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Induction of apoptotic cell death generally requires the participation of cysteine proteases belonging to the
caspase family. However, and similar to most cell types, mouse fibroblasts are normally resistant to tumor
necrosis factor alpha (TNF-a)-induced apoptosis. Surprisingly, TNF-« treatment of vaccinia virus-infected
mouse fibroblasts resulted in necrotic-like cell death, which was significantly reduced in cells infected with a
vaccinia virus mutant lacking the caspase inhibitor B13R. Furthermore, TNF-« also induced necrotic-like cell
death of fibroblasts in the presence of peptidyl caspase inhibitors. In both cases, necrosis was accompanied by
generation of superoxide species. Caspase inhibitors also sensitized fibroblasts to killing by double-stranded
RNA and gamma interferon. In all cases, cell death was efficiently blocked by antioxidants or mitochondrial
respiratory chain inhibitors. These results define a new mitochondrion-dependent mechanism which may be
important in the killing of cells infected with viruses encoding caspase inhibitors.

Tumor necrosis factor alpha (TNF-a) is a pleiotropic cyto-
kine which was originally identified as a consequence of its
ability to cause tumor cell killing (5). Later studies demon-
strated a key role for this cytokine in inflammation and in
responses to infectious agents including bacteria and many
types of viruses (38). Two TNF-a receptors called TNFR1 and
TNFR?2 have been identified (10, 22). Both receptors belong to
a large family of related molecules (TNFR superfamily) which
also includes the death-inducing Fas protein (30). The cyto-
toxic effects of TNF-a are generally mediated by TNFRI,
which, like Fas but unlike TNFR2, contains a “death domain.”
Recent studies have shown that TNFR1 and Fas bind related
downstream signaling proteins that function as mediators of
cell death signals (1, 29). However, different from Fas, TNFR1
cytotoxicity to most cell types is evident only if RNA or protein
synthesis is inhibited, indicating the existence of survival mech-
anisms dependent on de novo RNA and protein synthesis (38).
Such a survival mechanism is dependent on the NF-«kB tran-
scription factor and activation of survival genes that are regu-
lated by this factor (2, 23, 37, 41).

Induction of cell death by members of the TNFR superfam-
ily typically occurs by apoptosis (1, 29). A unique feature of
apoptotic cells is that they retain cell membrane integrity even
after they have disintegrated into characteristic apoptotic bod-
ies (43). Apoptotic cells and bodies are phagocytosed by mac-
rophages, thus preventing an inflammatory reaction that can
result from cell lysis (31, 32). In contrast, cells dying by necrosis
can readily lose membrane integrity, which can lead to inflam-
mation (43). Induction of apoptotic cell death by TNFR1 re-
quires the activation of cysteine proteases belonging to the
caspase family. In particular, activation of caspase 8 is a critical
step in induction of TNF-induced apoptosis (6, 28). Consistent
with the pivotal role of caspases in apoptotic cell death, TNF-
a-induced apoptosis was shown to be blocked by caspase in-
hibitors in tumor cell lines such as HeLa and MCF7 (27, 35).
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TNF-a also possesses significant antiviral activity that can be
manifested by either direct killing of infected cells or induction
of a state of resistance in uninfected cells, which may prevent
further infection (26, 42). These antiviral properties are also
shared by the gamma interferon (IFN-y) and double-stranded
RNA (dsRNA) signaling pathways (4, 14). The physiological
significance of these mechanisms is evident by the fact that
many viruses encode proteins capable of inhibiting the TNF-a,
dsRNA, and IFN-vy signaling pathways (17, 21). Many viruses
also encode proteins which can inhibit caspase proteases and
may thus prevent or delay apoptotic cell death by TNF-a or by
other inducers of apoptosis (15). Here we report a new mech-
anism by which TNF-a may kill virus-infected cells by induc-
tion of necrotic-like cell death. This mechanism is dependent
on the presence of caspase inhibitors in viruses and is effi-
ciently duplicated in uninfected cells by peptidyl caspase inhib-
itors. We also show that induction of necrotic-like cell death by
TNF-a and caspase inhibitors appears to be dependent on the
production of superoxides by the mitochondrial respiratory
chain. Similarly to TNF-«, dsRNA and IFN-y also induced
cytotoxicity to caspase inhibitor-treated cells. These results
provide evidence for a novel function of caspase inhibitors in
inducing cell death by agents which by themselves are noncy-
totoxic. Such a mechanism may be important in killing of cells
infected with viruses encoding caspase inhibitors.

MATERIALS AND METHODS

Cells, viruses, and materials. Fibroblasts were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM) containing L-glutamate (2 mM),
penicillin (100 U/ml), streptomycin (100 wg/ml), and calf serum (10%). Mouse
3T3 fibroblasts were derived as described previously (2). Western reserve (WR)
strain wild-type vaccinia virus and B13R mutant and revertant viruses were a
generous gift from G. L. Smith (Oxford University, Oxford, United Kingdom)
(19). DMEM plus 2.5% fetal bovine serum was used for viral infections. Human
TNF-a and mouse IFN-y was obtained from R&D Systems and used at a final
concentration of 10 ng/ml each in all experiments if not specified otherwise.
dsRNA [poly(I-C)] was obtained from Sigma and used at a final concentration of
100 pg/ml. Caspase inhibitors (Enzyme System Products) were dissolved in
dimethyl sulfoxide at 20 mM and used at 100 pM. The mitochondrial inhibitors
amytal, thenoyltrifluoroacetone (TTFA), and the antioxidant butylated hydroxy-
anisole (BHA) were obtained from Sigma. Actinomycin D and cycloheximide
were used 2 and 10 pg/ml, respectively. The nuclear dye 4',6-diamidino-2-phe-
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nylindole (DAPI) and the superoxide-specific dye dihydroethidium (DHE) were
obtained from Molecular Probes.

Vaccinia virus infection of mouse fibroblasts. 3T3 fibroblasts (2 X 10°) were
plated on each well of a six-well plate 1 day before infection. Viruses were then
used to infect cells at 2 PFU per cell for 16 h, after which the cells were left
untreated or treated with TNF-a (1 ng/ml) for 3 h.

Analysis of cell death. (i) Cell morphology. For morphological observations,
cells in six-well plates were washed with phosphate-buffered saline (PBS) twice
before being treated with trypan blue (Gibco-BRL) for 1 min. The cells were
washed with PBS once and then examined under a 20X objective. Representative
fields were photographed. Cells which excluded trypan blue and showed mem-
brane blebbing and apoptotic bodies were considered apoptotic, while cells that
were trypan blue permeable and exhibited a “balloon-like” morphology were
considered necrotic.

(ii) Nucleus morphology. Cells in plates were rinsed with PBS, fixed with 3.7%
formaldehyde, and permeabilized with 0.2% Triton X-100 for 5 min. They were
then washed and incubated with DAPI labeling solution (2 wg/ml in PBS) for 5
min and examined under a fluorescence microscope.

(iii) Cell viability experiments. Approximately 2 X 10° cells were plated on
each well of a six-well plate 1 day before the experiments. Caspase inhibitors or
mitochondrial inhibitors were added to the indicated concentrations 1 h before
the addition of TNF-a or TNF-a plus actinomycin D. After the indicated peri-
ods, the cells were trypsinized and viable cells were counted by trypan blue
exclusion. Four independent readings within a single experiment were used to
calculate the standard deviation.

Detection of superoxide production. Cells were trypsinized after treatments
and resuspended in DMEM plus 10 pM DHE at 10°/ml. The cells were incu-
bated at 37°C for 30 min and then washed and resuspended in PBS before being
subjected to fluorescence-activated cell sorter analysis.

EMSA, affinity blots, and Western blots. Electrophoretic mobility shift assay
(EMSA) was carried out as described previously (3). Affinity blotting was per-
formed essentially as described previously (9). Briefly, approximately 5 X 10°
cells were harvested after the treatments indicated. The cells were then washed
once with PBS and pelleted, and the pellet was snap-frozen on dry ice. An equal
volume of 1 pM biot-VAD-fmk in MDB buffer (50 mM NaCl, 2 mM MgCl,, 5
mM EGTA, 10 mM HEPES, 1 mM dithiothreitol [pH 7]) was added to the cell
pellet, and the cells were lysed by three cycles of freezing and thawing. The
lysates were incubated at 37°C for 15 min and centrifuged. Then 20-pu.g samples
of protein lysates from the supernatant were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitro-
cellulose membrane. The membrane was blocked for 30 min with TBST (20 mM
Tris, 150 mM NaCl, 0.05% Tween 20) supplemented with 2% nonfat dry milk
(NFDM) and then incubated for 1 h in avidin-Neutralite (Molecular Probes) at
1 pg/ml in TBST supplemented with 1% NFDM. The membrane was then
washed and incubated in biotinylated horseradish peroxidase (Molecular Probes)
at 25 ng/ml in TBST for 1 h. The labeled protein was visualized by enhanced
chemiluminescence (Amersham). For Western blots, whole-cell extracts were
made by boiling the cell pellet in SDS-PAGE sample buffer. The lysates were
then sonicated before being subjected to separation by SDS-PAGE. The C2.10
poly(ADP-ribose) polymerase (PARP) antibody (Enzyme System Products) was
used at a 1:10,000 dilution in subsequent steps.

RESULTS

The caspase inhibitor B13R sensitizes vaccinia virus-in-
fected fibroblasts to TNF-a« cytotoxicity. Virus-encoded cas-
pase inhibitors are thought to protect infected cells from apo-
ptotic cell death and may thus represent a strategy to escape
from host defense mechanisms (15). Based on these results, we
wanted to determine whether TNF-a-induced cell death in
susceptible cell types was inhibited upon infection with viruses
encoding caspase inhibitors. We tested this by using vaccinia
virus, which encodes two proteins that are highly similar to the
cowpox virus caspase inhibitor CrmA. These putative caspase
inhibitors are B13R (92% identical to CrmA) and B22R (19,
33). We first tested the effect of vaccinia virus infection on a
TNF-a-resistant 3T3 fibroblast line derived from mouse em-
bryonic fibroblasts (RelA*/* 3T3, subsequently referred to as
3T3 fibroblasts) (2). These 3T3 fibroblasts were first infected
with vaccinia virus for 16 h, after which TNF-a was added for
an additional 3 h. Unexpectedly, infection of these cells with
vaccinia virus greatly sensitized them to TNF-a-induced killing
(Fig. 1A). More surprisingly, infection of 3T3 fibroblasts with a
B13R mutant virus significantly attenuated TNF-a-induced cy-
totoxicity, while a B13R revertant virus was as cytotoxic as the
wild-type virus (Fig. 1A). These results suggest that the puta-
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tive caspase inhibitor B13R can enhance TNF-a-induced cy-
totoxicity.

Peptidyl caspase inhibitors can sensitize multiple cell types
to TNF-a-cytotoxicity. We then tested whether the broad-spec-
ificity peptidyl caspase inhibitor Cbz-Val-Ala-Asp(OMe)-fmk
(z-VAD-fmk), which covalently associates with activated cas-
pases, could also enhance TNF-« killing of 3T3 fibroblasts. 3T3
fibroblasts readily lost viability after TNF-a treatment in the
presence of z-VAD-fmk, while TNF-a or z-VAD-fmk alone
had no significant effect (Fig. 1B). A different caspase inhibi-
tor, Boc-Asp(OMe)-fmk (BD-fmk), also sensitized these cells
to TNF-a (Fig. 1C). Importantly, a cysteine protease inhibitor,
Cbz-Phe-Ala-fmk (z-FA-fmk), which does not have a critical
aspartate residue and is thus not specific for caspases, showed
no significant effect on cell viability after TNF-a treatment
(Fig. 1C). These results demonstrate that both virus-encoded
and peptidyl caspase inhibitors can enhance the killing of cells
that are normally resistant to TNF-a.

We then tested the effect of TNF-a—z-VAD-fmk treatment
on other mouse and human cell types. Mouse BALB/c 3T3
mouse fibroblasts also underwent cell death in the presence of
TNF-a plus z-VAD-fmk (data not shown). Similarly, vaccinia
virus-infected BALB/c fibroblasts were readily killed in the
presence of TNF-«, while cell death was significantly attenu-
ated when these cells were infected with BI13R mutant virus
(data not shown). Similar results were also obtained in human
promonocytic U937 cells treated with TNF-a plus z-VAD-fmk
(data not shown). Thus, both fibroblast and monocytic cell
types can be sensitized to TNF-a killing by caspase inhibitors.

Effect of caspase inhibitors on caspase activation and TNF-
a-induced apoptosis. Like most cell types, fibroblasts are re-
sistant to TNF-a but may be sensitized to TNF-a-induced
apoptosis in the presence of RNA or protein synthesis inhibi-
tors (38). As expected, significant cell death was observed in
3T3 fibroblasts after treatment with TNF-«a and the RNA syn-
thesis inhibitor actinomycin D (Fig. 2A) or with TNF-« and the
protein synthesis inhibitor cycloheximide (data not shown).
Dying cells displayed typical changes associated with apoptotic
cell death, such as cytoplasmic shrinkage, membrane blebbing,
and appearance of apoptotic bodies (Fig. 2A). An important
feature of apoptotic cell death is retention of cell membrane
integrity, sometimes even after disintegration of cells into apo-
ptotic bodies (43). 3T3 fibroblasts undergoing cell death were
impermeable to trypan blue, indicating that membrane integ-
rity was retained (Fig. 2A). These results suggest that TNF-a
induces apoptotic cell death of fibroblasts in the presence of
macromolecule synthesis inhibitors (also see below).

Activation of caspase proteases is generally required for
induction of apoptosis (7). To test whether z-VAD-fmk was
capable of associating with caspases activated during apoptosis
induced by TNF-a plus actinomycin D, we used biotinylated
Val-Ala-Asp(OMe)-fmk (biot-VAD-fmk) (9). TNF-a—actino-
mycin D treatment of fibroblasts resulted in increased binding
to biot-VAD-fmk of a protein (P1) which corresponds in mo-
lecular mass to the activated form of caspase proteases (ap-
proximately 18 kDa) (7) (Fig. 2B). The ability of P1 to associ-
ate with a caspase inhibitor and its molecular mass suggest that
it represents a caspase protease activated by TNF-a—actinomy-
cin D treatment (also see Discussion). As expected, z-VAD-
fmk strongly competes with biot-VAD-fmk for binding to P1
while z-FA-fmk competes to a significantly lesser extent (Fig.
2B). Furthermore, the caspase substrate PARP was also pro-
cessed after TNF-a—actinomycin D treatment (Fig. 2C). Im-
portantly, z-VAD-fmk, but not z-FA-fmk, inhibited PARP
cleavage, suggesting that z-VAD-fmk can inhibit caspase acti-
vation in vivo (Fig. 2C). Similar to z-VAD-fmk treatment,
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FIG. 1. Caspase inhibitors sensitize mouse fibroblasts to TNF-a-mediated
cytotoxicity. (A) 3T3 fibroblasts were infected with either WR strain wild-type
vaccinia virus or B13R deletion (DEL) or B13R revertant (REV) vaccinia virus
before being treated with TNF-a (1 ng/ml) for 3 h. Viable cells after treatment
are shown as a percentage of viable untreated cells (UT). (B) 3T3 fibroblasts
were treated with TNF-a (), z-VAD-fmk (<), or TNF-a plus z-VAD-fmk (O)
for 3 or 6 h. (C) 3T3 fibroblasts were treated with TNF-a alone or with z-VAD-
fmk, BD-fmk, or z-FA-fmk for 6 h.

vaccinia virus infection completely inhibited P1 activation in
3T3 fibroblasts induced by TNF-a—cycloheximide treatment
(Fig. 2D). In contrast, activation of P1 occurred in cells in-
fected with B13R mutant virus but not B13R revertant virus
following TNF-a—cycloheximide treatment (Fig. 2D). How-
ever, P1 activation in B13R mutant virus-infected cells was
significantly lower than in uninfected cells, perhaps as a con-
sequence of the presence of the B22R putative caspase inhib-
itor. In conclusion, these results indicate that both z-VAD-fmk
and B13R can function as caspase inhibitors during apoptosis.

Treatment of cells with caspase inhibitors can prevent apo-
ptosis by death-inducing agents (7). We therefore tested the
effect of z-VAD-fmk on apoptosis induced by TNF-a plus
actinomycin D in 3T3 fibroblasts. However, z-VAD-fmk sig-
nificantly enhanced cell death induced by TNF-a plus actino-
mycin D (Fig. 2E). These results thus demonstrate that
z-VAD-fmk enhances the cytotoxicity of TNF-a plus actino-
mycin D even though it inhibits caspase activation.

TNF-a—caspase inhibitor treatment results in necrotic-like
cell death. Recent studies have demonstrated an important
role for the NF-«kB transcription factor in protecting cells
from TNF-a-induced apoptosis (2, 23, 37, 41). To investi-
gate whether TNF-a—caspase inhibitor cytotoxicity was a result
of inhibition of NF-«kB activation, an EMSA analysis was per-
formed. No significant difference was seen in NF-«kB activation
by TNF-« in the presence of z-VAD-fmk (Fig. 3A). Thus,
TNF-a—caspase inhibitor cytotoxicity was not due to inhibition
of NF-«B.

We then tested whether TNF-a—caspase inhibitor induced
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cell death was accompanied by morphological transformations
similar to those seen during apoptotic cell death (43). TNF-a
plus actinomycin D treatment of 3T3 fibroblasts resulted in
chromatin condensation and nuclear fragmentation charac-
teristic of apoptosis (Fig. 3B). In contrast, TNF-a-z-VAD-
fmk-treated cells did not reveal such changes in nuclear mor-
phology (Fig. 3B). Furthermore, DNA cleavage occurred in
apoptotic but not in TNF-a—z-VAD-fmk-treated cells (data
not shown). Importantly, TNF-a-z-VAD-fmk-treated 3T3 fi-
broblasts appeared very different from the TNF-a—actinomycin
D-treated cells. The first visible effect in these dying cells was
a moderate degree of cellular edema, which progressed to
significant cellular swelling so that eventually the cells assumed
a “balloon-like” morphology (Fig. 3C). Such effects are typi-
cally associated with cells undergoing necrotic death (43). Per-
haps the most physiologically relevant difference between apo-
ptotic and necrotic cell death is that apoptotic cells retain
membrane integrity while necrotic cells do not (43). Unlike
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FIG. 2. TNF-a induces apoptosis in the presence of macromolecule synthesis inhibitors. (A) Mouse 3T3 fibroblasts were treated with TNF-a plus actinomycin D
(2 pg/ml) for 3 h, after which trypan blue was added. Apoptotic cells are indicated by arrows. (B) Cell lysates from untreated (UT) or TNF-a—actinomycin D-treated
(TA) cells were made in the presence of biot-VAD-fmk (1 wM), biot-VAD-fmk and z-VAD-fmk, or biot-VAD-fmk and z-FA-fmk, and lysates (20 g of protein) were
examined by a biotin-avidin affinity blot. The activated putative caspase P1 is indicated. (C) Whole-cell lysates from cells treated as in panel B were analyzed by a
Western blot assay with a PARP-specific antibody. The 116-kDa precursor and the 85-kDa processed form are indicated. (D) Mock-infected or vaccinia virus-infected
3T3 fibroblasts were left untreated (UT) or treated with TNF-a plus cycloheximide (TC) for 3 h, after which P1 was detected as in panel B. (E) 3T3 fibroblasts were
treated with TNF-a plus actinomycin D (), z-VAD-fmk (<), or TNF-a plus actinomycin D and z-VAD-fmk (O) for 3 or 6 h. Viable cells remaining after treatment
are shown as a percentage of viable untreated cells. DEL, B13R deletion mutant; REV, B13R revertant.

apoptotic cells, TNF-a—z-VAD-fmk-treated fibroblasts lost
membrane integrity rapidly and before detachment from the
culture dish (Fig. 3C). In addition, TNF-a—z-VAD-fmk treat-
ment of BALB/c 3T3 fibroblasts and U937 cells or TNF-«a
treatment of vaccinia virus-infected 3T3 fibroblasts also re-
sulted in similar morphological transformations and cell
lysis (data not shown). These results indicate that TNF-a—
caspase inhibitor-treated cells do not undergo cell death by
apoptosis but, rather, by a mechanism that appears similar
to necrosis.

Superoxide production by mitochondrial respiratory-chain
complexes during necrotic cell death. Reactive oxygen species
(ROSs) have previously been implicated in the induction of
necrotic cell death (11). To investigate whether ROSs were
generated after treatment with TNF-a plus caspase inhibitors,
we first used DHE, a probe that specifically binds superoxides
(45). TNF-a or z-VAD-fmk alone did not significantly affect
superoxide levels in 3T3 fibroblasts, while combined treatment
with TNF-a plus z-VAD-fmk significantly increased superox-

ide levels (Fig. 4A). Similarly, TNF-a treatment of vaccinia
virus-infected 3T3 fibroblasts was also accompanied by the
production of superoxides (Fig. 4B). In contrast, production of
the peroxide ROSs was not affected after the treatment with
TNFa plus z-VAD-fmk (data not shown), indicating the gen-
eration of superoxides but not peroxides during necrosis. Mi-
tochondrial respiratory-chain complexes are an important
source of intracellular superoxides (36). We therefore tested
the possible involvement of superoxides generated by mito-
chondrial respiratory-chain complexes in the induction of ne-
crotic cell death by TNF-a plus caspase inhibitors. Remark-
ably, TNF-a—z-VAD-fmk-induced superoxide production and
necrosis were both significantly blocked by either mitochon-
drial complex I and II inhibitors (amytal and TTFA) or by the
anti-oxidant BHA (Fig. 4C and D). Similarly, TNF-a-induced
killing of vaccinia virus-infected 3T3 fibroblasts was also sig-
nificantly blocked by complex I and II inhibitors or BHA (Fig.
4E). These results indicate a unique role for mitochondrial
respiratory-chain complexes in TNF-a-induced necrotic cell
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FIG. 3. TNF-a—caspase inhibitor treatment induces necrotic-like cell death.
(A) 3T3 fibroblasts were pretreated with z-VAD-fmk for 1 h or left untreated
(UT) before the addition of TNF-a for 1 h. Nuclear extracts were made to test
NF-«kB activation. The arrow indicates the mobility of the NF-kB-DNA complex.
(B) TNF-a—actinomycin D-treated (top) or TNF-a—z-VAD-fmk-treated (bot-
tom) cells were stained with DAPI. Nuclear morphology is indicated by arrows.
(C) 3T3 fibroblasts were treated with TNF-a plus z-VAD-fmk for 3 h, and trypan
blue was added. Arrows indicate typical necrotic cells.

death that appears to be dependent on their ability to generate
superoxide species.

Caspase inhibitors can also sensitize fibroblasts to dsRNA-
and IFN-y-induced cytotoxicity. We then tested whether kill-
ing by other cytotoxic agents could also be potentiated in the
presence of caspase inhibitors. However, killing by two well-
known inducers of apoptosis, staurosporine and ceramide, was
not potentiated in the presence of z-VAD-fmk in 3T3 fibro-
blasts (data not shown). We then tested whether treatment
with dsRNA or IFN-y, two cytotoxic agents that play an im-
portant role in the antiviral response (4, 14), could induce the
killing of 3T3 fibroblasts in the presence of caspase inhibitors.
Neither dsRNA nor IFN-y treatment had any cytotoxic effect
on 3T3 fibroblasts (Fig. 5). However, in the presence of z-
VAD-fmk, dsRNA and IFN-y induced dramatic necrotic-like
killing (Fig. 5). In both cases, BHA or mitochondrial respira-
tory-chain complex inhibitors significantly blocked cell death
(Fig. 5). These results demonstrate that caspase inhibitors can
sensitize fibroblasts to cytotoxicity induced by multiple agents.

DISCUSSION

The results presented here provide evidence for a novel
function of caspase inhibitors in induction of necrotic-like cell

J. VIROL.

death. Thus, both the vaccinia virus-encoded B13R protein and
peptidyl caspase inhibitors can mediate necrotic killing of cells
by TNF-a. Previous studies have demonstrated a key role for
NF-kB in inhibiting TNF-a-induced apoptosis. Here we show
that the caspase inhibitor z-VAD-fmk allows necrotic killing of
fibroblasts by TNF-a but does not inhibit the activation of
NF-«kB. Thus, TNF-a cytotoxicity can be mediated by at least
two mechanisms: inhibition of NF-«B results in death by apo-
ptosis, while inhibition of caspase proteases results in death by
necrosis. Our results demonstrate that TNF-a-induced ne-
crotic killing can be used to eliminate cells infected with viruses
encoding caspase inhibitors. Thus, the very presence of virus-
encoded caspase inhibitors may render infected cells suscepti-
ble to TNF-a-induced necrotic cell death.

We have also shown that necrotic killing appears to be de-
pendent on the generation of superoxides. Interestingly, super-
oxide production was not elevated during TNF-a-induced
apoptosis of fibroblasts (data not shown), suggesting that su-
peroxide production accompanies necrotic but not apoptotic
cell death. In addition, TNF-a and z-VAD-fmk did not induce
superoxide production in cells which are resistant to necrotic
killing, such as HeLa (data not shown). In fact, vaccinia virus
infection of HeLa cells can render them resistant to killing by
TNF-a plus cycloheximide in a BI3R-dependent manner (ref-
erences 8 and 19 and data not shown). These results suggest
that induction of necrosis by TNF-a and caspase inhibitors may
occur only when superoxide generation takes place. Our re-
sults also demonstrate the involvement of the mitochondrial
respiratory chain in superoxide production and induction of
necrotic cell death. Thus, mitochondria may also play an im-
portant role in the regulation of necrotic cell death, in addition
to their established function during apoptosis (12). Interest-
ingly, recent studies have shown that caspase proteases are also
present in mitochondria (25, 34). It is intriguing to speculate
that inhibition of these caspases may be responsible for in-
creased production of ROSs by the mitochondrial respiratory
chain and induction of necrotic killing by TNF-a.

Previous studies have demonstrated a key role for caspase
proteases in the induction of apoptotic cell death. However,
our results provide evidence for a novel function of caspase
proteases in inhibition of necrotic cell death by TNF-a. Al-
though caspases involved in inhibiting necrosis are not known,
we have recently identified caspase 3 as a major caspase
activated in RelA™/~ 3T3 fibroblasts treated with TNF-a or
RelA™*'* 3T3 fibroblasts treated with TNF-« plus actinomycin
D (corresponding to P1 [unpublished results]). However, since
both z-VAD-fmk and B13R (based on similarity to CrmA) are
capable of interaction with many distinct caspase proteases
(including caspase 3), their necrotic effects could be mediated
by inhibition of multiple caspases. These may also include
constitutively active caspases present at low levels in nonapo-
ptotic cells, such as TNF-a-treated 3T3 fibroblasts.

A recent study has also demonstrated increased necrosis in
1929 cells after caspase inhibition (39). However, 1929 cells
also undergo necrosis in the presence of TNF-a alone (13),
while our results indicate that inhibition of necrosis by caspases
is likely to be a more general phenomenon which can efficiently
kill cells that are normally resistant to TNF-a. In this regard,
our results are also distinct from those of previous studies,
which have shown a switch from apoptosis to necrosis in the
presence of caspase inhibitors but without affecting total killing
of cells (16, 44). During the preparation of this paper, Khwaja
and Tatton also reported that NIH 3T3 and U937 cells un-
dergo necrotic killing in the presence of TNF-a and peptidyl
caspase inhibitors (20). These findings, and the results pre-
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FIG. 4. TNF-oa—caspase inhibitor treatment induces the production of super-
oxides. (A) 3T3 fibroblasts were either left untreated (UT) or treated with
TNF-a, z-VAD-fmk, or TNF-a plus z-VAD-fmk (TV) for 3 h. Intracellular
superoxide levels were detected by DHE binding. (B) WR strain wild-type
vaccinia virus-infected cells were either left untreated (UT) or treated with
TNF-a (1 ng/ml) for 3 h, after which intracellular superoxide levels were detected
by DHE binding. (C) 3T3 fibroblasts were left untreated (UT) or treated with
TNF-a plus z-VAD-fmk (TV) for 3 h in the absence or presence of mitochon-
drial complex I and II inhibitors (amytal and TTFA) or the antioxidant BHA.
Superoxide levels were detected as in panel A. (D) 3T3 fibroblasts were treated
with TNF-a plus z-VAD-fmk for 6 h in the absence or presence of amytal and
TTFA or BHA. Cell viability is shown as a percentage of untreated cells (UT).
(E) 3T3 fibroblasts were infected with WR strain wild-type vaccinia virus. They
were then treated with TNF-« (1 ng/ml) in the absence or presence of amytal and
TTFA or BHA for 3 h.

sented here, demonstrate a role for caspase inhibitors in killing
of cells that are normally resistant to TNF-a.

We also show that caspase inhibitors can mediate cytotox-
icity in dsRNA- and IFN-y-treated cells. Similar to TNF-q,
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FIG. 5. Caspase inhibitors sensitize mouse fibroblasts to dsRNA-induced or
IFN-y-induced cytotoxicity. (A) 3T3 fibroblasts were left untreated (UT) or
treated with dsRNA or with dsSRNA plus z-VAD-fmk for 6 h in the absence or
presence of mitochondrial complex I and II inhibitors (amytal and TTFA) or the
antioxidant BHA. Viable cells after treatment are shown as a percentage of
viable untreated cells. (B) 3T3 fibroblasts were left untreated (UT) or treated
with IFN-y or with IFN-vy plus z-VAD-fmk for 6 h in the absence or presence of
amytal and TTFA or BHA.

dsRNA and IFN-y cytotoxicity was also significantly inhibited
by antioxidant or mitochondrial respiratory-chain inhibitor
treatment. These results suggest that a similar cytotoxic path-
way is induced by TNF-a, dSRNA, and IFN-vy in the presence
of caspase inhibitors. In this respect, it is interesting that vi-
ruses have devised strategies to subvert signaling by all three of
these agents (17, 21). Thus, inhibition of these signaling path-
ways may not only inhibit the activation of antiviral gene ex-

J. VIROL.

pression (e.g., alpha/beta IFNs, PKR, adenylate synthase) but
may also inhibit the killing of virus-infected cells. Similar to
TNF-«, dsRNA, and IFN-v, the Fas death receptor is an im-
portant mediator of host defense. More specifically, Fas ex-
pression on virus-infected cells mediates cytotoxicity through
interaction with Fas ligand-expressing cytotoxic T lymphocytes
(24). Two studies have recently demonstrated the induction of
necrotic killing by the Fas death receptor (18, 40). Vercammen
et al. have shown that Fas induces the necrotic killing of 1.929
cells in the presence of caspase inhibitors (40), while Kawahara
et al. have demonstrated the induction of necrosis by Fas in
cells devoid of caspase 8 (18). These studies and the results
presented here suggest that caspase inhibitor-mediated kill-
ing may be a general mechanism shared by multiple antiviral
agents. Such killing may play an important role in host defense
strategies against viral infections.
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