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Sendai virus (SV) infection and replication lead to a strong cytopathic effect with subsequent death of host
cells. We now show that SV infection triggers an apoptotic program in target cells. Incubation of infected cells
with the peptide inhibitor z-VAD-fmk abrogated SV-induced apoptosis, indicating that proteases of the caspase
family were involved. Moreover, proteolytic activation of two distinct caspases, CPP32/caspase-3 and, as shown
for the first time in virus-infected cells, FLICE/caspase-8, could be detected. So far, activation of FLICE/
caspase-8 has been described in apoptosis triggered by death receptors, including CD95 and tumor necrosis
factor (TNF)-R1. In contrast, we could show that SV-induced apoptosis did not require TNF or CD95 ligand.
We further found that apoptosis of infected cells did not influence the maturation and budding of SV progeny.
In conclusion, SV-induced cell injury is mediated by CD95- and TNF-R1-independent activation of caspases,
leading to the death of host cells without impairment of the viral life cycle.

Over the past few years, a growing number of viruses have
been found to induce apoptosis in host cells (41, 49). For some
of them, mechanisms involved in the initial activation of the
apoptotic death cascade have been discovered, such as up-
regulation of the CD95/Fas receptor by influenza virus (48),
upregulation of CD95L/Fas ligand (3, 53), and cleavage of
the apoptosis-inhibiting proto-oncogene bcl-2 (46), as well as
downregulation of bcl-2 in combination with upregulation of
the apoptosis accelerator Bax (39) by human immunodefi-
ciency virus (HIV) and accumulation of p53 in host cells, e.g.,
during infection by adenovirus, simian virus 40, or human
papillomavirus (reviewed in reference 49). However, little is
known concerning the effector phase of apoptosis in virus-
infected cells. Indirect evidence gained by pharmacological-
inhibition experiments or by the cleavage of specific substrates
suggested the involvement of caspases without defining how
many and which caspases are required to cause suicide of in-
fected host cells (8, 21, 37, 52).

Apoptosis is defined as an active physiological process of
cellular self-destruction, with specific morphological and bio-
chemical changes (45). The molecular processes controlling
and executing virus-induced apoptosis are still poorly under-
stood. Caspases, a family of cysteine proteases formerly called
ICE (interleukin-1b-converting enzyme)-like proteases, play a
central role in the execution of the apoptotic process (11, 32).
These proteases are synthesized as inactive proenzymes and
activated after cleavage at specific aspartate residues. Ten ho-
mologs of human origin have been identified, including ICE/
caspase-1 (54), CPP32/caspase-3 (16, 31, 50), and FLICE/cas-
pase-8 (29). The last is thought to be the most apical member
of the death receptor-mediated pathways, being capable of
triggering the processing of other executioner caspases in the
apoptotic cascade (30).

As a prototype member of the paramyxovirus family, Sendai
virus (SV) is an enveloped negative-strand RNA virus. It is

closely related to human parainfluenza viruses and causes
acute respiratory tract infections in rodents, such as mice and
rats (12). Infection and replication of SV in host cells lead to
an extensive cytopathic effect, with subsequent cell death, but
the mechanisms of cell injury are poorly understood (12). Pre-
vious findings with human peripheral blood mononuclear cells
suggested that apoptosis induction might be one mechanism of
SV-induced cell death (51). However, peripheral blood mono-
nuclear cells are not typical SV host or propagation cells (12)
and apoptosis induction has so far not been linked to SV rep-
lication and propagation in other cell types. In addition, there
are no data available on the possible mechanisms of SV-in-
duced apoptosis.

Here we show that the strong cytopathic effect after SV in-
fection of target cells can be attributed to apoptotic cell death.
Moreover, we show that caspases play a key role in the effector
phase of SV-induced cell death and we demonstrate the acti-
vation of CPP32/caspase-3 and FLICE/caspase-8. Interest-
ingly, FLICE/caspase-8 activation in infected host cells did not
require ligand-induced activation of death receptors, such as
CD95 and tumor necrosis factor (TNF)-R1. We further found
that apoptosis did not influence the maturation and budding of
SV progeny. Thus, our results suggest that the SV-induced
cytopathic effect involves CD95- and TNF-R1-independent ac-
tivation of caspases, which results in apoptosis without affect-
ing the viral life cycle.

MATERIALS AND METHODS

Reagents. Recombinant human CD95L was expressed in stably transfected
293 cells as soluble Flag-tagged fusion protein and purified by affinity chroma-
tography (unpublished data). TNF-a was purchased from Genzyme, Cambridge,
Mass. Chimeric receptor decoy proteins consisting of the extracellular part of
CD95 (7) or TNF-R1 (13) fused to immunoglobulin G1 (IgG1)-Fc were kindly
provided by Immunex, Seattle, Wash.

Virus and cells. SV (strain Fushimi) was grown in 9-day-old embryonated
chicken eggs as described previously (43). CV-1 (African green monkey kidney)
cells were obtained from the American Type Culture Collection (Rockville, Md.),
and HepG2 (human hepatoma) cells were obtained from the European Collec-
tion of Animal Cell Cultures (Salisbury, United Kingdom). CV-1 cells were
maintained in M199 medium, and HepG2 cells were maintained in a HEPES-
buffered mixture of minimal essential medium and Dulbecco modified Eagle
medium (4:1) containing 4.5 g of glucose/liter, sodium pyruvate, nonessential
amino acids, and biotin, all supplemented with 10% fetal calf serum (FCS).
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Media and supplements were purchased from Life Technologies (Eggenstein,
Germany).

Infection of cells. For infection, cells were used when monolayers had reached
85 to 90% confluence in 35-mm-diameter dishes. As standard inoculation pro-
cedure, monolayers were washed twice with medium lacking FCS (washing
medium) and overlaid with phosphate-buffered saline (PBS) containing SV at a
multiplicity of infection (MOI) of 10. After incubation for 15 min at 37°C,
unadsorbed virus was removed by repeated washing of the cells. Medium con-
taining FCS (growth medium) was added, and the cells were incubated for var-
ious periods of time at 37°C.

DNA fragmentation assay. Cells (5 3 107) were collected together with the
floating cells in the supernatant at different time intervals postinfection (p.i.), and
fragmentation assays were performed as described previously (20). In brief, the
cells were washed once in PBS and lysed in 600 ml of DNA lysis buffer (Tris-HCl,
pH 7.5, 0.2% Triton X-100, 10 mM EDTA) on ice for 10 min. Cell debris was
removed by centrifugation (10 min; 13,000 3 g; 4°C), and the supernatants were
extracted once with phenol-choloroform–isoamyl alcohol (24:1). Total DNA was
precipitated by the addition of 5 M NaCl to a final concentration of 300 mM in
the presence of isopropanol, followed by incubation overnight at 220°C. Nucleic
acids were pelleted at 12,000 3 g (15 min; 0°C), resuspended in 15 ml of
Tris-EDTA buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA), and incubated with
1 mg of RNase A (Boehringer Mannheim, Mannheim, Germany)/ml for 30 min.
The nucleic acids were electrophoresed through 2% agarose gels (Gibco BRL,
Eggenstein, Germany) and stained with ethidium bromide.

In situ-apoptosis assay. The in situ-cell death detection kit AP (Boehringer
Mannheim) was used to detect free 39 OH ends of fragmented DNA. Terminal
deoxynucleotidyltransferase (TDT) catalyzes the polymerization of fluorescein-
labeled dUTP in a template-independent manner, labeling ends of fragmented
DNA in situ. Subsequently, incorporated fluorescein was detected by alkaline
phosphatase-conjugated anti-fluorescein antibody Fab2 fragments, resulting in
an intense dark-blue staining of apoptotic cells.

Flow cytometry. Fragmentation of genomic DNA to hypodiploid DNA was
assessed by fluorescence-activated cell sorter (FACS) analysis according to the
method described previously (33). In brief, 5 3 106 cells (including floating cells)
were collected and washed once in PBS (5 min; 1,000 3 g). Pellets were resus-
pended in 100 ml of PBS, fixed with 1 ml of acetone-methanol (1:1; 220°C), and
subsequently washed with PBS. Next, each pellet was resuspended in 400 ml of
PBS containing 1 mg of RNase/ml and incubated on ice for 1 h. After the
addition of 20 ml of propidium iodide solution (2 mg/ml in PBS; Sigma, Deisen-
hofen, Germany) and incubation for at least 30 min on ice, flow cytometry was
performed (FACS Calibur; Becton Dickinson, Heidelberg, Germany) by using
the CellQuest program. Cells to the left of the 2 N peak contained hypodiploid
DNA and were therefore considered apoptotic.

Western blot assay. To detect proteolytic processing of caspases, Western blot
assays were done as described previously (25). In brief, 5 3 107 cells were
harvested, washed once in PBS, and resuspended in 0.5 ml of lysis buffer (1%
Triton X-100, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5). From each sample 30 mg
of cellular protein was electrophoretically separated on sodium dodecyl sulfate–
10% polyacrylamide gels under reducing conditions and subsequently trans-
ferred to polyvinylidene difluoride membranes (Pall Fluorotrans transfer mem-
brane; Pall Europe, Portsmouth, England). The membranes were blocked in
Tris-buffered saline (150 mM NaCl, 13 mM Tris, pH 7.5) containing 5% nonfat
dry milk powder for 1 h. Next, the membranes were incubated with the appro-
priate antibodies (anti-FLICE [Biomedia, Baesweiler, Germany], 1:10; rabbit
anti-CPP32 [kindly provided by P. Vandenabeele, University of Ghent, Belgium],
1:1,000; F37720 anti-FasL [Transduction Laboratories, Lexington, Ky.], 1:1,000;
and anti-alpha-tubulin [Sigma], 1:2,000) overnight at 20°C, washed three times
with TBS-T (TBS containing 0.02% Triton X-100), and incubated with peroxi-
dase-conjugated anti-mouse or anti-rabbit IgG (Amersham-Buchler, Braun-
schweig, Germany) (1:1,000). Further detection was performed by the ECL
Western blotting detection system on Hyperfilm-ECL (Amersham-Buchler).
Control cells were incubated with recombinant human CD95L containing super-
natant for 12 h and harvested as described above.

Inhibition experiments. Apoptosis was blocked by addition of the peptide
inhibitor z-VAD-fmk [benzoyloxycarbonyl-Val-Ala-Asp (Ome) fluoromethyl-
ketone; Enzyme Systems, Dublin, Calif.] (100 mM) every 12 h to the culture
supernatant. The supernatants were analyzed by hemagglutination (HA) and
50% tissue culture infectivity dose (TCID50) assays, and the cells were analyzed
by flow cytometry.

For inhibition experiments of receptor pathways, 5 3 106 cells were infected
with SV (MOI, 10) in 35-mm-diameter dishes. Immediately after infection,
chimeric receptor decoy proteins consisting of the extracellular part of either
CD95 or TNF-R1 fused to IgG1-Fc were added in a final concentration of 10 or
50 mg/ml. Control experiments in our setting revealed a complete blockage of
TNF- and CD95L-induced apoptosis at concentrations of 5 to 20 mg of the decoy
constructs/ml (data not shown and reference 7). Forty hours p.i., the cells were
harvested and analyzed by FACS as described above.

HA and TCID50 assays. Virus yield was quantitated by the HA assay, and
infectivity of progeny virions was quantitated by the TCID50 assay (TCID50/ml)
with supernatants of infected cells, as described previously (5). For the TCID50
assay, FCS was replaced in the growth medium by Nutridoma SR or CS (Boehr-
inger Mannheim) to enable cleavage of the F0 precursor protein by acetylated

trypsin prior to the assay, as described previously (5, 24). In our setting, 1
TCID50/ml was equivalent to 5,000 PFU/ml.

RESULTS

SV infection triggers the apoptosis death cascade. Monkey
kidney CV-1 cells infected with SV (MOI, 10) were found to
exhibit an extensive cytopathic effect 15 to 24 h p.i., which was
morphologically characterized by cell shrinkage, condensation
of nuclear chromatin, and cell fragmentation (data not shown).
As these alterations were classical signs of apoptotic cell death,
we isolated cellular DNA to investigate DNA fragmentation.
Starting at 24 to 30 h p.i. (MOI, 10), characteristic DNA
fragmentation patterns with oligonucleosomal fragments of
180 to 200 bp and multiples thereof were detected in CV-1
cells (Fig. 1). In contrast, noninfected cells revealed no specific
DNA signal, as intact high-molecular-mass DNA was removed
during the isolation protocol (Fig. 1, lane 5). To further exam-
ine nuclear DNA fragmentation, we used the TDT-mediated
dUTP-biotin nick end labeling TUNEL assay (19), in which
TDT is employed to label the ends of fragmented DNA in situ
with fluorescein-labeled dUTP. Detection of the label by using
alkaline phosphatase-conjugated antibodies to the fluorescein-
labeled nucleotide generates a dark-blue color whose intensity
is proportional to the number of 39 ends or fragments of
nuclear DNA. Intense dark staining was detected in SV-in-
fected CV-1 cells 24 h p.i. (MOI, 10), whereas no staining was
seen in uninfected controls (Fig. 2). Figure 3B and C shows
rates of apoptosis 36 and 60 h after SV infection of CV-1 cells,
determined by the appearance of hypodiploid DNA peaks
after propidium iodide staining and flow cytometry analysis.
Taken together, these results clearly demonstrate that SV in-
duces apoptotic cell death in CV-1 cells. Corresponding results
were obtained for other cell lines, such as HepG2, MDCK,
NIH 3T3, HeLa, and 293 cells (data not shown). Thus, apo-
ptotic cell death can be regarded as a general process during
SV infection of host cells.

Caspase inhibition blocks SV-induced apoptosis. It has be-
come clear that the effector phase during apoptotic cell death

FIG. 1. DNA fragmentation induced by SV infection of CV-1 cells. Lanes 2
to 4, DNA preparations from productively infected cells at different time points
p.i.; lane 1, DNA marker; lane 5, preparation from uninfected control cells.
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requires the activation of different caspases (11, 27, 32). We
therefore investigated the effect of a broad caspase inhibitor,
z-VAD-fmk [benzoyloxycarbonyl-Val-Ala-Asp (Ome) fluoro-
methylketone] (10, 22, 44), on apoptosis induction in SV-
infected host cells. Addition of 100 mM z-VAD-fmk to the
supernatant of SV-infected CV-1 cells almost completely in-

hibited apoptosis, as assessed by a lack of formation of hypo-
diploid DNA 36 or 60 h p.i. (Fig. 3E and F). These results
imply that the activation of caspases is a central mechanism in
SV-induced cell death.

Detection of activation of individual caspases. To further
define the relevant steps employed in the SV-triggered apo-
ptotic signal transduction pathway, we investigated the activa-
tion of individual caspases during SV infection. The cellular
protease CPP32/caspase-3 is expressed as a 32-kDa precursor
protein, which upon activation is processed into p17 and p12
subunits (31). Earlier work implicated CPP32/caspase-3 as a
central executioner protease in mammalian apoptosis. More-
over, sequential activation of CPP32/caspase-3 by other mem-
bers of the caspase family has been described previously (15,
26, 30, 44). To investigate the involvement of CPP32/caspase-3
in SV-induced apoptosis, cell lysates from infected and nonin-
fected cells were subjected to Western blotting with antibodies
directed to CPP32. Proteolytic processing of the 32-kDa pre-
cursor in infected cells could be demonstrated by a diminished
immunoreactive signal and subsequent detection of the cleav-
age products p17 and p12 in HepG2 cells (Fig. 4). Correspond-
ing results were obtained for CV-1 cells (data not shown).

Recently, a novel member of the caspase family, designated
FLICE/caspase-8, has been shown to directly cleave CPP32/
caspase-3 (30). FLICE/caspase-8 is thought to represent the
most upstream protease in the CD95-mediated apoptotic cas-

FIG. 2. In situ detection of apoptosis in infected CV-1 cells. Apoptotic DNA degradation was visualized by TUNEL staining and subsequent alkaline phosphatase
staining as described in Materials and Methods. (A) Intense dark staining of CV-1 cells 24 h p.i.; (B) uninfected CV-1 cells.

FIG. 3. Detection of hypodiploid DNA in SV-infected cells and inhibition by
caspase inhibitor z-VAD. CV-1 cells were infected by SV (MOI, 10) and incu-
bated with 0 (A, B, and C) or 100 (D, E, and F) mM of the caspase inhibitor
z-VAD-fmk. Shown are the results of cytometric analysis at 36 and 60 h p.i. as
well as the analysis of uninfected CV-1 cells (control) and CV-1 cells incubated
with z-VAD-fmk for 60 h [control (1 z-VAD)] to exclude the toxic effects of
z-VAD-fmk on these cells. The proportion of sub-2N DNA is indicated in the
histograms.

FIG. 4. SV infection triggers CPP32/caspase-3 activation. HepG2 cells were
infected with SV (MOI, 10) and were prepared at the indicated time points p.i.
Lane 1, preparation of uninfected control cells. The CPP32 proform and subunits
p17 and p12 as well as tubulin were detected by Western blot analysis.
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cade, as it is recruited to the CD95 receptor through the
adaptor protein FADD (Fas-associating protein with death
domain) (6, 29). Activation of the 55-kDa proFLICE molecule
proceeds by a two-step mechanism (Fig. 5A): first, p43 and p12
intermediate cleavage products are generated, which are fur-
ther processed to the p18 and p10 active subunits (28). We
investigated proteolytic activation of FLICE/caspase-8 by using
an antibody directed against the p18 subunit. As a positive
control, cells treated with recombinant CD95L (10 ng/ml) were
included, showing the processing of proFLICE to an interme-
diate of about 43 kDa and the p18 active subunit (positive
control). SV infection resulted in a similar cleavage pattern 24
to 36 h p.i. in both HepG2 and CV-1 cells (Fig. 5B and C).
Thus, FLICE/caspase-8 was proteolytically activated during SV
infection.

SV-induced apoptosis does not require activation of TNF-R1
or CD95 by their cognate ligands. So far, proteolytic activation
of FLICE/caspase-8 has been demonstrated only during apo-
ptosis mediated by the death receptors CD95 and TNF-R1
(6, 29). Following CD95 ligation, the adaptor protein FADD
and FLICE/caspase-8 are recruited to the receptor and form
the so-called death-inducing signaling complex (DISC) (23).
Biochemical analysis further revealed that upon receptor liga-
tion the whole cellular amount of FLICE/caspase-8 is pro-
cessed into the active subunits at the DISC level (26). We
therefore investigated whether SV-induced apoptosis involved
the CD95 or TNF-R1 pathway, which could be mediated by
induction of ligand expression and subsequent receptor liga-
tion. First, using a Western blot assay, we looked at the ex-
pression of CD95L in SV-infected CV-1 cells (MOI, 10) in
comparison to the expression in uninfected controls. Unex-
pectedly, we detected a strong signal for CD95L in unin-
fected CV-1 cells, showing an endogeneous expression of
CD95L without signs of apoptosis in these cells (Fig. 6A).
By comparing infected cells to uninfected cells at 24 or 36 h
p.i., we could detect a slight decrease in CD95L expression.
This indicates that FLICE/caspase-8 activation in SV-in-
fected cells was presumably not associated with CD95L up-
regulation. To further exclude the involvement of receptor-

ligand interaction, we incubated CV-1 cells postinfection
with neutralizing chimeric receptor decoy proteins consist-
ing of the extracellular part of CD95 fused to IgG1-Fc (7).
CD95L-induced apoptosis of CV-1 cells could be blocked in
our setting at a concentration of 5 to 10 mg of the decoy
proteins/ml (data not shown), as has been shown previously
for other cell lines (7). In contrast, as shown in Fig. 6B,
SV-induced apoptosis was not affected, even when up to 50
mg of the decoy proteins/ml was employed. Furthermore, as
CV-1 cells were not sensitive to TNF-a (10 ng/ml), and
corresponding neutralizing TNF-R1 decoy proteins in the
supernatant did not influence SV-induced apoptosis in CV-1
cells (data not shown), we therefore conclude that activation
of CD95 or TNF-R1 by its cognate ligand does not partici-
pate in SV-induced activation of FLICE/caspase-8 leading
to apoptotic cell death.

Release and infectivity of virus progeny do not depend on
host cell apoptosis. Two diametrically opposed hypotheses of
the role of apoptosis in viral infections have been proposed:
apoptosis as a host antiviral defense mechanism versus apo-
ptosis as a pathogen-mediated mechanism to enhance viral rep-
lication, induce immune dysregulation, and promote persistent
infection. To shed further light on the role of apoptosis in SV
infection, we determined virus progeny release in the presence
or absence of the caspase inhibitor z-VAD-fmk by a HA assay
of culture supernatants (HA units per 5 3 106 cells). These
infection studies revealed that apoptosis in host cells was
not necessary for efficient virus progeny release (Table 1). In
HepG2 cells apoptosis inhibition even seemed to enhance viral

FIG. 5. FLICE/caspase-8 cleavage in SV-infected host cells. (A) FLICE/
caspase-8 cleavage products according to Medema et al. (28); initial cleavage
generates p43 and p12 intermediates, followed by further processing to the active
p18 and p10 subunits and the FLICE prodomain p26. (B and C) HepG2 (B) and
CV-1 (C) cells were infected with SV (MOI, 10), and FLICE and cleavage
products p43 and p18 were detected by Western blot analysis at the indicated
times p.i. Lanes 1 and 2, preparations from uninfected cells (control cells) and,
as a positive control, from uninfected cells incubated with CD95L, respectively.

FIG. 6. CD95L expression in host cells is not responsible for SV-induced
apoptosis. (A) CV-1 cells were infected with SV (MOI, 10), and FasL was
detected by Western blot analysis at 24 and 36 h p.i. Lanes 1 and 2, preparations
from uninfected controls (2) and from cells incubated with CD95L (at 12 h),
respectively. (B) After infection with SV (MOI, 10), CV-1 cells were incubated
with chimeric receptor decoy proteins consisting of the extracellular part of
CD95 (aCD95L) fused to IgG-Fc. At 48 h p.i., the cells were analyzed by flow
cytometry (propidium iodide staining). Cells with subgenomic DNA content
were considered apoptotic. The bar labeled CV-1 indicates the results of the
analysis of uninfected controls, and the bar labeled SV represents the results of
the analysis of infected cells without chimeric receptor decoy proteins in the
supernatant. In our setting concentrations of 5 to 10 mg of aCD95L/ml in the
supernatant blocked CD95L-induced apoptosis completely. The error bars rep-
resent standard deviations.
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replication. The twofold difference observed in HepG2 cells,
however, represents only one dilution step and thus may not be
significant (Table 1). A mere quantitation of SV progeny viri-
ons cannot provide information on the functionality, i.e., in-
fectivity, of such particles. To investigate the functional impor-
tance of apoptosis induction for SV particle maturation, the
TCID50 of progeny virions was determined. Surprisingly, the
calculated ratio of TCID50 per HA unit (TCID50/HA) was
found to be independent of apoptosis induction in host cells
(Table 1). From these data we conclude that apoptotic death of
host cells is not necessary for efficient SV replication or parti-
cle maturation.

DISCUSSION

Mechanisms of virus-induced cell injury play an important
role in our understanding of the pathogenesis of viral infec-
tions. In this study we show that SV infection leads to apoptotic
cell death in all host cell types tested so far. The strong cyto-
pathic effect which can be observed soon after SV infection can
thus be attributed to the induction of a SV-triggered apoptotic
cell death program. Interestingly, the SV leader region at the
39 end of the viral RNA, which lies outside the protein coding
region, has recently been suggested to influence this process;
however, the underlying mechanisms remain to be determined
(18).

Caspases play a central role in the effector phase during
apoptotic cell death. To date, 10 caspases have been described
(11, 32). Still, it is not clear how many different caspases have
to be activated for the successful execution of an apoptosis
program (27, 47). Furthermore, little is known about which
individual caspases are activated during viral infections leading
to apoptosis in host cells. The involvement of CPP32/caspase-3
cleavage in virus-infected cells has been shown recently for
HIV (4), adenovirus (9), and hepatitis C virus (37). To further
understand the role that apoptosis plays in viral infections, it
seems to be crucial to define the virus-triggered steps of the
apoptosis signal transduction cascade. In parallel, this would
potentially open up new possibilities for therapeutic manipu-
lation of these processes. In this context, it has been shown for
HIV-1 that apoptosis inhibition by the broad-spectrum caspase
inhibitor z-VAD-fmk could result in deleterious consequences
for the infected host, such as enhanced viral replication or
stimulation of endogenous virus production in cells derived
from asymptomatic individuals (8).

In the present study we investigated the molecular mecha-
nisms as well as the consequences of SV-induced apoptosis for
virus propagation. Incubation of infected cells with the broad-

spectrum caspase inhibitor z-VAD-fmk prevented apoptosis,
indicating that caspases were involved in the cytopathic effect
of SV. Furthermore, as demonstrated by the processing of its
precursor, CPP32/caspase-3 was found to be activated upon SV
infection. CPP32/caspase-3 is thought to be a critical execution-
er protease, because it is activated by a multitude of apoptosis
stimuli and is able to cleave various cellular substrates (11, 32).

The most striking finding was the observation that, in addi-
tion to CPP32/caspase-3, FLICE/caspase-8 was also proteolyti-
cally processed to its active subunits. FLICE/caspase-8 is con-
sidered to be an important initiator caspase which is able to
activate other caspases, among them caspases 3, 4, 6, and 7
(30). At present, activation of FLICE/caspase-8 has been dem-
onstrated only during death receptor-mediated apoptosis, where
it is recruited and activated at the DISC level. It is conceivable
that activation of FLICE/caspase-8 during SV infection is me-
diated by receptor-dependent or -independent mechanisms.
Because CD95L-neutralizing decoy proteins failed to prevent
SV-induced apoptosis and CV-1 cells were not sensitive to
TNF-induced apoptosis, it is unlikely that CD95 or TNF-R1
was involved. However, the possibility cannot be excluded that
the TRAIL pathway participates in SV-induced cell death. The
cytokine TRAIL (also called Apo2L), which belongs to the TNF
family, has previously been reported to activate the caspase
cascade by a FADD-independent mechanism (35, 42). We will
therefore investigate the possible contribution of TRAIL as
soon as the reagents are available.

New insights into the mechanisms of apoptosis were recently
provided by the cloning of Apaf-1 (apoptosis-activating fac-
tor 1), the mammalian homolog of the ced-4 death gene
from Caenorhabditis elegans (55). At its N terminus, Apaf-1
has sequence similarities to the prodomain of certain caspases.
This region in Apaf-1 serves as a caspase recruitment domain
(CARD) by binding to and activating caspases that have sim-
ilar CARD motifs. Since FLICE/caspase-8 contains a CARD
motif, it is possible that FLICE/caspase-8 is activated upon
binding to Apaf-1. In such a scenario, FLICE/caspase-8 acti-
vation would not require interaction with the DISC of TNF-R1
or CD95. In support of this assumption, it was recently found
that the chemotherapeutic agent betulinic acid triggers FLICE/
caspase-8 activation independently of the CD95 pathway and
probably of the TNF-R1 and TRAIL pathways (17). Thus,
future studies will address the question of whether FLICE/
caspase-8 is activated during SV infection by a death receptor-
dependent or -independent mechanism. Taking the latter into
account, ongoing work has to carefully investigate the role of
FLICE/caspase-8 activation in the caspase death cascade of
SV-infected host cells.

We further investigated the role of apoptosis in SV replica-
tion. Looking at virus progeny release, comparable amounts of
virions were released from SV-infected cells incubated either
with or without the caspase inhibitor z-VAD-fmk. This dem-
onstrates that efficient SV replication does not depend on
apoptosis induction. Therefore, apoptosis inhibition did not
lead to dramatically enhanced viral replication, as was demon-
strated for HIV (1, 8, 38), or to growth limitation, as shown,
e.g., for Semliki Forest virus (40). Our results correspond to
recent observations made with reovirus-infected cells, where
blocking of apoptosis by bcl-2 did not change the virus yield,
suggesting that apoptosis induction is not a major determinant
of viral replication efficacy (36). Taken together, these studies
show that there is no common role for the apoptosis process
during different viral infections; rather it has to be determined
individually for different virus species.

Inhibition of apoptosis by the proto-oncogene bcl-2 during
influenza virus infection leads to an alteration in the glycosyl-

TABLE 1. Effect of caspase activation on virus progeny
release and infectivitya

Cell type z-VADb
HA units/5 3 106 cellsc

TCID50
d TCID50/

HA unit20 h 24 h 36 h

CV-1 2 160 640 2,560 640 1
1 320 640 1,280 640 1

HepG2 2 160 640 5,120 320 0.5
1 1,280 1,280 10,240 320 0.25

a Results are representative of three independent experiments.
b The peptide inhibitor z-VAD-fmk (100 mM) was added to the supernatants

after infection with SV (MOI, 10) and every 12 h thereafter. 2, not present; 1,
present.

c Determined at the indicated times p.i. with SV (MOI, 10).
d Determined 24 h p.i. with SV (MOI, 10). Later time points p.i. were not

considered due to the short half-life of infective virions in the supernatant of
infected cells (11).
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ation pattern of hemagglutinin at the viral surface (34). This
hemagglutinin modification impaired infection activity of prog-
eny virions, indicating that the apoptotic death of host cells
is necessary for progeny maturation during influenza virus
infection. To look at the influence of apoptosis on SV progeny
maturation, we determined the infectivity of progeny in rela-
tion to the total number of progeny particles (TCID50 per HA
unit) from cells undergoing apoptosis or being incubated with
the apoptosis inhibitor z-VAD-fmk. As no differences in the
infectivity of SV progeny were found, we have to conclude that
neither SV replication nor maturation depends on apoptotic
death of target cells. Thus, from an evolutionary perspective
one could speculate that SV-triggered apoptosis might serve to
allow the organism to restrict virus progeny release by elimi-
nating infected cells and preventing the establishment of per-
sistent infections.
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