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Interferon (IFN) mediates its antiviral effects by inducing a number of responsive genes, including the
double-stranded RNA (dsRNA)-dependent protein kinase, PKR. Here we report that inducible overexpression
of functional PKR in murine fibroblasts sensitized cells to apoptosis induced by influenza virus, while in
contrast, cells expressing a dominant-negative variant of PKR were completely resistant. We determined that
the mechanism of influenza virus-induced apoptosis involved death signaling through FADD/caspase-8 acti-
vation, while other viruses such as vesicular stomatitis virus (VSV) and Sindbis virus (SNV) did not signifi-
cantly provoke PKR-mediated apoptosis but did induce cytolysis of fibroblasts via activation of caspase-9.
Significantly, treatment with IFN-o/3 greatly sensitized the fibroblasts to FADD-dependent apoptosis in
response to dsRNA treatment or influenza virus infection but completely protected the cells against VSV and
SNV replication in the absence of any cellular destruction. The mechanism by which IFN increases the cells’
susceptibility to lysis by dsRNA or certain virus infection is by priming cells to FADD-dependent apoptosis,
possibly by regulating the activity of the death-induced signaling complex (DISC). Conversely, IFN is also able
to prevent the replication of viruses such as VSV that avoid triggering FADD-mediated DISC activity, by

noncytopathic mechanisms, thus preventing destruction of the cell.

The interferons (IFNs) are cytokines with potent antiviral,
antiproliferative, and immunomodulatory activity that are cat-
egorized into two major subtypes: alpha/beta (IFN-o/B) and
gamma (IFN-y). IFN-a and - are synthesized by most cell
types and share a common receptor, while IFN-vy is predomi-
nantly produced from T lymphocytes (37). Although consider-
able evidence indicates that the IFNs constitute a vital com-
ponent of host antiviral and antitumor defense, the detailed
mechanisms of their effects against viruses and cancer as well
as their role in apoptosis remain elusive. However, it is known
that the IFNs exert their multiple properties by inducing a
number of cellular genes, one of the best characterized being
the double-stranded RNA (dsRNA)-dependent, serine/threo-
nine protein kinase, PKR (28). Interaction with dSRNA causes
PKR to autophosphorylate and to catalyze the phosphoryla-
tion of substrate targets, the best described being the alpha
subunit of eukaryotic initiation factor 2 (eIF2a), which causes
a reduction in protein synthesis rates in the cell (24, 28). PKR
has also been proposed to function in signaling cascades reg-
ulated by dsRNA and to influence the control of selected
pathways such as those involving NF-«B, platelet-derived
growth factor, and IRF-1 (21, 29, 43). More recently, it has
similarly been revealed that PKR plays a critical role in medi-
ating dsRNA-induced apoptosis in the cell (2, 8, 23, 36, 38, 45).

The process of apoptosis, or programmed cell death, is an
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important mechanism used by the host to limit virus produc-
tion following infection of the cell. One mechanism of apopto-
sis can occur through ligation of cell surface death receptors
such as Fas/CD95, a member of the tumor necrosis factor
receptor (TNFR) family (13). This event leads to the recruit-
ment and activation of an adapter protein, FADD (Fas-asso-
ciated death domain-containing protein), and to the subse-
quent activation of caspases, a family of cysteine proteases that
exist as inactive zymogens in normal cells (5, 34). The apical
target of FADD is caspase-8/FLICE (30). Activated caspase-8
is able to cleave additional downstream caspases, which in-
clude caspase-3, to ultimately elicit the morphological hall-
marks of apoptosis, including DNA fragmentation and cell
shrinkage. In addition to this mechanism of death signaling, it
is apparent that the mitochondrion similarly plays a key role in
the regulation of apoptosis. For example, active caspase-8 is
also known to activate Bid, a proapoptotic member of the Bcl-2
family of proteins that can trigger a loss in mitochondrial
transmembrane potential and cause an efflux of cytochrome ¢
into the cytoplasm (26). Cytochrome ¢ then complexes with
Apaf-1 to activate procaspase-9, which in turn targets and
activates caspase-3 (22, 42). Other members of the Bcl-2 fam-
ily, including Bcl-2 itself (antiapoptotic) and Bax (proapop-
totic), can also influence the cell death process, possibly by
acting as outer mitochondrial membrane channel proteins that
regulate cytochrome release into the cytosol (20).

Activation of apoptosis by the host cell in response to virus
infection is highly detrimental to the virus, at least until prog-
eny viruses have been safely replicated. Thus, numerous vi-
ruses have evolved a variety of mechanisms to neutralize not
only the antiviral effects of IFN and their inducible genes but
also host-mediated programmed cell death (15, 27, 40). For
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example, cowpox virus CrmA and baculovirus p35 have been
shown to inhibit caspase activation, while adenovirus encodes
E1B 19K, a Bcl-2 homologue that prevents mitochondrial, and
in certain cases caspase-8, input into Apaf-1-mediated activa-
tion of the executioner caspase-3 (40). In addition, it is well
documented that viruses such as vaccinia virus (E3L and K3L),
adenovirus (VAI RNA), and hepatitis C virus (NS5a and E2)
encode products to inhibit IFN signaling pathways and IFN-
inducible gene products such as the key antiviral protein, PKR
(7, 10, 15, 27, 39).

Efforts to analyze the antiviral function of IFN have included
attempting to examine the cellular expression of individual
IFN-induced genes, such as the PKR gene, in the absence of
other IFN or virus-induced products. In the case of PKR, this
has proven difficult since previous efforts to establish cell lines
that overexpress the kinase failed due to PKR'’s toxic pheno-
type (4, 18, 19). To overcome this obstacle, we established
tetracycline-regulated 3T3 L1 cell lines that inducibly express
wild-type PKR or a catalytically inactive dominant-negative
PKR variant referred to as PKRA6 (2). PKR-overexpressing
cells were greatly sensitized to the effects of dSRNA, and treat-
ment with synthetic dsSRNA poly(I-C) caused autophosphory-
lation of the heterologous PKR and the induction of Fas and
TNFR-1 and initiated cellular apoptosis via activation of the
FADD death signaling pathway (2). Conversely, fibroblasts
expressing the dominant-negative variant PKRA6 lacked a
number of key proapoptotic signaling components such as
FADD and Bax and were resistant to dsSRNA-, Fas-, and TNF-
a-induced cell death (2).

To extend our studies on the antiviral and proapoptotic
properties of IFN and PKR, we examined the effects of infec-
tion of murine cells overexpressing functional PKR or the
dominant-negative variant PKRAG6 with selected RNA viruses.
We determined that cells overexpressing PKR were signifi-
cantly more sensitive to apoptosis induced by influenza
A/WSN virus (WSN), but not by vesicular stomatitis virus
(VSV) or Sindbis virus (SNV), compared to control cells car-
rying the vector alone. Significantly, treating control fibroblasts
or PKR-overexpressing cells with IFN-o/B greatly enhanced
WSN-induced apoptosis and reduced viral replication. The
mechanism of WSN induced apoptosis was demonstrated to be
via activation of the FADD/caspase-8 pathway. Conversely,
VSV and SNV viral replication principally triggered apoptosis
through Apaf-1-mediated activation of caspase-9. Notably,
IFN-/B treatment completely blocked the replication of VSV
and SNV without the induction of apoptosis and any damage
to the cell. Thus, IFN-a/B can concomitantly invoke disparate
mechanisms to prevent virus replication. One antiviral pathway
involves sensitization of cells to apoptosis through death-in-
duced signaling complexes (DISC), dependent on FADD,
while a second involves the inhibition of viral replication in the
absence of any damage to the host. The physiological and
clinical significance of these observations is discussed.

MATERIALS AND METHODS

Cell lines. The establishment and maintenance of cell lines inducibly express-
ing functional PKR and PKRAG6 in response to tetracycline and doxycycline
(Dox) have been previously reported (2). Cells were grown in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal bovine serum (Gibco-BRL, Gaith-
ersburg, Md.) in the presence or absence of Dox (5 wg/ml) for 2 days before
experiments were performed. FADD- and Apaf-1-deficient fibroblasts were gen-
erated as described previously (44, 46). Murine fibroblast IFN (IFN-o/B) used in
these studies was obtained from Sigma (St. Louis, Mo.) and used to treat cells at
1,000 U/ml for 18 h prior to infection.

Virus growth and infection studies. Cells were infected with virus at a multi-
plicity of infection (MOI) of 10 (32). Titers of released virus were determined by
standard plaque assay of serially diluted virus suspensions either in MDCK cells
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in the presence of trypsin for WSN or in BHK-21 cells for VSV (Indiana strain)
(3) and SNV (6). Virus yields were expressed as PFU of released virus per cell.

Immunoblot analysis. Western blot analyses were carried out following dis-
ruption of cells in lysis buffer as described previously (2). Proteins were electro-
phoresed on sodium dodecyl sulfate-10% polyacrylamide gels and transferred to
nitrocellulose. After blocking in milk extract, blots were incubated with antibod-
ies as described previously (2). Antibodies to murine Fas and PKR were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif.); antibody directed to
phosphorylated and total eIF2a has been reported previously (2). Anti-FADD
and human PKR antibodies were gifts from L. Boise and A. Hovanessian,
respectively.

Apoptosis and cell viability analysis. After 12 to 48 h, virus-infected cells were
washed in cold phosphate-buffered saline and incubated for 15 min with fluo-
rescein-conjugated annexin V- and propidium iodide (R&D Systems, Minneap-
olis, Minn.). Flow cytometry of annexin V- and propidium iodide-stained cells
was performed on a Becton Dickinson FACScan machine and analyzed with
CellQuest software. Cell viability was determined by trypan blue exclusion anal-
ysis. For TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-FITC
nick end labeling) assays, cells were fixed with paraformaldehyde (1%) at room
temperature and labeled as described by the manufacturer (In Situ Cell Death
Detection kit; Boehringer Mannheim, Indianapolis, Ind.). Caspase activity was
measured with an Apoalert kit (Clontech, Palo Alto, Calif.).

RESULTS

Cells overexpressing PKR are sensitized to WSN-induced
apoptosis. To analyze the antiviral role of PKR in the absence
of other IFN-induced proteins, we infected murine 3T3 L1 cell
lines that overexpress wild-type PKR or a catalytically inactive
PKR variant, PKRA6, with WSN, a negative-stranded RNA
virus with a segmented genome (32). We initially chose WSN
since previous studies had demonstrated the induction of Fas/
CD95 and subsequent apoptosis in cells infected with this
member of the orthomyxovirus family (38). Importantly, stud-
ies by our own group had demonstrated that activation of PKR
by dsRNA induces apoptosis by enhancing Fas expression and
by triggering FADD-dependent death signaling (2). Taken to-
gether, the data suggested the possibility that PKR played a
role in influenza virus-induced apoptosis. For this analysis we
used PKR-inducible murine fibroblasts, which, although not
fully permissive to WSN replication, permit viral protein syn-
thesis and produce low levels of progeny virus (9). PKR-ex-
pressing cells were thus infected with WSN for up to 48 h.
After 24 h of infection, WSN-infected control and wild-type
PKR-overexpressing cells started to morphologically exhibit
signs of apoptosis, including blebbing of the plasma membrane
and cell shrinkage (Fig. 1, top). In contrast, cells expressing
PKRAG6, which morphologically appear smaller as a result of
being malignantly transformed, did not show any evidence of
apoptosis or loss of cell viability even 72 h postinfection. To
further examine if apoptosis was in fact occurring in cells
infected with WSN, cells were fixed and examined by TUNEL,
an assay that detects DNA strand breakage, a hallmark of
apoptosis. As can be seen in the bottom part of Fig. 1, a small
proportion (<10%) of the WSN-infected control cells express-
ing vector alone showed signs of DNA fragmentation. How-
ever, nearly all of the WSN-infected PKR-overexpressing cells
exhibited TUNEL staining as determined by fluorescence mi-
croscopy. In contrast, cells expressing PKRA6 showed no evi-
dence of TUNEL staining or cell death, indicating resistance to
apoptosis. To complement our analysis, WSN-infected cells
overexpressing PKR or PKRA6 were analyzed by annexin V
staining, which measures the presence of phosphatidylserine
on the outer membrane of apoptotic cells. Approximately 56%
of the PKR-overexpressing, virus-infected cells exhibited loss
of phosphatidylserine to the outer membrane, compared to
less than 17% of the control cells (data not shown). Again, cells
expressing PKRA6 showed no evidence of apoptosis, as deter-
mined by annexin V staining (data not shown) or trypan blue
exclusion analysis (see Fig. 3a). Collectively, these data indi-
cate that cells overexpressing PKR are sensitized not only to

1sanb Aq 6TOZ ‘TT aunr uo /610 wse’IAlj/:dny woly papeojumog


http://jvi.asm.org/

VoL. 74, 2000 POTENTIATION OF APOPTOSIS BY IFN-o/f 1515

VEC PKR-WT PKR-A6

Uninfected
Influenza

s @)

Virus g

Infected g

QD

o

(9]

o

PHASE CONTRAST g

o0

VEC PKR-WT PKR-A6 =

=

)

wn

3

Pl o

Q

(@]

>

[

[

-

@

=

L

N

FITC-dUTP E

T

<

(@)

[

D

TUNEL %]

FIG. 1. Cells inducibly expressing PKR are sensitive to WSN-induced apoptosis. Murine 3T3 L1 cells (VEC, control cells carrying vector alone; PKR-WT, cells
overexpressing PKR under control of a tetracycline/doxycycline-inducible promoter; PKR-AG6, cells overexpressing a dominant-negative variant of PKR under the same
inducible promoter) were infected with WSN at an MOI of 10. (Top) Cells mock infected or infected with WSN were photographed 24 h postinfection (magnification,
x100). (Bottom) WSN-infected cells were fixed and incubated with the TUNEL reaction mixture (see Materials and Methods) to detect apoptotic cells and
subsequently stained with propidium iodide to detect all cells (magnification, X100).

dsRNA-induced apoptosis but also to apoptosis induced by SNV. Both viruses are known to be sensitive to the antiviral

WSN. Comparable results were obtained with parainfluenza effects of IFN (37). As part of these studies, we also examined
virus type III (data not shown). In contrast, cells expressing the the effects of IFN on the cell’s response to viral infection.
dominant-negative PKRAG6 are resistant to WSN-induced ap- Figure 2 shows the morphologies of cells expressing vector or
optosis, as well as to apoptosis mediated by dsRNA, Fas ligand, wild-type PKR treated with or without IFN and of cells mock
and TNF-q, as we have previously demonstrated (2). infected or infected with either WSN, VSV, or SNV. As de-

Role of IFN in virus-induced apoptosis. To further examine scribed earlier, WSN infection resulted in the induction of
the role of PKR in IFN-mediated antiviral host defense, we apoptosis in the control cells, with an enhanced effect in cells

infected control cells or cells overexpressing wild-type PKR or overexpressing PKR [Fig. 2a (iii) and 2b (iii)]. However, pre-
variant PKRAG6 with the rhabodovirus VSV or the alphavirus treatment with IFN augmented the virus-induced apoptotic


http://jvi.asm.org/

1516 BALACHANDRAN ET AL.

J. VIROL.

a Control 3T3 L1 Cells

VSV WSN MOCK

SNV

g > ‘g@ o A

FIG. 2. Micrographs of WSN-, VSV-, and SNV-infected cells inducibly overexpressing PKR and treated with IFN. 3T3 L1 cells carrying vector alone (a) or
PKR-overexpressing 3T3 L1 cells (b) were mock infected or infected with WSN, VSV, or SNV at an MOI of 10 in the presence (+) or absence (—) of murine fibroblast
IFN-o/B (1,000 U/ml) pretreatment. Photomicrographs were taken 24 (WSN) or 48 (VSV and SNV) h postinfection at a magnification of X100. FIG. 2—Continued.

effect in both cell types [Fig. 2a (iv) and 2b (iv)]. To comple-
ment our morphological assessment, we also tested the in-
fected cells by trypan blue exclusion analysis. Over 80% of
IFN-treated, WSN-infected control cells or cells overexpress-
ing PKR were unable to exclude trypan blue, indicating loss of
viability and compromised plasma membrane (Fig. 3a). That

this effect was apoptotic was confirmed, as in Fig. 1, by both the
TUNEL assay and annexin V staining. Trypan blue exclusion
analysis revealed that cells expressing PKRAG6 remained viable
after WSN infection, whether IFN pretreated or not, presum-
ably because these cells lack key components of the apoptotic
signaling pathway (2) (Fig. 3a).
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To extend our analysis, viral yields were measured in the
IFN-treated, WSN-infected cells. Figure 4a shows that WSN
infection is essentially nonproductive in 3T3 L1 cells, with
PFU-per-cell yields being less than 10 in the control and PKR-
expressing cells. However, IFN pretreatment reduced viral
production two- to fourfold in both control and PKR-overex-
pressing cell types to barely detectable levels. Cells expressing
PKRAG6 did not appear to produce any WSN whether they

were treated with IFN or not, for reasons that remain unde-
termined. Given the low virus yields, it remained conceivable
that WSN was not efficiently infecting any of the cell lines.
However, immunofluorescent staining of WSN-infected cells
overexpressing the wild-type PKR or PKRAG6, or control cells
with anti-WSN antiserum (as well as immunoprecipitating
WSN nucleoprotein), confirmed that the virus was indeed in-
fecting the cells and that synthesis of viral proteins was occur-
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FIG. 3. IFN sensitizes infected cells to or protects them from apoptosis. IFN-treated or untreated 3T3 L1 control cells (VEC) or cells inducibly overexpressing
wild-type PKR (PKR-WT) or a dominant-negative variant (PKR-A6) were mock infected or infected with WSN (a), VSV (b), or SNV (c) at an MOI of 10 in the
presence or absence of IFN pretreatment; 24 (WSN) or 48 (VSV and SNV) h later, trypan blue exclusion analysis was performed. Data represent the mean from three

experiments * standard deviation.

ring (data not shown). Taken together, our data indicate that
PKR can play a role in IFN-mediated host defense against
WSN infection by sensitizing the cells to virus-induced apopto-
sis. This effect was significantly enhanced by pretreatment with
IFN but not in cells expressing PKRAG6.

Interestingly, a different pattern of response can be seen in
PKR-overexpressing cells infected with VSV or SNV. Infection
of either control or wild-type PKR-overexpressing cells with
VSV caused extensive cell death after 48 h, as determined
morphologically and by trypan blue exclusion analysis [Fig. 2a
(v), 2b (v), and 3b]. Also, in contrast to WSN, VSV-mediated
apoptosis was completely inhibited in the control and PKR-
overexpressing cells following treatment with IFN [Fig. 2a (vi)
and 2b (vi)]. Pretreatment of the cells with IFN not only pro-
tected the cells against cell death but also greatly limited the
production of progeny viruses (Fig. 3b and 4b). Interestingly,
cell death was also observed in VSV-infected cells expressing
PKRAG6, probably as a direct result of virus replication and

damage to the cell. IFN did not inhibit VSV production or
apoptosis in PKRA6-expressing cells, indicating that the mech-
anism of the IFN antiviral response to VSV infection had been
compromised.

Infection of 3T3 L1 cells with SNV showed a pattern of
response similar to those observed in VSV-infected cells [Fig.
2a (vii) and 2b (vii)]. For example, IFN also protected against
SNV-induced apoptosis and viral replication in the control or
PKR-overexpressing cells but not in cells expressing PKRA6
[Fig. 2 (viii), 3c, and 4c].

To complement the above study, we analyzed the levels of
PKR and elF2a in WSN- and VSV-infected cells. Immunoblot
analysis revealed a slightly higher level of the endogenous
murine PKR following infection with WSN and VSV (Fig. 5).
For reasons that remain to be clarified, endogenous PKR is
ablated in cells expressing PKRAG6; consequently, phosphory-
lated eIF2a levels are very low, as we have previously reported
(2). Interestingly, levels of eIF2a phosphorylation greatly in-
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FIG. 4. Effects of PKR and IFN on viral production. IFN-treated or untreated 3T3 L1 cells (VEC) inducibly expressing wild-type PKR (WT) or dominant-negative

variant PKR-A6 (A6) were infected with WSN (a), VSV (b), or SNV (c) at an MOI of 10; 24 (WSN) or 48 (VSV and SNV) h later, samples of medium from the infected

cells were retrieved and viral production was determined by plaque assay. Data represent means of three experiments * standard deviation.
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FIG. 5. Protein analysis of PKR, eIF2a, and Fas. Murine 3T3 L1 cells (VEC)
inducibly expressing wild-type PKR (PKR-WT) or a dominant-negative variant
(PKR-A6) were infected with VSV or WSN; 24 h postinfection, equal amounts
of cell lysates were examined by Western blotting using antibodies to human
PKR (hPKR), the endogenous murine PKR (mPKR), phosphorylated elF2a
(eIF-2a-P) total eIF2«, Fas, and FADD. Similar levels of tubulin in each lane
confirm that equivalent amounts of protein were loaded.

creased in response to VSV infection but not significantly in
cells infected with WSN. These data were complemented by
analyzing PKR activity during viral infection, and phosphory-
lation of PKR was seen to increase slightly in response to VSV
but not following infection by WSN as has been described by
other groups (16) (data not shown).

Differential activation of caspases in virus-infected 3T3 L1
cells. To start to dissect the mechanisms of virus-induced ap-
optosis, we analyzed cell extracts previously infected with WSN
and VSV for activation of known caspases (34). Binding of
ligand to death receptors such as Fas or TNFR-1 leads to
recruitment and activation of FADD, which in turn leads to
cleavage of caspase-8 (5, 30). This event causes activation of
the executioner caspases, such as caspase-3, leading directly to
the apoptotic disassembly of the cell. Cell death signals can
also be initiated through the release of cytochrome ¢ resulting
from mitochondrial damage. This pathway requires the func-
tion of Apaf-1, which is responsible for the recruitment and
subsequent activation of caspase-9 (22, 42). Cross talk between
the two (i.e., the cell surface and mitochondria) pathways can
also occur through caspase-8-mediated cleavage of Bid, a
member of the Bcl-2 family, an effect which induces the release
of cytochrome ¢ (26). To measure caspase-8 protease activity
in infected cells, we used the substrate 7-amino-4-trifluorom-
ethylcoumarin (AFC) conjugated to the tetrapeptide Ile-Glu-
Thr-Asp (IETD). Cleavage of this substrate by caspase-8 re-
leases AFC, which can be measured fluorometrically. Our
results indicated that extracts from dsSRNA- and WSN-treated
cells contained two- to threefold more caspase-8 activity than
extracts from untreated cells (Fig. 6a). However, little activa-
tion of caspase-8 occurred in VSV- or SNV-infected cells, even
though the cells were clearly undergoing apoptosis as deter-
mined morphologically by annexin V staining and by TUNEL
assay (Fig. 2 and 3 and data not shown). Similarly treated
PKRAG6-expressing cells demonstrated very little IETD-AFC
cleavage because of the absence of caspase-8 in these cells (2).
These data indicate that following VSV and SNV infection,
apoptosis was being induced through a pathway independent
of caspase-8 activation. To investigate this further, we used
AFC-conjugated Leu-Glu-His-Asp (LEHD), a fluorogenic

POTENTIATION OF APOPTOSIS BY IFN-o/8 1519

a Relative AFC Fluorescence
(Fold Increase Caspase-8 Activity)
1 2 3 4 s 6 7

Mock
dsRNA
WSN
VSV

JIA

[ Mock
dsRNA
WSN
VSV

IA-Id

[ Mock
dsRNA
WSN
VSV

9V -TId

TNF- o

TNF- +
z-IETD-fmk

b Relative AFC Fluorescence
(Fold Increase Caspase-9 Activity)
1 2 3 4 5 6 7

Mock
dsRNA
WSN

VSV

JHA

[ Mock
dsRNA
WSN
VSV

IA-Id

[ Mock
dsRNA
WSN
VSV

9V -DId

TNF- o

TNF-a +
z-LEHDfmk

FIG. 6. Caspase activity in cells infected with WSN or VSV. Control 3T3 L1
cells (VEC) or 3T3 L1 cells overexpressing wild-type PKR (PKR-WT) or a
dominant-negative variant (PKRAG6) were transfected with poly(I-C) by using
Lipofectamine (Gibco-BRL) or infected with WSN or VSV at an MOI of 10.
After 24 h, cell lysates were prepared and incubated with either z-IETD-AFC,
the caspase-8 fluorogenic substrate (a), or z-LEHD-AFC, the caspase-9 fluoro-
genic substrate (Apoalert; Clontech) (b). Samples were excited at 400 nm, and
fluorescent emissions were read at 505 nm on a fluorometer. As controls, cell
lysates prepared from 3T3 L1 cells treated for 18 h with 50 ng of murine TNF-a
(R&D Systems) per ml were preincubated with or without the caspase-8-specific
inhibitor z-LEHD-fmk or the caspase-9 specific blocker z-LEHD-fmk prior to
incubation with the fluorogenic substrates as described above. Data represent
means of two experiments.

substrate for caspase-9. Our data indicated that caspase-9 ac-
tivity was increased threefold in VSV-infected control and
PKR-overexpressing cells, indicating the involvement of the
mitochondria in mediating cell death. Very little caspase-9
activation was observed in PKRA6-expressing cells, perhaps
due to low levels of caspase-9 (data not shown).

We have previously shown that PKR-mediated, dSRNA-in-
duced apoptosis also coincides with the upregulation of Fas
(2). To extend these analyses, we measured, by immunoblot-
ting, Fas and FADD levels in virus-infected, PKR-overexpress-
ing cells. Our data indicated that cells overexpressing PKR
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FIG. 7. Murine fibroblasts lacking FADD but not Apaf-1 show resistance to WSN-induced apoptosis. Fibroblasts lacking FADD (a) or Apaf-1 (b) were infected
with WSN, VSV, or SNV at an MOI of 10; 24 (WSN) or 48 (VSV and SNV) h postinfection, cell viability was determined by trypan blue exclusion analysis. Data

represent means of two experiments.

contained somewhat more Fas compared to controls, (Fig. 5),
as we have previously shown (2). Fas levels decreased in VSV-
infected cells and did not markedly rise in cells infected with
WSN. Similarly, FADD levels also appeared to be moderately
higher in cells overexpressing PKR and did not appear to
fluctuate significantly during viral infection.

IFN-induced apoptosis requires FADD. To further clarify
the mechanisms of IFN-stimulated apoptosis in the virus-in-
fected cells, we used embryonic fibroblasts that lack the key
death receptor signal transducer FADD (44). Although mice
lacking FADD die in utero, FADD-deficient embryonic fibro-
blasts can be generated and were infected with WSN as well as
VSV and SNV. Morphological examination, annexin V stain-
ing, and trypan blue exclusion analysis revealed that murine
embryonic fibroblasts lacking FADD had reduced sensitivity to
WSN-induced apoptosis compared to control fibroblasts (Fig.
7a and data not shown). Strikingly, WSN viral yields were
dramatically increased in FADD /™ cells (Table 1). Similar to
the effects of dSRNA, WSN-induced apoptosis was enhanced
by IFN in the control embryonic fibroblasts but not in cells
lacking FADD, signifying that IFN mediates apoptosis through
activation of caspase-8 and perhaps other caspases that asso-
ciate with FADD and the DISC. Interestingly, IFN treatment
reduced WSN titers in the absence of FADD, indicating that
IFN may stimulate other antiviral mechanisms in addition to
apoptosis. However, VSV and SNV induced apoptosis equally
well whether the cells contained FADD or not, indicating that
the FADD death signaling pathway is not the predominant

TABLE 1. Viral titers in cells lacking FADD and Apaf-1¢

Viral titer
Cell type IFN

WSN VSv SNV

Control - <1 <1 36
+ <1 <1 5

FADD ™/~ - 1,975 1,253 640
+ 89 100 333

Apaf-1 /= - 25 55 323
+ 1 <1 <1

“ Control, FADD-deficient, or Apaf-1-deficient cells were infected with WSN,
VSV, or SNV at an MOI of 10, and virus progeny yield was measured 24 (WSN)
or 48 (VSV and SNV) h postinfection as described in Materials and Methods.

pathway activated by these viruses in these cells. In fact, lack of
FADD increased the degree of apoptosis induced by VSV and
SNV by mechanisms that remain to be clarified.

To further evaluate the mechanisms of WSN-, VSV-, and
SNV-induced apoptosis, we examined the response of murine
embryonic fibroblasts lacking Apaf-1 to infection (46). Figure
7b indicates that WSN induced cell death equally well in cells
containing or lacking Apaf-1 and that IFN enhanced this ap-
optotic effect in both cell types. However, both VSV and SNV
induced markedly less apoptosis in cells devoid of Apaf-1. VSV
and SNV titers were also higher in the Apaf-1-lacking cells
than in control cells, indicating that reduction in apoptosis may
facilitate the replication of these viruses (Table 1). However,
IFN treatment also prevented VSV-induced apoptosis as well
as viral progeny replication (37). It is therefore plausible that
VSV inadvertently triggers host-mediated cell death following
infection of the cell. Thus, aside from confirming that IFN
sensitizes cells to WSN-induced apoptosis largely indepen-
dently of Apaf-1 and principally through activation of FADD,
these data suggest that VSV and SNV trigger apoptosis in
fibroblasts predominantly through activation of the mitochon-
drion-related Apaf-1/caspase-9 pathway.

DISCUSSION

The IFNs, important components of host defense, are
known to manifest their multiple properties by inducing a
number of cellular genes. IFN-induced genes can initiate direct
cytotoxic effects on the cell or can contribute to indirect cyto-
toxic effects by modulating the host’s immune response (37). In
the latter scenario, the IFNs have been shown to augment
major histocompatibility complex class I and TNF-related ap-
optosis-inducing ligand (TRAIL) expression, which can lead to
the enhancement of cytotoxic T-cell activity (17). To further
examine the mechanisms of IFN action, we have for the first
time used cells that inducibly overexpress the key IFN-regu-
lated, dsRNA-activated protein kinase, PKR, and analyzed
their response to infection with different RNA viruses in the
absence of other IFN-induced genes. We discovered that over-
expression of PKR sensitizes cells to apoptosis following infec-
tion with WSN but not to other RNA viruses, such as VSV and
SNV.

Interestingly, PKR did not appear to be significantly acti-
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vated in vivo following infection with WSN, possibly because
the viral RNAs are poor activators of the kinase or because
WSN can suppress PKR function (11, 16, 18). It is therefore
conceivable that small amounts of activated PKR are sufficient
to induce or sensitize cells to apoptosis. Whether this event
occurs through phosphorylation of eIF2« or another, as yet
uncharacterized PKR target is unclear since very little increase
in phosphorylation of elF2a was observed in WSN-infected
cells. Our studies are in agreement with others who have also
implicated PKR in mediating influenza virus-induced apopto-
sis. For example, PKR was reported to be potentially involved
in Fas expression following the infection of HeLa cells with
influenza virus strain A/Udorn (38). Although we detected
significant levels of caspase-8 activity in WSN-infected, PKR-
overexpressing 3T3 L1 cells, immunoblot analysis did not re-
veal significantly higher levels of Fas or FADD, possibly due to
WSN mediating host protein synthesis shutoff, which we estab-
lished to occur by 9 h postinfection (data not shown). However,
an increase in DISC activity does not necessarily correlate with
an increase in the expression of molecules associated with the
DISC, such as FADD and caspase-8 (35). Collectively, the data
show that the FADD/caspase-8 pathway plays a significant role
in WSN-induced apoptosis in murine fibroblasts. This is un-
derscored by analyzing the replication of viruses in FADD-
deficient fibroblasts, for the first time, and verifying that such
cells are significantly resistant to WSN-mediated apoptosis
compared to their FADD-containing counterparts. Further-
more, although caspase-8 inhibitors such as z-IETD-fluorom-
ethylketone (fmk) were found to be toxic to the primary and
immortalized fibroblasts and could not be used, we have also
observed that HeLa cells pretreated with z-IETD-fmk or ex-
pressing a dominant-negative variant of FADD are resistant to
WSN-induced apoptosis (data not shown). These data were
also complemented by analyzing the effects of virus infection
on Apaf-1-deficient fibroblasts. For example, we have demon-
strated that WSN triggered apoptosis to a similar degree in
Apaf-1-deficient cells compared to control cells. It is also note-
worthy that although 3T3 L1 or HeLa cells do not produce
significant levels of infectious WSN, it has similarly been shown
that influenza virus induces apoptosis in MDCK cells, which
are permissive for these viruses (12). Similar studies in our
laboratory have demonstrated that WSN-mediated apoptosis
of MDCK cells is also caspase-8 dependent (data not shown).

Our studies indicate that treatment of control or PKR-over-
expressing 3T3 L1 cells with IFN greatly sensitized the cells to
apoptosis following infection with WSN or treatment with
dsRNA in a FADD-dependent manner. Although the cytotox-
icity of dsSRNA in combination with IFN has been documented
previously, the mechanisms of apoptotic priming by IFN re-
mains unclear (37a, 38a). Possibly, IFN can augment the levels
of endogenous PKR in both the control and PKR-overexpress-
ing cells, or possibly another IFN-induced gene(s) regulates
the activity of the DISC (2). Interestingly, a number of IFN-
induced genes, including those encoding 2',5'-oligoadenylate
synthetase/RNase L, the promyelocytic leukemia protein PML,
and the cytotoxic ligand TRAIL, have been shown to be me-
diators of apoptosis and to have antiviral activity (17, 41, 47).
It is possible that the Mx genes, which are also IFN inducible,
are involved in preventing orthomyxovirus replication. How-
ever, the Mx family has not been reported to be involved in
apoptosis. Further, the cell lines used for these studies were
derived from animals defective in known Mx function (14).
Given that IFN induces a large number of genes, it is plausible
that in addition to PKR, as yet uncharacterized antiviral pro-
teins play a role in IFN-mediated host defense. In agreement
with this, preliminary studies with mice lacking PKR indicate
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that such animals retain a substantial antiviral response com-
pared to control mice (1, 48).

While overexpression of PKR sensitized cells to apoptosis in
response to some viruses, such as WSN, excess kinase did not
appear to significantly influence apoptosis in response to in-
fection by other viruses such as VSV or SNV. Despite this, the
levels of phosphorylated eIF2a were somewhat higher in VSV-
infected cells than in WSN-infected cells, suggesting that
elF2a may not play a significant role in PKR-mediated apo-
ptosis and that possibly other undefined substrates of the ki-
nase are involved in the regulation of cell death. VSV and SNV
were also found to induce apoptosis predominantly through
activation of caspase-9 and not through the PKR-influenced
caspase-8 pathway. The requirement for caspase-9 and not
caspase-8 activation was underscored by demonstrating that
VSV and SNV induced significantly less apoptosis in cells
lacking Apaf-1 than control cells and cells lacking FADD.
Although it cannot be entirely ruled out that VSV can invoke
an as yet uncharacterized inhibitor(s) of FADD- or DISC-
associated molecule, previous reports show that the mitochon-
drion-associated bcl-2 can similarly reduce SNV-mediated cell
death (25), supporting the findings reported here. The viral
antiapoptotic gene encoding CrmA, a putative inhibitor of the
Fas/FADD/caspase-8 pathway, has also been reported to in-
hibit SNV-mediated apoptosis (31). However, the effects of
CrmA may depend on the type of cell line used for the study.
For example, in certain cells (referred to as type II), it has been
reported that caspase-8 and caspase-3 are activated down-
stream of the mitochondria (35). Thus, CrmA may suppress
SNV-mediated apoptosis and block caspase-8 activity, indi-
rectly, by preventing mitochondrial input into the cell death
process. In contrast, the murine fibroblasts used in this study
may be of the type I variety where caspase-8 is rapidly activated
at the DISC followed by activation of caspase-3.

Depending on the route of administration, IFN has been
shown to influence influenza virus infection in vivo (33). In-
deed, since influenza viruses are capable inducers of IFN, it is
plausible that apoptosis via FADD contributes to the acute
respiratory disease that epitomizes this particular orthomyxvi-
rus infection (11a). Regarding other viruses, it is well docu-
mented that IFN exerts a potent inhibitory effect on VSV
replication and progeny virus production both in vitro and in
vivo (3). In this circumstance, both primary transcription of
VSV mRNAs and their translation may be impaired in cells
treated with IFN (3). It is possible that IFN prevents VSV-
induced apoptosis by blocking the early stages of replication of
the virus (3). Interestingly, IFN exacerbated the apoptotic ef-
fect mediated by VSV and SNV in FADD-deficient fibroblasts
but not in cells lacking Apaf-1, insinuating that in certain
circumstances, FADD may have an antiapoptotic role. Mice
lacking FADD die before birth, underlining the critical and
likely complex biological role of this molecule (44). Although
FADD appears to play a central role in governing IFN-medi-
ated, virus-induced apoptosis, it remains to be fully clarified
why IFN invokes cell destruction in response to certain viral
infection such as WSN and not others. Evidence indicates that
numerous antiviral pathways are concomitantly established by
IFN. It is possible that viruses escaping IFN’s early inhibitory
effects subsequently face alternate host defense mechanisms
that involve the triggering of apoptosis either directly or indi-
rectly via cytotoxic T-lymphocyte activity. Certainly in the case
of WSN, virus yields were increased in FADD-deficient fibro-
blasts, indicating that apoptosis triggered by this virus, and
augmented by IFN, is detrimental for its survival. However, it
is noteworthy that in many cases the induction of apoptosis
does not appear to dramatically effect virus yields (31, 40).
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Thus, apoptosis may also serve to prevent the establishment of
latent viral infection. We speculate that blocking mechanisms
of death signaling may play a part in enabling viruses to estab-
lish persistent infections of the cell.

Collectively, our data indicate that IFN can establish an
antiviral state that, depending on the type of viral infection,
can result in disparate effects to the host. One possible out-
come results in sensitization of cells to rapid FADD-depen-
dent apoptosis, as indicated by dsRNA treatment and WSN
infection. Presumably this would limit the possibilities of latent
infection from occurring, ensure a minimal host-mediated in-
flammatory response, and prevent viral dissemination. Alter-
nate IFN-regulated, antiviral mechanisms involve the early in-
hibition of viral replication, prior to any triggering of
apoptosis, which presumably contributes to noncytopathic viral
clearance and thus minimizes injury to the host.
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