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Wild-type (WT) influenza A/PR/8/34 virus and its variant lacking the NS1 gene (deINS1) have been com-
pared for their ability to mediate apoptosis in cultured cells and chicken embryos. Cell morphology, fragmen-
tation of chromatin DNA, and caspase-dependent cleavage of the viral NP protein have been used as markers
for apoptosis. Another marker was caspase cleavage of the viral M2 protein, which was also found to occur in
an apoptosis-specific manner. In interferon (IFN)-competent host systems, such as MDCK cells, chicken
fibroblasts, and 7-day-old chicken embryos, deINS1 virus induced apoptosis more rapidly and more efficiently
than WT virus. As a consequence, deINS1 virus was also more lethal for chicken embryos than WT virus. In
IFN-deficient Vero cells, however, apoptosis was delayed and developed with similar intensity after infection
with both viruses. Taken together, these data indicate that the IFN antagonistic NS1 protein of influenza A

viruses has IFN-dependent antiapoptotic potential.

The influenza virus genome contains eight single-stranded
RNA segments of negative polarity, coding for nine structural
proteins and a nonstructural polypeptide designated NS1. NS1
is expressed together with the nucleocapsid protein NP soon
after virus entry into the cell and acts at an early stage of
infection (for a review, see reference 30). It has many regula-
tory functions, such as inhibition of host mRNA polyadenyla-
tion (40), inhibition of nuclear export of polyadenylated host
mRNA (8), inhibition of mRNA splicing (14, 37, 56), stimula-
tion of translation of viral RNA (2, 9, 13), and modulation of
viral RNA transcription and replication (45). In addition, NS1
has the ability to bind double-stranded RNA (dsRNA) and
thus to prevent intracellular dsRNA-activated protein kinase R
(PKR) activation (20, 37). It was also shown that NS1 directly
interacts with PKR, suppressing its function (52). Recently the
important observation has been made that the NS1 gene is not
absolutely necessary for virus replication. Influenza virus lack-
ing this gene partly or completely was able to replicate effi-
ciently in hosts defective in interferon (IFN) production,
whereas replication of deINS1 virus (influenza A/PR/8/34 virus
variant lacking the NS1 gene) in IFN-competent cells was
significantly reduced (12, 17). In a similar manner deINS1 virus
replicated effectively in host organisms lacking PKR (4, 7).
This replication phenotype of deINS1 virus has been explained
by its inability to shut off activation of the IFN-PKR system (7,
17, 51). On the basis of these data it has been concluded that
the NS1 protein is an antagonist of the IFN system.

Influenza virus induces apoptosis in infected cells (24, 48). It
has been observed recently that the caspase 8 pathway is in-
volved in influenza virus-mediated apoptosis (3) and that the
viral nucleocapsid protein NP is specifically cleaved by host cell
caspases into the truncated form aNP (62). Another interesting
observation was that PKR sensitizes cells to apoptosis induced
by influenza virus (3). The observations that PKR is a common
link in the signaling pathways leading to IFN induction and
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apoptosis, that NS1 interferes with the IFN-PKR system, and
that it directly inhibits PKR raised the question whether NS1
may be involved in regulation of apoptosis in influenza virus-
infected cells.

In order to test this hypothesis the wild type (WT) of influ-
enza A/PR/8/34 virus and its variant lacking the NS1 gene
(deINS1) were compared for the ability to mediate apoptosis in
cultured cells and chicken embryos. We show here that deINS1
virus is a stronger inducer of apoptosis in IFN-competent
MDCK and chicken fibroblasts (CF) than WT virus. Likewise,
in 7-day-old chicken embryos that also contain a normal IFN
system characterized only by its reduced inducibility to exoge-
nous stimuli (39), delNS1 virus replicated effectively and
caused more-intensive apoptosis and higher lethality than WT
virus. However, when IFN-deficient Vero cells (10) were in-
fected with these viruses, there was no significant difference in
apoptosis. Taken together, these data indicate that NS1 has
IFN-dependent antiapoptotic potential and down-regulates
the apoptotic response in influenza virus-infected cells.

MATERIALS AND METHODS

Viruses and cells. Influenza A/PR/8/34 (HIN1) WT virus and the mutant
lacking the NS1 gene (12, 17) were propagated in 9- and 7-day-old embryonated
chicken eggs, respectively. Eggs were infected with about 1,000 PFU and incu-
bated for 50 h at 37°C. Appropriate dilutions of virus-containing allantoic fluid
were used for the infection of cultured cells. MDCK cells, primary cultures of CF
prepared from 10-day-old embryos (60), and Vero cells were grown as mono-
layers in Dulbecco’s minimal essential medium supplemented with 10% fetal calf
serum (GIBCO-BRL, Karlsruhe, Germany). For infection, 2-day-old confluent
cell monolayers were incubated with egg-grown influenza virus (multiplicity of
infection [MOI], 1 to 4 PFU/cell) for 1 h at 37°C. After infection, cells were
washed and incubated with Dulbecco’s minimal essential medium without serum.
Infected cells were incubated at 37°C for different periods of time and were then
prepared either for light microscope examination, protein gel electrophoresis, or
DNA fragmentation analysis.

Polyacrylamide gel electrophoresis (PAGE). Polypeptide electrophoresis in
polyacrylamide gels with Tris-glycine buffer containing sodium dodecyl sulfate
(SDS) were described earlier (61). Analyzed samples were dissolved in buffer
containing 10% glycerol, 1% SDS, and 10 mM dithiothreitol and boiled for 4 min
at 96°C. Running gels (10% polyacrylamide) were used to separate NP and aNP.
To distinguish between the 14- and the 12-kDa forms of M2, 14% polyacrylamide
gels were used. Under these conditions, the NP and aNP bands overlapped when
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FIG. 1. Apoptosis in MDCK cells infected with WT and deINS1 viruses (A) Shrinkage and death of MDCK cells after infection with WT and
deINS1 influenza viruses. MDCK cells were infected with WT and deINS1 influenza A/PR/8/34 (HIN1) viruses at an MOI of 2 to 4 PFU per cell.
At different times postinfection, cell cultures were examined by light microscopy. (B) DNA laddering in MDCK cells infected with WT and deINS1
influenza viruses. MDCK cells were infected with WT and deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection, host
cell chromatin DNA was isolated by SDS-high-salt extraction. Equal amounts of DNA were analyzed by electrophoresis on 1.6% agarose gels
followed by ethidium bromide staining. (C) Conversion of NP into its proteolytic cleavage product aNP. MDCK cells were infected with WT and
deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection, cellular polypeptides were analyzed by electrophoresis in 10%
polyacrylamide gels followed by gel staining with Coomassie blue R-350. For better detection of the NP bands, the deINS1 samples contained twice

as much material as the WT samples.

analyzed by Western blotting (WB). For protein gel staining with Coomassie blue
R-350, the protocol recommended by Pharmacia (Freiburg, Germany) was ap-
plied.

WB analysis. After SDS-PAGE, the polypeptides were transferred from the
gel onto Protran-nitrocellulose membranes (pore size, 0.45 wm; Schleicher &
Schuell, Dassel, Germany) by semidry electroblotting with a Tris-HCI e-amino-
caproic acid buffer system (pH, ~9.8) (62). Membranes were then washed with
150 mM phosphate-buffered saline (PBS) and incubated overnight at 4°C in 10%
dried milk in PBS. After washing with PBS, membranes were incubated for 2 h
at room temperature in PBS containing 0.5% bovine serum albumin and either
anti-NP monoclonal antibodies (clone A3; Centers for Disease Control and
Prevention, Atlanta, Ga.), anti-M1 goat antibodies (Virostat), or anti-M2 goat
antibody (G-74; donated by A. Hay, Mill Hill, United Kingdom). After that,
membranes were washed five times with PBS and exposed to horseradish per-
oxidase (HRP)-conjugated secondary anti-species antibodies (Dako, Glostrup,
Denmark), followed by visualization of positive bands with the Pierce (Rockford,
Ill.) enhanced chemiluminescence (ECL) procedure by using Kodak BioMax
film.

DNA fragmentation analysis. For the isolation of low-molecular-weight cellu-
lar DNA, the SDS-high-salt extraction method has been used (25). Mock-
infected and influenza virus-infected cells were removed with a rubber policeman
and pelleted for 15 min at 1,500 X g. Cell pellets (~10° cells) were suspended in
80 wl of PBS and gently mixed with 300 .l of buffer containing 10 mM Tris-HCl
(pH 7.6), 10 mM EDTA, and 0.6% SDS. In the case of chicken eggs, 300 ul of
allantoic fluid was mixed with EDTA and SDS at final concentrations of 10 mM
and 0.6%, respectively (final volume, 350 pl). Then, cell and allantoic fluid

lysates were mixed with 100 pl of 5 M NaCl and incubated overnight at 4°C. The
mixtures were centrifuged at 14,000 rpm for 20 min at 4°C, and supernatants
were treated sequentially with RNase A (1 mg/ml) and proteinase K (0.2 mg/ml)
for 20 min at 37°C and then mixed with 2 volumes of ethanol and left overnight
at —20°C. Precipitated DNA was resuspended in TE buffer (10 mM Tris-HCI, 1
mM EDTA; pH 7.6), electrophoresed in 1.5% agarose prepared in Tris-borate-
EDTA (TBE) buffer, and stained with ethidium bromide. MassRuler DNA
Ladder mixes (MBI Fermentas) were used as molecular weight markers.

Sedimentation analysis. Four hundred microliters of virus-containing allantoic
fluid was clarified at 2,000 rpm for 20 min and loaded onto 400 w1 of 40% glycerol
prepared in PBS containing 10 mM Tris-HCI (pH 7.6) and centrifuged at 30,000
rpm (~100,000 X g) in a TLS-55 rotor (Beckman TL-100). After ultracentrifu-
gation, the combined supernatant (glycerol and allantoic fluid; 800 wl) was
withdrawn, and the pellet was suspended in 200 ul of PBS. Equivalent amounts
(10 pl of pellet and 40 wl of supernatant fractions) were loaded onto SDS-
containing gels for PAGE analysis.

RESULTS

In this study, we first looked for the development of apo-
ptosis in MDCK cells and CF. The cells are highly susceptible
to infection with A/PR/8/34 WT virus but produce very little
virus when infected with deINS1 (17). Apoptosis has been
analyzed by monitoring shrinking and detachment of cells from

158nB AQ TZ0Z ‘2 YyoJe uo /Bio wse’IAl/:dny woiy papeojumoq


http://jvi.asm.org/

VoL. 76, 2002

del NS1

24

37

46

NS1 DOWN-REGULATES APOPTOSIS 1619

WT  delNS1

B. 5
(kb) g -
M E 24 36 47 24 36 47 «— h.p.i.
v <— start
10.0—
20—
1.5
1.0™
0.5—
8.4:
3
02—
01—
C. o x WT del NS1
2 8
S E

24 35 47 24 35 47 <+ hpi
— — D — —— gﬁp

97 89 41 20 8 65 52 _ NP/aNP

3 11 59 80 17 35 48 ratio

FIG. 2. Apoptosis in Vero cells infected with WT and deINS1 viruses. (A) Shrinkage and death of Vero cells after infection with WT and
deINS1 viruses. Vero cells were infected with WT and deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection, cell
cultures were examined by light microscopy. (B) DNA laddering in Vero cells infected with WT and deINS1 viruses. Vero cells were infected with
WT and deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection, host cell chromatin DNA was isolated by SDS-high-salt
extraction. Equivalent amounts of DNA were analyzed by electrophoresis on 1.6% agarose gels followed by ethidium bromide staining. (C) Con-
version of NP to aNP. Vero cells were infected with WT and deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection,
cellular proteins were analyzed by PAGE-WB. For better detection of the NP bands, the deINS1 samples contained twice as much material as the
WT samples. NP and aNP polypeptides were identified with an anti-NP mouse monoclonal antibody (clone A3) and an anti-mouse HRP conjugate
developed by ECL. WBs were scanned, and the NP/aNP ratios were calculated by the TINA program (version 2.09; Isotopenmessgeraete GmbH)

(below the gel).

support matrix as well as chromatin DNA fragmentation
(DNA laddering). In addition, proteolysis of the nucleocapsid
protein NP by host caspases has been used as a marker of
apoptosis (62). Figure 1A shows the effects of virus infection
on the morphology of MDCK cells monolayers. At 14 h after
infection with WT virus, monolayers were still largely intact,
whereas about 70% of the cells shrank and detached after 21 h.
The same degree of apoptosis was seen already 14 h after
infection with deINS1 virus, and only very few cells were still
attached to the plastic dish after 21 h. Basically the same
observations have been obtained with CF cells (not shown).
Figure 1B shows the DNA fragmentation patterns obtained
from infected MDCK cells. Low-molecular-weight host DNA
was isolated at different times after infection from equal
amounts of cells and analyzed by agarose electrophoresis. The
typical ladder of 0.2- to 10-kb DNA fragments became visible
18 h after infection with WT virus and remained still relatively
weak after 24 h. In contrast, after infection with deINS1 virus
the ladder was already clearly seen after 14 h and later still

increased in intensity. Similar differences were observed when
the kinetics of the conversion of NP into aNP were compared
in WT- and deINSl-infected cells (Fig. 1C). aNP appeared in
cells infected with WT virus at 18 h postinfection (hpi) and was
always present in smaller amounts than NP, whereas in
deINS1-infected cells aNP was clearly visible already at 12 to 14
hpi and became the predominant form of the nucleocapsid
protein at the late stages of infection (18 to 20 hpi). These data
indicate that host caspases responsible for NP cleavage and
formation of aNP are activated earlier in deINS1- than in
WrT-infected cells. Similar observations were made when cell
morphology, DNA fragmentation, and aNP accumulation as
depending on infection with WT and deINS1 virus were ana-
lyzed in CF cells (not shown). Taken together, these data
clearly indicate that deINS1 virus causes earlier and more
intensive apoptosis in MDCK and CF cells than WT virus,
suggesting that the NS1 protein has antiapoptotic potential.
It was then of interest to analyze apoptosis in Vero cells,
since these cells have deleted alpha and beta IFN1 genes (10)
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FIG. 3. Accumulation of NP, M1, M2, and aM2 in MDCK and Vero cells infected with WT and deINS1 viruses. MDCK cells (A) and Vero
cells (B) were infected with WT and deINS1 viruses at an MOI of 2 to 4 PFU per cell. At different times postinfection, cellular proteins were
analyzed by PAGE-WB (14% polyacrylamide gels). The membrane was cut into three pieces, and the strips containing NP, M1, and M2 were
incubated separately with mouse monoclonal anti-NP antibody (clone A3), monospecific goat anti-M1 antibody (Virostat), and monospecific goat
anti-M2 antibody (G-74), respectively, as first antibodies and anti-mouse HRP (Dako) and anti-goat HRP (Sigma) conjugates developed as
secondary antibodies. (C) Treatment with caspase inhibitor. MDCK cells were infected with WT and deINS1 viruses at an MOI of 2 to 4 PFU per
cell. At 10 hpi, caspase 2 inhibitor (VDVAD-CMK) was added to the culture medium, and cells were incubated up to 20 hpi. Cellular polypeptides
were analyzed by PAGE-WB and developed with goat anti-M2 antibody (G-74) and anti-goat HRP (Sigma) conjugate by ECL. (D) Potential
caspase cleavage sites in M2 and CM2. The 97-aa sequence of the influenza A virus M2 (31) and the 139-aa sequence of influenza C virus CM2
(26) are shown. The predicted caspase proteolytic sites are shown by arrows.

and therefore allow replication of WT and deINS1 virus to
similarly high titers (17). Unlike MDCK and CF cells, Vero
cells did not show large differences in the extent of apoptosis
after infection with both viruses. This was quite evident when
cell shrinking, rounding, and detachment (Fig. 2A) and DNA
laddering (Fig. 2B) were compared. Figures 2A and B show
also that apoptosis developed in Vero cells at a significantly
lower rate than in MDCK and CF cells. Whereas deINS1 virus
caused prominent apoptosis in MDCK cells already at 12 to
20 h after infection (hpi), intensive cell rounding and detach-
ment, marked DNA laddering, and NP cleavage developed at
35 to 40 hpi in Vero cells. There were some differences be-
tween deINS1 and WT virus, when cleavage of NP was ana-
lyzed in Vero cells (Fig. 2C). First, the level of NP accumula-
tion in Vero cells was comparable to the NP level in MDCK
cells, indicating similar rates of virus replication in both host
systems. Second, as indicated by the ratios of NP to aNP,
cleavage rates were reduced at late stages of infection with
deINS1 virus. The possible significance of this observation will
be discussed below. Taken together, however, the data shown

in Fig. 2 clearly indicate that the rapid and intensive apoptosis
mediated by NS1 in IFN-competent MDCK cells and CF does
not occur in IFN-deficient Vero cells. Thus, it is possible that
the antiapoptotic effect of NS1 is IFN dependent.

We then compared synthesis of viral proteins in MDCK and
Vero cells infected with WT and delNS1 viruses using PAGE.
As expected NS1 was detected after staining with Coomassie
blue only in WT-, but not in deINS1- infected cells (not shown).
NP, M1, and M2 were monitored by WB analysis using specific
monoclonal antibodies (Fig. 3). NP was reduced in deINS1-
infected cells by about 50% when compared to WT-infected
cells. The lower amounts of NP in deINS1-infected MDCK
cells can be explained by the observation that translation fac-
tors eIF2 and 4G1 are not activated when the IFN machinery
is not inhibited by NS1 (2). A dramatic reduction was observed
with M1 and M2. deINS1-infected MDCK and Vero cells con-
tained less than 5% of the amounts of M1 and M2 found in
cells infected with WT virus (Fig. 3A and B). These data
support earlier observations stressing the necessity of NS1 for
efficient expression of late viral genes (28, 55). The observation
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FIG. 4. Virus titers in the allantoic cavity and lethality for chicken embryos. Seven-day-old chicken embryos were infected with different doses
of WT and deINSI1 viruses and incubated at 37°C for 48 h. Dead and living embryos were identified by the movement activity of embryos and
retained blood vessel network. Eggs were cooled at 4°C, and hemagglutinin (HA) titers of allantoic fluids were determined.

that M1 and M2 synthesis was impeded in MDCK as well as in
Vero cells indicates that NS1 promotes virus growth not only
as an IFN antagonist but also by up-regulating viral protein
synthesis in an IFN-independent manner. As shown in Fig. 3A
and B, M2 was detected as a 14- and a 12-kDa protein. The
14-kDa protein showed some heterogeneity, presumably re-
flecting differences in acylation (47). The 14- and 12-kDa forms
of M2 have also been observed before with the WSN strain of
influenza A virus (58). The 12-kDa band appeared only late in
infection and then became the predominant one in delNS1-
infected MDCK cells at later stages, suggesting that it was the
apoptotic form of M2. It was therefore called aM2. The ap-
pearance of aM2 at the late apoptotic stage of infection
prompted us to test the idea that it may be derived from M2 by
host caspase cleavage, as is the case with NP and aNP.
Inspection of the primary structure of M2 revealed the se-
quence VDVDD | G, a consensus motif of a caspase 2 cleav-
age site (49), at positions 84 to 90 of this 97-amino-acid (-aa)
protein (31). Cleavage at this site (indicated by the arrow)
would be in agreement with the rise of a 12-kDa protein. To
test this hypothesis we have studied the effects of the caspase
2-specific inhibitor VDVAD-FMK on aM2 formation. Under
this treatment only M2 was observed, whereas aM2 did not
appear (Fig. 3C). Also, cleavage of NP into aNP did not occur
under these conditions (not shown). These observations sug-
gest that M2 and NP are cleaved by caspase 2 activated in
apoptotic cells. Since caspase 2 shows some cross-reactivity for
VDVAD-FMK with caspases 3 and 7 (49), we cannot exclude
the possibility that the latter enzymes are also involved. It is
interesting that CM2, the M2 analog of influenza C virus, has
three potential caspase cleavage sites at the C terminus, while

the analogous protein NB of influenza B viruses does not have
such motifs (Fig. 3D).

In the last set of experiments we have analyzed apoptosis in
chicken embryos infected with WT and deINS1 viruses. Seven-
day-old chicken eggs were used that were permissive for both
viruses. At this stage of development, chicken embryos already
show IFN response (39), but the IFN titers are not high
enough to prevent growth of delNS1 virus as is the case in
older embryos (17, 51). At 48 h after infection with different
virus doses, hemagglutinin titers, NP cleavage, and DNA lad-
dering were analyzed in allantoic fluid. Survival of embryos has
also been analyzed. The data summarized in Fig. 4 show that
WT virus grows to titers about 10 times higher in the cho-
rioallantoic membrane, although it is about 100 times less
lethal for the embryo than deINS1 virus (Fig. 4). As indicated
by DNA fragmentation, cells present in the allantoic fluid of
eggs infected with WT virus showed little apoptosis, whereas it
was distinct in deINSl-infected eggs (Fig. SA). Accordingly,
NP prevailed in the allantoic cavity of eggs infected with WT,
whereas predominantly apoptotic aNP accumulated after in-
fection with deINS1 virus (Fig. 5B). To determine whether aNP
is present in free or particulate form, allantoic fluid has been
layered on a cushion of 40% glycerol and centrifuged at
100,000 X g for 2.5 h. Under these conditions NP obtained
from WT-infected eggs was almost completely sedimentable,
indicating that it is present in virions (Fig. 5C). In contrast, in
deINSl-infected eggs only a minor portion of NP and aNP
sedimented into the virion pellet, whereas the predominant
part of aNP (more than 90%) did not pellet, suggesting that
aNP accumulated either as nonsedimentable RNP or in a free
state and is derived from infected cells that are destroyed by
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FIG. 5. DNA laddering and NP and aNP patterns in chicken eggs.
Seven-day-old chicken embryos were infected in the allantoic cavity
with WT and deINS1 viruses at an MOI of 20 to 100 PFU per egg.
(A) At 48 hpi, samples of allantoic fluid were taken from four eggs
separately, and DNA was isolated by SDS-high-salt extraction of 150
wl of allantoic fluid from each egg and analyzed by electrophoresis on
a 1.6% agarose gel. Lane M, 0.4 pg of MassRuler DNA ladder mix
(MBI Fermentas). (B) Samples of allantoic fluid were taken from five
eggs separately and NP and aNP patterns were analyzed by PAGE-
WB. (C) Allantoic fluid samples from two separate eggs were sedi-
mented through a 40% glycerol cushion at 100,000 X g for 2.5 h.
Equivalent amounts of virus pellet (VP) and supernatant (S) were
analyzed by PAGE-WB. NP and aNP were identified by ECL with an
anti-NP mouse antibody (clone A3) and anti-mouse HRP conjugate.

apoptosis. These results are consistent with earlier data indi-
cating that aNP is not included into virions (59).

DISCUSSION

The data presented here show that the NS1 gene of influ-
enza A virus down-regulates apoptosis of infected cells in an
IFN-dependent manner. Programmed cell death has, there-
fore, to be included into the list of IFN-regulated restriction
mechanisms of influenza virus replication, such as eIF2-depen-
dent inhibition of protein synthesis, oligoadenylate synthetase-

J. VIROL.

dependent RNA hydrolysis, and Mx-dependent virus suppres-
sion.

Our data suggest that the IFN machinery and the apoptosis
program are coupled (Fig. 6). In the absence of a functional
IFN cascade, apoptosis is delayed and its down-regulation by
NS1 in infected cells is not effective. That IFN may be an
essential mediator for apoptosis of virus-infected cells has also
been suggested in other studies (53). However, the down-
stream targets in the proapoptotic program that are controlled
by IFN are not yet known. It is therefore difficult to explain
how NS1 down-regulates apoptosis. We can only assume that
specific targets of NS1 in the IFN-cascade, such as PKR, IRF3,
and NF-kB, are also related to apoptosis regulation. PKR and
IRF3 are believed to promote apoptosis by activation of the
so-called death-induced signaling complex (3, 23). The obser-
vations that NS1 suppresses activation of NF-kB (54) through
the inhibition of PKR (37, 52) and IRF3 (50) might therefore
explain that NS1 elevates the apoptotic threshold and delays
onset of programmed cell death in infected cultures.

There is evidence that NS1 may down-regulate programmed
cell death in cooperation with another viral protein(s), such as
the matrix protein M1 that also appears to have antiapoptotic
potential (O. P. Zhirnov, T. E. Konakova, S. G. Krichevets,
S. N. Iordansky, and H.-D. Klenk, Abstr. 11th Int. Conf. Neg.
Strand Viruses, p. 102, 2000). Cooperation of NS1 and M1
seems to involve different antiapoptotic targets. NS1 may re-
duce the IFN-promoted sensitivity of cells to apoptosis (3),
while M1 may interfere with host caspases (Zhirinov et al.,
Abstr. 11th Int. Conf. Neg. Strand Viruses), key apoptotic
enzymes. A similar interaction between two viral proteins may
exist with the paramyxovirus simian virus 5 (SV5). Protein V of
SV5 has been found be an IFN antagonist (11, 57), whereas
protein SH down-regulates apoptosis (22). It should also be
mentioned here that NS1 stimulates, rather than suppresses,
apoptosis when it is expressed in the absence of other viral
proteins and dsRNA-inducing PKR. NS1 has been shown to be
highly toxic (43) and may induce apoptosis in a stress-depen-
dent fashion under these conditions.

Apoptosis in IFN-deficient Vero cells differed from apopto-
sis in MDCK and CF cells in two important aspects. First, it
developed more slowly in Vero cells. Second, the intensity of
apoptosis in Vero cells was generally similar with WT and
deINS1 viruses. These observations support the concept that
apoptosis is induced in Vero cells by alternative IFN-indepen-
dent pathways not used in MDCK cells and CF. Moreover,
NF-kB may trigger an antiapoptotic program in IFN-deficient
Vero cells by activating BcL-XL, IAPs, and A1/Bfl1 (Fig. 6). In
WT-infected Vero cells this antiapoptotic program may be
restrained by the NSI1-directed down-regulation of NF-kB
(54). Triggering of this program may also explain why Vero
cells infected with deINS1 virus showed less caspase activation
at late stages of infection than did Vero cells infected with WT
virus.

Apoptotic activation of caspases results in the cleavage of
the NP protein (62), and we have found now that the M2
protein is also cleaved by these enzymes. M2 is a virus-specific
ion channel. It is an integral membrane protein with an exter-
nal N terminus and a large C-terminal cytoplasmic tail (32).
Sequence and location of the putative cleavage signal as well as
sensitivity to a specific inhibitor suggest that M2 cleavage in-
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FIG. 6. IFN-related pro- and antiapoptotic pathways down-regulated by NS1. There are two NF-kB-regulated apoptotic pathways. The first one
is proapoptotic and IFN dependent. In this pathway viral dsSRNA intermediates activate PKR, which initiates phosphorylation and ubiquitination
of IkB, an inhibitor of NF-kB. Activated NF-«kB, a transcription factor, forms intranuclear enhanceosome complexes containing HMG-1/Y, ATF
(also known as c-jun), and PRD-1 as well as IRF 1, 3, and 7 to promote IFN expression. IFN triggers antiviral genes through FNAR-STAT
pathways and the IFN-stimulated responsive element. Certain elements in this antiviral program, such as PKR, oligoadenylate synthetase (or
RNase L,) are known to initiate apoptosis and induce caspases 1, 3, and 8 (for a review, see reference 19). This is a major cascade in normal
IFN-competent cells, such as MDCK and CF cells, and its down-regulation by NS1 delays apoptosis in WT-infected cells. The second pathway is
antiapoptotic. It also involves PKR-dependent activation of NF-«kB that becomes available for apoptosis inhibitors (IAPs, Bel-X,, A1/Bfll, etc.)
in IFN-deficient systems, such as Vero cells. Under these conditions, inhibition of PKR by NS1 may promote apoptosis. As a result, apoptosis
develops in WT-infected cells more intensively than in deINS1-infected ones. The targets of NS1 interference are indicated.

volves removal of the cytoplasmic tail by caspase 2. This con-
cept is consistent with the observation that caspase 2 is a
cytoplasmic enzyme and that it is partly membrane bound (38).
The role of apoptotic cleavage of NP and M2 in virus replica-
tion is not yet clear. It will be interesting to find out, for
instance, if the caspase-generated peptides are involved in the
development of antiviral CTL response (1) and pathogenesis
of autoimmune disease (41). It has been reported that numer-
ous autoantigens observed in autoimmune diseases are specif-
ically cleaved by caspases during apoptosis (41). If so, this
apoptosis mechanism is pertinent for influenza A and C virus
ion channel proteins possessing caspase proteolytic sites at the
cytoplasmic C terminus.

It was found here that deINS1 virus induces intensive apo-
ptosis in 7-day-old chicken embryos. Furthermore, there was a
high lethality after infection with this virus. In contrast, apo-
ptosis and lethality were low when embryos were infected with
WT virus, although virus titers were significantly higher under
these conditions. These observations demonstrate that apopto-
sis, rather than virus load, may play a predominant role in
determining pathogenicity.

Recently a rational approach for the generation of live vac-
cines containing altered NS1 has been proposed to attenuate
virus virulence while retaining immunogenicity (51). The data
presented here on the enhanced apoptotic potential of such

viruses add a note of caution to this approach. The possibility
that such vaccine viruses may have side effects due to intensive
apoptotic cell injury at the primary locus of infection cannot be
excluded. Thus, the respiratory epithelium may be damaged in
the case of intranasal vaccine application, with a special risk for
infants and aged persons having a compromised IFN status.
On the other hand, it is also possible that deINS1-mediated
apoptosis may play a beneficial role in vaccination, providing
enhanced virus clearance by phagocytosis of infected cells (15).

deINS1 virus may also be of therapeutic value for tumor
treatment. Compared to normal human fibroblasts, fibroblasts
with a neoplastic phenotype and a high tumorigenic potential
in vivo are more susceptible to influenza virus infection and, as
indicated by extensive NP cleavage, to virus-induced apoptosis
(34). It is therefore tempting to speculate that deINS1 virus
may be selective in its apoptotic capacity for neoplastic cells.
Better knowledge on the molecular details of the interaction
between NS1 and its viral and cellular partners may also allow
the design of new drugs for the selective killing of cancer cells.

Finally, it should be pointed out that NS1 of influenza A
virus is not the only viral IFN antagonist. Proteins with similar
function have been found in many other viruses. They include
VP35 of Ebola virus (6), protein C of Sendai virus (18, 29),
protein V of paramyxovirus SV5 (11), protein sigma3 of reo-
virus (27), protein E3L of vaccinia virus (44, 46), the NSP3
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gene product of porcine rotavirus (33), proteins NS1 and NS2
of bovine respiratory viruses (42), protein E7 of human papil-
lomavirus type 16 (5), protein E1A of adenovirus (36), protein
NS5A of hepatitis C virus (16), protein IcP34.5 of herpes
simplex virus (21, 35), and a number of other virus proteins. It
will be interesting to see if any of these proteins down-regu-
lates apoptosis in infected cells as does NS1.
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