ug of CHX
per ml. CdCl2 was added at the same time as TNF. Each point is the
average of triplicates. Cytolysis was measured as 51Cr release after
a 16 h (B) or 18 h (A) incubation.

cells by either transfection or infection. These data confirm
that both the C3HA and C127 14.7K transfectants produce
14.7K and that the amount of 14.7K produced can be
induced with cadmium.

14.7K suppresses TNF cytolysis in transfected C3HA and
C127 cells treated with CHX. The studies described above
suggest that if 14.7K functions in the absence of other
adenovirus proteins to suppress TNF cytolysis, then the
amounts of protein expressed in transfected cells should be
sufficient to protect cells from TNF lysis. C3HA cells are
normally resistant to the cytolytic effects ofTNF but can be
made sensitive to TNF in the presence of protein synthesis
inhibitors such as CHX (26). C3HA/pBMT transfectants (not
expressing 14.7K) were resistant to TNF (Fig. 3A) but
became sensitive to TNF in the presence of 20 ,ug of CHX
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FIG. 4. TNF cytolysis of 14.7K-transfected C127 cells. C1A.1 is
a representative clone of C127 cells stably transfected with pBMT-
14.7K (see Materials and Methods). TNF assay conditions are
described in the legend to Fig. 3.

per ml (Fig. 3B); specific lysis was 100% with 50 U of TNF
per ml. TNF susceptibility in the C3HA/pBMT transfectants
was not significantly altered by 10 ,uM CdCl2. C3HA/p14.7K
cells expressing 14.7K also were not lysed by TNF in the
presence or absence of 10 p.M CdCl2 (Fig. 3A); however, in
marked contrast to C3HA/pBMT cells, C3HA/p14.7K trans-
fectants were not lysed by TNF in the presence ofCHX (Fig.
3B). TNF cytolysis was not significantly altered in the C3HA
transfectants by 10 ,uM CdCl2 (Fig. 3B) or higher cadmium
concentrations (20 to 50 ,uM; data not shown). This is
expected, considering that the constitutive level of 14.7K
expression was high in these cells (Fig. 1A; Table 1).
As with C3HA cells, C127 cells or C127 14.7K transfec-

tants were not lysed by TNF (Fig. 4A). Also, C127 cells were
lysed by TNF in the presence of CHX (Fig. 4B). TNF lysis
in the presence ofCHX was partially suppressed in the C127
14.7K transfectant (ClA.1) in the absence of cadmium;
specific lysis decreased from 100 to 60% at 5 U of TNF per
ml and did not increase with TNF concentrations of up to
500 U/ml. Induction of 14.7K with cadmium caused a
dose-dependent decrease in TNF sensitivity; specific lysis
was reduced from 90 to 10% at 5 U of TNF per ml by using
20 ,uM CdC12.

TNF conc. (U/ml)

FIG. 5. TNF-induced cytolysis of C3HA 14.7K transfectants
infected with wild-type rec700 or the 14.7K deletion mutant dn62.
Cells were infected at a multiplicity of infection of 100 to 150 PFU
per cell for 90 min and labeled 18 h later. C3HA/p14.7K, C3HA/
pBMT, and TNF assay conditions are described in the legend to Fig.
3.

These results demonstrate that the 14.7K protein can
suppress TNF cytolysis in the absence of either adenovirus
infection or other adenovirus E3 proteins and that, in the
case of C127 cells, increases in 14.7K as a result of cadmium
induction (Fig. 1) correlate with a decreased sensitivity to
TNF cytolysis. It is interesting to note that while 14.7K
provided full protection from TNF cytolysis in C3HA cells,
it provided only partial protection in C127 cells in the
absence of cadmium induction. This may be a quantitative
effect, since C3HA cells produce about twofold more 14.7K
than C127 cells (Fig. 1; Table 1). The increased protection
observed in the C127 14.7K transfectants following cadmium
induction (Fig. 4B) could by due to the approximately
twofold increase in the level of 14.7K expression (Table 1).
However, it is possible that cadmium induces some other
response that synergizes with 14.7K in providing protection
against TNF lysis of C127 cells.

14.7K inhibits TNF sensitivity induced by the ElA region of
adenovirus. Because 14.7K can suppress TNF sensitivity in
cells treated with CHX, we would predict that 14.7K can
suppress TNF lysis in cells made sensitive to TNF by other
means. In common with protein synthesis inhibitors, the
ElA region of adenovirus can sensitize cells to TNF. Cells
infected with wild-type adenovirus are resistant to TNF;
however, cells infected with adenovirus mutants that delete
the E3 14.7K gene are sensitive to TNF cytolysis (26).

Figure 5 shows that the 14.7K protein can suppress TNF
sensitivity induced by the adenovirus ElA region. As with
C3HA, C3HA/pBMT cells were resistant to TNF when
infected with the wild-type adenovirus rec700 but were
susceptible to TNF lysis when infected with the 14.7K
mutant dl762. In contrast, C3HA/p14.7K cells were resistant
to TNF when infected with either rec700 or d1762. This
indicates that the 14.7K expressed in C3HA/p14.7K cells can
function in trans to suppress TNF cytolysis in cells infected
with adenovirus mutants that lack the 14.7K gene.

14.7K inhibits TNF cytolysis in C3HA cells treated with
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FIG. 6. TNF-induced cytolysis of C3HA 14.7K transfectants
treated with cytE. Transfectants were incubated with TNF in the
absence or presence of 2 ,g of cytE per ml as indicated. Cytolysis
was measured as 51Cr release after a 16-h (plus cytE) or 18-h
(without cytE) incubation. C3HA/pBMT, C3HA/p14.7K, and TNF
assay conditions are described in the legend to Fig. 3.

cytE. One of the first events that occur after TNF exposure
in cells that will ultimately die from TNF exposure is the
dissolution of microfilaments (62). cytE, which disrupts
microfilaments, makes C3HA cells sensitive to TNF (27).
The 14.7K protein protects against TNF cytolysis induced
by CHX, and one might anticipate that the 14.7K protein
could block TNF cytolysis induced by cytE. C3HA/pBMT
cells not containing the 14.7K gene were susceptible to TNF
cytolysis in the presence of 2 p.g of cytE per ml (Fig. 6);
approximately 60% of the cells were lysed in the presence of
500 U of TNF per ml. In contrast, C3HA/p14.7K cells were
resistant to the effects of TNF in the presence of cytE. This
demonstrates that the 14.7K protein can protect C3HA cells
from TNF cytolysis in the presence of cytE.

14.7K does not act by altering TNF receptor density or
affinity in C3HA fibroblasts. The C3HA 14.7K transfectants
were used to investigate the mechanism of 14.7K-induced
suppression of TNF cytolysis. One hypothesis is that 14.7K
can alter TNF receptor density or affinity. An 125I-TNF
direct radioligand-binding assay was used to determine TNF
receptor characteristics in the parent C3HA cell line and in
the C3HA transfectants. Scatchard analysis of direct-binding
data obtained at 4°C yielded a straight line for the parent
C3HA cell line, the C3HA/pBMT cells, and the C3HA/
p14.7K transfectants, which is consistent with a single class
of radioactive TNF-binding sites. The Kd and number of
binding sites per cell were not significantly different between
C3HA fibroblasts and the C3HA 14.7K transfectants (P >
0.05) (Table 2). These data indicate that the 14.7K protein
does not alter either the TNF receptor affinity or the cell
surface receptor number in C3HA fibroblasts. These data
also imply that 14.7K does not inhibit TNF cytolysis by
altering TNF receptor characteristics in this cell line.

14.7K does not alter class I MHC induction. TNF has
previously been shown to increase cell surface expression of
class I MHC molecules on several cell types, including
endothelial cells and fibroblasts (14, 57). Increases in steady-

TABLE 2. Characterization of TNF receptors
by Scatchard analysisa

Cell line Kd (nM) no/cell

C3HA 5.5 + 1.8 11,800 + 1,640
C3HA/pBMT 3.1 + 0.31 18,100 + 1,510
C3HA/p14.7K 3.3 + 0.68 9,850 + 1,690

a Values are reported as means ± standard errors of the mean.

state mRNA levels result in augmented cell surface class I
MHC antigens (14, 57), although posttranscriptional regula-
tion may also be involved in some cell lines (57). To induce
cell surface class I MHC antigens, an intracellular signal
from the TNF receptor must successfully produce the intra-
cellular modifications necessary to increase class I MHC
expression. TNF induction of class I MHC molecules,
therefore, was used to determine if this intracellular signal-
ling pathway is intact in 14.7K transfectants. C3HA fibro-
blasts constitutively express H-2Kk class I MHC molecules
and, if 14.7K acts by interrupting general signal transduction
pathways induced by TNF, we would predict that 14.7K
would alter TNF induction of class I MHC expression.
C3HA transfectants were grown with 500 U of TNF per ml
for 96 h, and class I MHC levels were determined by flow
cytometry. TNF induced C3HA class I MHC molecules, and
the 14.7K protein did not affect the level of induction (Table
3). TNF induction was specific for class I MHC molecules;
TNF did not increase cell surface expression of transferrin
receptors (data not shown). TNF (500 U/ml) increased class
I MHC levels approximately twofold in C3HA fibroblasts,
which is in agreement with previous reports of TNF-induced
class I MHC expression on fibroblasts (14). This experiment
indicates that the 14.7K protein leaves at least one general
intracellular signalling system intact. These findings suggest
two possible modes of 14.7K action. 14.7K may act only on
the signalling pathways required for the cytolytic function of
TNF. Alternatively, 14.7K may act downstream of signalling
on the lytic processes themselves.

DISCUSSION

TNF lyses a wide variety of tumor- and virus-infected
cells. Although the mechanism of TNF cytolysis is un-
known, TNF induces the synthesis of a wide variety of
cellular molecules, some of which have been implicated in

TABLE 3. FACS analysis of cell surface class I MHC molecules
in C3HA 14.7K transfectants

Mean fluorescence
Expt no. intensitya Induction

and cell line (fold)
-TNF +TNF

lb
C3HA/pBMT 32 90 2.8
C3HA/pl4.7K 58 140 2.4

2C
C3HA/pBMT 290 750 2.6
C3HA/pl4.7K 550 900 1.6

a Fluorescence intensity was measured as forward light scatter defined in
arbitrary linear units.

b Antibodies were detected with fluorescein isothiocyanate conjugate.
c Antibodies were detected with phycoerythrin conjugate.
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pathogenesis (47, 82). Specific inhibitors of the TNF-induced
lytic process could be used to examine the mechanism of
TNF cytolysis. Several TNF-binding proteins have been
isolated from urine and serum of cancer patients, and some
of these proteins are homologous to the TNF receptor and
are able to inhibit 125I-TNF binding (20, 21, 55, 66). The
adenovirus E3 14.7K protein, however, is the only known
intracellular inhibitor of TNF and thus is a unique tool for
examining the mechanism of TNF cytolysis. Furthermore,
results reported here indicate that the 14.7K protein may be
a specific inhibitor of the intracellular processes involved in
the TNF-induced lytic mechanism.

In this paper we have isolated and examined two different
transfected murine cell lines that express 14.7K, and we
have demonstrated that 14.7K can suppress TNF cytolysis
in the absence of other adenovirus proteins. We have also
shown, both by ELISA and by immunoblots, that the
amount of intracellular 14.7K expressed correlates with the
degree ofTNF suppression. C3HA cells express more 14.7K
than C127 cells when the 14.7K gene is introduced by either
infection or transfection.
These latter two observations suggest that 14.7K may

function in a stoichiometric rather than a catalytic role. For
example, 14.7K could physically interact with a component
of the TNF lysis pathway. This notion would be in accord
with the emerging consensus that many DNA tumor virus
proteins act by binding to preexisting cellular proteins (31,
80). In any case, since it is now clear that 14.7K can function
without other adenovirus proteins to prevent TNF cytolysis,
these hypotheses may be tested by using transfected cells.
Since 14.7K alone can prevent TNF cytolysis of both C3HA
and C127 cells, it may be possible to test whether 14.7K
functions in the same manner in these cells.

In the experiments reported here, 14.7K was expressed
from a BPV vector that includes the open reading frames El
through E8 (54). These open reading frames encode func-
tions for maintenance of BPV as a multicopy plasmid, for
transactivation and transrepression of BPV genes, and for
morphological transformation. These BPV proteins by them-
selves do not influence TNF cytolysis, because cells trans-
fected with the control vector (C3HA/pBMT) were indistin-
guishable from untransfected C3HA when treated with TNF.
However, we cannot exclude the possibility that these BPV
proteins potentiate or act in concert with 14.7K to prevent
TNF cytolysis.
The mechanism of 14.7K suppression of TNF cytolysis

remains unclear, although our evidence suggests that 14.7K
acts on an intracellular pathway specific for the TNF-
induced lytic process. This is consistent with the subcellular
localization of 14.7K to the cytoplasm and nucleus in both
infected and transfected cells (27; unpublished data). Our
125-I-TNF-binding data demonstrate that transfection of
C3HA fibroblasts with 14.7K does not substantially alter the
affinity of the TNF receptor or the receptor number per cell.
C3HA fibroblasts have a single class of high-affinity TNF
receptors with a dissociation constant of 5 nM and approx-
imately 10,000 receptors per cell. Although transfection with
the pBMT plasmid (not containing 14.7K) doubled the re-
ceptor number (P < 0.025), it is unlikely that this difference
would alter receptor function. In any case, the parent C3HA
cell line and the C3HA 14.7K transfectant had nearly iden-
tical TNF receptor numbers. Two types of TNF receptors
have been identified: a 55- and a 75-kDa species, both of
which have been associated with different cell types (7, 29,
32, 34, 70, 76). Studies are under way to further characterize
the type of TNF receptor found on C3HA fibroblasts.

The relationship among receptor number, receptor af-
finity, and TNF sensitivity is complex. Watanabe et al. (79)
suggested that the precise relationship between receptor
number and TNF sensitivity remains uncertain. In many
cases TNF responsiveness is not related to the number or
affinity of TNF-binding sites, and Schutze et al. (65) have
suggested that postreceptor mechanisms control tissue-spe-
cific cellular TNF responses.
TNF receptor-ligand signalling pathways also appear to be

cell type dependent. TNF intracellular signalling involves
multiple second-messenger systems. Lehmmann et al. (43)
demonstrated that TNF activates murine peritoneal macro-
phages through a cyclic AMP-dependent mechanism. Both
Brenner et al. (6) and Schutze et al. (65) have shown that
TNF can stimulate the activation of protein kinase C, an
effect that is cell type dependent (64). Here we show that
14.7K does not inhibit at least one of the general signal
transduction pathways induced by TNF, i.e., TNF increases
cell surface class I MHC molecules regardless of the pres-
ence or absence of the 14.7K protein. It has been previously
shown that TNF can stimulate class I MHC molecules by
inducing an NF-KB-like molecule (33, 56), an effect that is
independent of 14.7K expression. TNF induces class I MHC
molecules on C3HA fibroblasts about twofold, as deter-
mined by flow cytometry; this level of induction is in
agreement with previously reported levels of TNF class I
MHC induction in fibroblasts (14).
Because 14.7K does not affect TNF induction of class I

MHC molecules, it is possible that 14.7K inhibits only those
signal pathways specific for TNF cytotoxicity. This implies
that 14.7K may be a specific inhibitor of the TNF-induced
lytic process; 14.7K does not interfere in a general manner
with the physiological functioning of the cell, and it appears
to alter only those pathways restricted to TNF cytolysis.
Alternatively, 14.7K may act downstream to suppress the
lytic mechanisms themselves.
Although 14.7K has little effect on the ability of TNF to

induce the expression of cell surface class I MHC molecules,
C3HA cells transfected with the 14.7K gene expressed
higher basal levels of class I MHC antigens. C3HA/p14.7K
cells reproducibly displayed nearly double the class I MHC
antigen fluorescence intensity as C3HA/pBMT cells lacking
the 14.7K gene. This increase in class I MHC molecules seen
on the surface of the C3HA 14.7K transfectant, however,
could be due to clonal variation. Other adenovirus proteins,
such as the E3 gpl9K protein, alter MHC expression (9, 10,
52, 77), and the decreases in cell surface class I MHC
expression caused by gpl9K have been postulated to protect
virus-infected cells from antivirus cytotoxic T lymphocytes
(10, 60). It is, however, unclear how 14.7K-induced in-
creases in class I MHC antigens might alter adenovirus
pathogenesis.
As with gpl9K, the 14.7K sequence and function are

conserved in many human adenovirus serotypes (30). Both
proteins may play a role in adenovirus immune evasion in
vivo. The E3 14.7K protein may protect virus-infected cells
from lysis by TNF, just as the gpl9K protein has been
postulated to protect cells against lysis by cytotoxic T
lymphocytes (26, 30, 60). The significance of TNF in the
removal of virus-infected cells in vivo is unknown. How-
ever, Ginsberg et al. (24) have shown that intranasal injec-
tion of adenovirus E3 virus mutants into cotton rats alters
the pulmonary inflammatory response. Injection of sub3O4,
which is missing the 14.7K protein (as well as the E3 10.4K
and 14.5K proteins) but not the gpl9K protein, results in an
increased number of neutrophils in a usually monocytic
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infiltrate (24). This is consistent with the possibilities that
TNF plays a role in removing adenovirus-infected cells in
vivo and that 14.7K acts to neutralize this effect of TNF.
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