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Interferon regulatory factor 3 (IRF-3) undergoes phosphoryl-
ation-induced activation in virus-infected cells and plays an
important role in the antiviral innate immune response. The
E3L protein encoded by vaccinia virus is known to impair phos-
phorylation and activation of IRF-3. Kinases in addition to IkB
kinase-related kinases are implicated in the IRF-3-dependent
antiviral response. To test in human cells the role of the protein
kinase regulated by RNA (PKR) in IRF-3 activation, HeLa cells
made stably deficient in PKR using an RNA interference strat-
egy were compared with PKR-sufficient cells. Rapid phospho-
rylation and nuclear accumulation of IRF-3 were detected in
PKR-sufficient cells following infection with E3L deletion
mutant (AE3L) virus. By contrast, the full IRF-3 activation
response was largely abolished in PKR-deficient cells. The AE3L
virus-induced IRF-3 activation seen in PKR-sufficient cells was
diminished by treatment with cytosine 3-p-arabinofuranoside.
Furthermore, the vaccinia mutant #s23, which displays in-
creased viral double-stranded RNA production at 39 °C,
induced PKR-dependent IRF-3 phosphorylation at 39 °C but
not at 31 °C. Both IRF-3 phosphorylation and cell apoptosis
induced by infection with AE3L virus were dependent upon
RIG-I-like receptor signal transduction components, including
the adapter IPS-1. These data suggest that PKR facilitates the
host innate immune response and apoptosis in virus-infected
cells by mediating IRF-3 activation through the mitochondrial
IPS-1 signal transduction pathway.

In response to viral infection, host sensors of foreign nucleic
acid, including cytoplasmic RIG (retinoic acid-inducible gene)
I-like receptors (RLRs)? and membrane-bound Toll-like recep-
tors (TLRs), signal to induce the production of cytokines (1-3).
These signaling cascades when triggered in response to double-
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stranded (ds) RNA act through adapter proteins, TIR domain-
containing adapter-inducing IFN-B (TRIF) for the endosome
membrane receptor TLR3 and IFN-B-promoter simulator 1
(IPS-1, also named as VISA, MAVYS) for the RIG-I and mda-5
RLRs, to induce the synthesis of type I interferons (IFNs) (2—4).
Type I IFN is an important component of the host antiviral
innate immune response and subsequent defenses mounted
against viral infection (2, 4). In addition, type I IFNs also serve as
a link between innate and adaptive immunity (5).

Among the transcription factors important in the induction
of type I interferons by the RLR and TLR signaling cascades
is interferon regulatory factor 3 (IRF-3) (6, 7). Constitutively
expressed IRF-3 resides in the cytosol in an inactive form. Fol-
lowing virus infection, IRF-3 is activated by phosphorylation,
dimerization, translocation to the nucleus, and association with
CREB-binding protein/p300 (6). Activation of IRF-3 is regu-
lated by two IKK-related kinases, TBK-1 and IKKg, in a two-
step manner (8, 9). The first-step phosphorylation of IRF-3
occurs at the C-terminal serine/threonine cluster between
amino acids 396 and 405. This phosphorylation alleviates auto-
inhibition, thereby allowing interaction with CREB-binding
protein, and facilitates the second-step phosphorylation at
serines 385 and 386, which is required for IRF-3 dimerization
(8). Activated IRF-3 together with NF-kB and activating tran-
scription factor-2 (ATF-2)/c-Jun form a transcriptionally com-
petent enhanceosome to induce the synthesis of type I IFNs,
including IFN- (4, 10). The importance of IRF-3 in the induc-
tion of IFNs is further illustrated by the large number of viruses
that have evolved strategies to antagonize the production of
IENs through either inhibition of IRF-3 activation or by degra-
dation of IRF-3 (11, 12).

Triphosphate-containing dsRNA represents one of the
important viral triggers for activation of the host innate
immune response. Production of dsRNA occurs during the life
cycle of several viruses, both RNA viruses and DNA viruses (13,
14). dsRNA acts as an effector of multiple cellular enzymes that
are part of the IFN response, including the protein kinase reg-
ulated by dsRNA (PKR) (4, 15-17); the family of dsRNA-de-
pendent 2',5'-oligoadenylate synthetases (4, 17); and ADAR1
(adenosine deaminase acting on dsRNA) (17, 18). Vaccinia
virus (VV), a DNA virus, produces significant amounts of
dsRNA in infected cells as a consequence of overlapping con-
vergent transcription that occurs during the intermediate and
late replication phases (13, 14). To counteract the cellular
innate immune response triggered by viral dsRNA, vaccinia
virus has evolved strategies to antagonize IFN signaling, IFN
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action, and apoptosis (17, 19). One viral gene important in the
antagonism is E3L (14, 17). The E3L protein of VV is synthe-
sized early during infection and functions as a key pathogenesis
factor that affects the outcome of the virus-host interaction.
E3L is an important virulence gene both in cultured cells and in
the mouse model (14, 20). The E3L protein mediates IFN resist-
ance, promotes virus growth, and impairs virus-mediated apo-
ptosis. VV with the E3L gene deleted (AE3L) shows a restricted
host range and induces apoptosis in cell culture (21, 22). Among
the mechanisms by which E3L interferes with the host innate
immune defense is by blocking the phosphorylation of IRF-3
and IRF-7 (23-25).

Two functional domains have been characterized in the E3L
protein as follows: a C-terminal dsSRNA-binding domain (RBM)
identified by homology to the repeated RBM of PKR (15, 26, 27),
and an N-terminal Z-DNA-binding domain (ZBM) identified
by homology to the repeated ZBM of ADAR1 (28, 29). The
dsRNA regulated kinase, PKR, is a principal cellular determi-
nant of the phenotype characteristically seen in AE3L mutant
virus-infected cells, including impaired virus multiplication
and enhanced apoptotic response in human HeLa cells (30) and
in Huh-7 cells (31). In addition to PKR’s well established anti-
viral role through phosphorylation of elF-2a and subsequent
translation inhibition (4, 32), PKR also is implicated as an effec-
tor of multiple signaling transduction pathways, including the
NF-kB and p38 MAPK pathways (18, 33). PKR was among the
first pathogen recognition receptors identified and subse-
quently has been shown to be important in regulating IFN-3
production in response to dsRNA or virus, as illustrated by
West Nile virus (18, 33—35). However, the underlying mecha-
nism as to how PKR mediates the host innate immune response
and IFN production has not been elucidated.

The ability of E3L to impair the host innate immune
response, including IRF-3 activation, coupled with the finding
that loss of PKR expression in human HeLa cells complements
the E3L deletion mutant phenotype of VV, led us to test
whether PKR contributes to the activation of IRF-3 in VV-in-
fected cells. Our results established that full IRF-3 phosphoryl-
ation and nuclear translocation are mediated in part by PKR in
cells infected with vaccinia virus mutants that either lack E3L
entirely (AE3L) or that overexpress dsRNA (£523). Using an
siRNA strategy, RIG-I, mda-5, and IPS-1 were found to affect
the AE3L-induced IRF-3 activation in addition to PKR, but
TRIF did not. Interestingly, suppression of IPS-1 and IRF-3 also
impaired the AE3L-induced apoptotic response. These findings
further establish PKR not only as a downstream effector of IFN
action but also as an important upstream effector of signal
transduction leading to IRF-3 activation.

EXPERIMENTAL PROCEDURES

Cells and Viruses—HeLa, baby hamster kidney, and RK,;
cells were maintained in Dulbecco’s modified Eagle’s medium
complemented with 5 or 10% (v/v) fetal bovine serum
(Hyclone), respectively, 100 wg/ml penicillin, and 100 units/ml
streptomycin (Invitrogen) as described previously (36). HeLa
cells in which PKR expression is stably knocked down (PKR*)
and a PKR knockdown control (PKR¥4°°") were maintained in
the above medium containing 1 ug/ml puromycin (Sigma). The

DECEMBER 12, 2008+ VOLUME 283 +NUMBER 50

Copenhagen strain (VC-2) of wild-type (WT) vaccinia virus and
mutants deleted for the E3L gene (AE3L), the 83 N-terminal
amino acids of E3L (A83N), or the 26 C-terminal amino acids of
E3L (A26C) were provided by B. Jacobs (Arizona State Univer-
sity, Tempe). £s23 mutant that displays an increased dsRNA
synthesis at (39 °C) was provided by R. Condit (University of
Florida, Gainesville). Cytosine B-p-arabinofuranoside (Ara C,
Sigma, C1768) treatment (10 ug/ml) was initiated 2 h before
virus infection and was maintained throughout the 10-h incu-
bation period. Vaccinia virus infections were carried out at a
multiplicity of infection of 5. Virus titers were determined by
plaque assay on RK,; cells (30).

SiRNA Knockdown—The sequences targeted by validated
chemically synthesized siRNAs (Dharmacon) in transient
knockdown experiments were as follows: firefly luciferase,
CTTACGCTGAGTACTTCGA (37); RIG-I, GGAAGAGGT-
GCAGTATATT (35, 38); mda-5, GGTGAAGGAGCAGAT-
TCAG (38); IPS-1, TAGTTGATCTCGCGGACGA (39); TRIF,
GACCAGACGCCACTCCAAC (38); IRF-3, CCGCAAAGAA-
GGGTTGCGT (40); and PKR, GCAGGGAGTAGTACTTA-
AATA (36).

A double-transfection approach was used to achieve maxi-
mal knockdown of the target proteins. Briefly, HeLa cells at
30-50% confluency were transfected with 50 pmol of siRNA
per well (12-well plate) using Lipofectamine 2000 (Invitrogen).
At 48 h after the first transfection, cells were re-seeded into
12-well plates at 1.5 X 10° cells per well. After overnight incu-
bation, the second transfection with siRNA was performed;
cells were infected with vaccinia virus (multiplicity of infection
5) at 48 h after the second transfection.

Western Immunoblot Analyses—Whole cell extracts were
prepared in the presence of 1 mm phenylmethylsulfonyl fluo-
ride and 1% (v/v) protease inhibitor mixture (Sigma) as
described previously (36). For analysis of IRF-3 phosphoryla-
tion, 50 mm NaF and 2 mm Na, VO, were included in the extract
buffer. Proteins were fractionated by electrophoresis on SDS-
10% polyacrylamide gels, transferred to nitrocellulose mem-
branes, blocked, and then probed with an appropriate dilution
of primary antibody in phosphate-buffered saline (PBS) con-
taining 3% (w/v) skim milk. Antibodies used to detect human
IRF-3 were from Santa Cruz Biotechnology, Inc. (sc-9082), or
were generously provided by M. David (University of Califor-
nia, San Diego) and, against IRF-3 phosphorylated at Ser-396,
by J. Hiscott (McGill University, Montreal). Rabbit polyclonal
antibodies were used to detect human IPS-1 (Bethyl Laborato-
ries, Inc.), human TRIF (Alexis Biochemicals Inc.), human PKR
(Santa Cruz Biotechnology Inc.), phospho-PKR(Thr-446)
(Santa Cruz Biotechnology Inc.), elF-2« (Cell Signaling Tech-
nology), and phospho-elF-2a(Ser-51) (Cell Signaling Technol-
ogy); rabbit polyclonal antibody against purified vaccinia virus
virions was as described previously (30). Mouse monoclonal
antibodies were used to detect poly(ADP)-ribose polymerase
(PARP) (Pharmingen), B-actin (Sigma), and a-tubulin (Sigma).
Western immunoblot detection was performed with IRDye
800CW-conjugated anti-rabbit IgG or IRDye 680-conjugated
anti-mouse IgG secondary antibody according to the manufac-
turer’s protocols (LI-COR). Immunoreactive bands were visu-
alized using an Odyssey infrared imaging system.
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FIGURE 1. PKR-dependent phosphorylation and nuclear localization of IRF-3 in vaccinia virus-infected
cells is impaired by E3L. A, whole cell extracts were prepared from mock-infected cells (lanes 1, 4, and 7) or
cells infected for 10 h with the either wild-type (WT) (lanes 2, 5, and 8) or the E3L deletion mutant (AE3L) (lanes
3, 6, and 9) vaccinia virus and analyzed by Western immunoblot assay with antibody against IRF-3 and PKR.
B-Actin was used as a loading control. Cells used were as follows: PKR-sufficient parental (PKR™) and knock-
down control (PKR*4-<°"); PKR-deficient knockdown (PKR*Y). B, subcellular distribution of IRF-3. Cells were
mock-infected or infected with either wild-type (WT) or AE3L mutant virus and analyzed for IRF-3 subcellular
localization at 8 h after infection by indirect immunofluorescence. C, time course of IRF-3 phosphorylation in
parental PKR*, PKR-deficient knockdown PKR*9, and PKR-sufficient knockdown control PKR 4" cells. Cells
were mock-infected (0) orinfected for 3, 6,9, or 12 h with either WT (left) or AE3L mutant (right) virus,and whole
cell extracts were prepared, and immunoblot analyses were performed with antibodies against IRF-3 and

fected cells, both PKR-sufficient
and PKR-deficient cells (Fig. 14,
lanes 1, 4, and 7). This pattern of
IRF-3 mobility is comparable with
that seen earlier in uninfected cells
(41, 42). The cells stable-deficient in
PKR generated by a short hairpin
RNA interference silencing strategy
(PKR*) possessed <5% of the PKR
protein present in parental (PKR™)
or puromycin-resistant knockdown
control (PKR*<°") cells (Fig. 1A),
as described previously (30, 36).

By contrast, in cells infected for
10 h with WT virus (Fig. 14, lanes 2,
5, and 8), the ratios of the two IRF-3
bands were reversed; the upper
band corresponding to the N-termi-
nal phosphorylated form of IRF-3
was more abundant than the
unphosphorylated lower band in
VV-infected PKR-sufficient and
-deficient cells, again the antici-
pated pattern of IRF-3 mobility
under conditions of virus infection
(41, 42). However, in cells infected
with the AE3L mutant, two addi-
tional IRF-3 forms, corresponding
to the C-terminal phosphorylation
of IRF-3 (41, 42), were seen in the

a-tubulin as a loading control.

Indirect Immunofluorescence Microscopy—Cells were seeded
onto coverslips (30-50% confluency) and infected with vac-
cinia virus (multiplicity of infection of 5) or left uninfected as
indicated. Cells were fixed at 9 h after infection with 2%
paraformaldehyde at 4 °C overnight and permeabilized with
PBS containing 0.1% Triton X-100. Samples were incubated
with antibody against IRF-3 (Santa Cruz Biotechnology, Inc.,
sc-9082) at 37 °C for 1 h, rinsed three times with PBS, and then
incubated with secondary anti-rabbit antibody (1:500, Invitro-
gen) for 1 h at room temperature. Coverslips were mounted
using ProLong Gold antifade reagent with 4',6-diamidino-2-
phenylindole (Invitrogen); stained samples were visualized
using an Olympus fluorescence microscope.

RESULTS

PKR Enhances and E3L Antagonizes IRF-3 Phosphorylation
in Vaccinia Virus-infected Cells—To test whether PKR plays a
role in the activation of transcription factor IRF-3, we first
examined the phosphorylation of IRF-3 in PKR-deficient com-
pared with PKR-sufficient HeLa cells following infection with
either WT or AE3L mutant VV (Fig. 1). Phosphorylation of
IRF-3 was assessed by a reduction in gel mobility on SDS-PAGE
as described by Hiscott and co-workers (41, 42). One major
lower band corresponding to unphosphorylated IRF-3 and a
second more minor upper IRF-3 band corresponding to an
N-terminal phosphorylated IRF-3 form were detected in unin-
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two PKR-sufficient cell lines (PKR™

and PKR**°") (Fig. 14, lanes 3 and
9). By contrast, in the PKR"? cells these phosphorylated IRF-3
species were substantially reduced (Fig. 14, lane 6). The slower
mobility of the C-terminally phosphorylated IRF-3 (41, 42) was
confirmed using antibody against IRF-3 phosphorylated at ser-
ine 396 (data not shown, see Fig. 54). These findings indicate
that PKR plays a role in the process of vaccinia virus-induced
IRF-3 C-terminal phosphorylation and that the viral E3L pro-
tein impairs this PKR-dependent IRF-3 modification.

IRF-3 Phosphorylation and Nuclear Localization Are
Dependent upon PKR in AE3L Mutant-infected Cells—The
phosphorylation of IRF-3 on Ser and Thr in the C-terminal
region, which corresponds to the most slowly migrating forms
of IRF-3 on SDS-PAGE, leads to IRF-3 activation and the cyto-
plasmic to nuclear translocation of the factor (41, 43). To fur-
ther verify that the AE3L virus-induced IRF-3 phosphorylation
was modulated by the PKR protein, we carried out indirect
immunofluorescence microscopy to assess the subcellular dis-
tribution of IRF-3. As shown in Fig. 1B, the latent IRF-3 protein
showed a cytoplasmic distribution in the mock-infected cells,
both PKR-sufficient and -deficient (Fig. 1B, left panel). Infec-
tion with WT VV did not alter the diffuse IRF-3 cytosolic local-
ization pattern (Fig. 1B, middle panel). However, infection with
the AE3L mutant virus resulted in the nuclear accumulation of
IRF-3 protein in PKR-sufficient (PKR ™" or PKR*4"*°") but not in
PKR-deficient (PKR*) cells (Fig. 1B, right panel). These images
suggest that the nuclear translocation of IRF-3 induced by
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FIGURE 2. Ara C blocks PKR-dependent phosphorylation in AE3L mutant
virus-infected cells. Whole cell extracts were prepared from uninfected (—)
or AE3L virus-infected (+) cells at 10 h after infection, either untreated (—) or
treated (+) with Ara C, and analyzed by Western immunoblot assay with
antibody against IRF-3. a-Tubulin was used as a loading control. Cells used
were as follows: PKR-sufficient parental (PKR™) and knockdown control
(PKRk9-<°n). PKR-deficient knockdown (PKR9).

infection with AE3L mutant virus, in addition to the C-terminal
phosphorylation, was impaired in the absence of PKR.

We next examined the phosphorylation of IRF-3 in the three
cells lines after increasing times following vaccinia virus infec-
tion (Fig. 1C). Similar to the results shown in Fig. 14 at 10 h after
infection, the IRF-3 phosphorylation events were marginally
detectable in mock or WT virus-infected HeLa cells regardless
of PKR expression level (Fig. 1C, left panel, lanes 1-15). How-
ever, in AE3L virus-infected PKR-sufficient HeLa cells, the
phosphorylated IRF-3 proteins were detected as early as 3—6 h
after infection (Fig. 1C, lanes 17and 18 and 27and 28). Further-
more, the IRF-3 phosphorylation products increased in abun-
dance with time after infection of PKR-sulfficient cells (Fig. 1C,
lanes 19 and 20 and 29 and 30). In AE3L mutant-infected PKR-
deficient PKR* cells, the C-terminal region phosphorylation of
IRE-3 was effectively abolished, even at 12 h after infection (Fig.
1C, lanes 22-25).

Vaccinia Virus Induction of IRF-3 Phosphorylation Is Modu-
lated by Ara C Treatment and Displays a ts23 Phenotype—Be-
cause PKR knockdown in HeLa cells abrogated IRE-3 activation
induced by the infection with the AE3L mutant virus, and
because a common feature shared between the viral E3L and
cellular PKR proteins is their ability to bind dsRNA, we hypoth-
esized that viral dsRNA is likely a principal inducer of IRF-3
activation iz vivo in AE3L-infected PKR-sufficient cells. Also,
the time after infection when the phosphorylation of IRF-3 sig-
nificantly increased, between 6 and 9 h, paralleled the time
course for viral dsRNA production (13, 14) as measured by PKR
activation (30).

To test this hypothesis, we examined the relationship
between viral dsRNA and IRF-3 phosphorylation utilizing two
established approaches to modulate dsRNA levels (21). One
strategy was to minimize the dsRNA produced during VV
infection by using the pharmacologic agent, Ara C, which
inhibits the DNA replication and reduces by about 85% viral
dsRNA production (44). Treatment with Ara C abolished the
PKR-dependent phosphorylation of IRF-3 seen in AE3L-in-
fected PKR-sufficient HeLa cells (Fig. 2, lanes 4 and 12) com-
pared with untreated but infected cells (Fig. 2, lanes 3 and 11).
The IRF-3 protein present in AE3L-infected PKR*® HeLa cells
did not display the PKR-dependent hyperphosphorylation
state, and treatment with Ara C did not have a detectable effect
(Fig. 2, lanes 7 and 8). Treatment of uninfected cells with Ara C,
either PKR-sufficient or PKR-deficient, also had no discernable
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FIGURE 3. PKR-dependent IRF-3 phosphorylation and inhibition of viral
capsid protein expression displays a temperature-sensitive phenotype
in ts23 mutant vaccinia virus-infected cells. Whole cell extracts were pre-
pared from mock-infected (M) cells or cells infected with either WT, AE3L
mutant (AE), or with ts23 mutant (ts) vaccinia virus at 31 °C (A) or 39 °C (B). Cell
used were as follows: PKR-sufficient parental (PKR™) and knockdown control
(PKR*d-<o"), PKR-deficient knockdown (PKR*?). Western immunoblot analyses
were carried out with antibodies against IRF-3, PARP, and vaccinia virus pro-
teins, and a-tubulin as a loading control. PARP 116, intact PARP; PARP 85,
cleavage product.

effect on either cell morphology (data not shown) or the phos-
phorylation pattern of IRF-3 (Fig. 2, lanes 2, 6, and 10).

The second strategy used to assess the role of dsSRNA was to
increase the production of viral dsRNA in infected cells in the
presence of E3L protein but without the use of pharmacologic
agents. We utilized a temperature-sensitive (£s) mutant vac-
cinia virus, £s23, which produces a significantly increased
amount of dsRNA because of aberrant transcription at restric-
tive (39 °C) but not at permissive (31 °C) temperatures (21, 45).
As shown in Fig. 34, when infection was carried out at permis-
sive temperature (31 °C), the £s23 mutant displayed a pheno-
type indistinguishable from WT virus as follows: no PARP
cleavage indicative of minimal apoptosis; no gel mobility shift of
IRF-3 characteristic of PKR-dependent modification; and,
importantly, robust production of viral structural proteins
indicative of late gene expression.
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FIGURE 4. IRF-3 phosphorylation following infection of PKR™, PKR*9,
and PKR*4-<°" with mutant viruses expressing truncated E3L proteins
lacking the ZBM or RBM domain. Whole cell extracts were prepared from
uninfected cells (Mock) or infected cells at 10 h post-infection with either
WT or the following E3L deletion mutant viruses: AE3L deletion mutant;
A26C mutant lacking RBM; A83N mutant lacking ZBM. Cells used were
as follows: PKR-sufficient parental (PKR*) and knockdown control
(PKRKkd-con). pKR-deficient knockdown (PKR*?). Western immunoblot analy-
sis was carried out with antibody against IRF-3, PKR, and B-actin as a load-
ing control.

By contrast, when infection of PKR-sufficient (PKR+, PKRY4-<om)
cells was done at the restrictive temperature (39 °C) where
the 523 virus produces excess dsRNA (45), the £s23 virus dis-
played a phenotype characteristic of AE3L mutant virus as
shown in Fig. 3B. The £s23 mutant and the AE3L mutant both
mediated activation of PKR-dependent IRF-3 phosphorylation,
cleavage of PARP, and inhibition of late viral protein synthesis
at 39 °C (Fig. 3B). Finally, the phenotypes of all three viruses,
WT, AE3L mutant, and £s23 mutant, were similar to each other
in PKR-deficient cells, both at 31 °C (Fig. 34) and at 39 °C (Fig.
3B). Importantly, the phenotype of £523 mutant at restrictive
temperature (39 °C) in PKR-deficient cells was AE3L-like, i.e.
rescued by the PKR knockdown. These two experimental tests,
use of Ara C to inhibit DNA synthesis and reduce viral dsRNA
production (Fig. 2) and use of £s23 to increase aberrant tran-
scription and dsRNA production in a temperature-dependent
manner (Fig. 3), taken together further indicate VV-produced
dsRNA as a principal viral mediator of the PKR-dependent
IRF-3 activation.

dsRNA Binding Domain Is Essential for E3L to Block IRF-3
Activation—To further probe the mechanism as to how the
vaccinia virus E3L protein blocks PKR-dependent phosphoryl-
ation, we utilized two domain-selective E3L deletion mutants,
A26C and A83N, that respectively lack either the C-terminal
dsRNA binding domain (A26C) or the N-terminal Z-DNA
binding domain (A83N) of E3L protein. As shown in Fig. 4,
infection with the A26C mutant that lacks the ability to bind
and sequester dsRNA triggered the phosphorylation of IRF-3 in
PKR-sufficient HeLa cells (lanes 4 and 14) at a level comparable
with that of the AE3L mutant (lanes 3 and 13), whereas infec-
tion with the A83N mutant had no effect on the IRF-3 activa-
tion in PKR-sufficient or -deficient cells was seen with WT
virus. In the absence of PKR, none of the four viruses triggered
IRF-3 hyperphosphorylation to a detectable level (Fig. 4, lanes
7-10). These results suggest that the C-terminal dsRNA-bind-
ing domain of the E3L protein is indispensable for E3L to inter-
fere with IRF-3 activation and signaling, and further indicate
that viral dsRNA is the critical mediator of IRF-3 phosphoryla-
tion (Figs. 14, 2, and 3) and activation (Fig. 1B).
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PKR Mediates IRF-3 Phosphorylation through an IPS-
dependent Signaling Pathway—To test whether PKR mediates
IRF-3 activation in response to infection with the AE3L mutant
VV through the RIG-I-like receptor signal transduction path-
way or the TLR3 receptor that also senses dsRNA (4), we exam-
ined the effect of transient knockdown of the cognate adapter
proteins, IPS-1 for the RIG-I-like receptors, and TRIF for TLR3.
As shown in Fig. 54, siRNA-mediated knockdown of IPS-1
abolished the virus-induced C-terminal phosphorylation of
IRF-3 measured by either mobility shift of IRE-3 or with phos-
pho-IRF-3(Ser-396)-specific antibody (lane 4), whereas the
TRIF knockdown had no effect (lane 6). Infection with the
AE3L mutant led to an increased and comparable phosphoryl-
ation of IRF-3 in PKR™ cells transfected with siRNA against
either luciferase or TRIF (Fig. 54, lanes 2 and 6), similar to that
seen in virus-induced cells not transfected with any siRNA
(Figs. 1-3).

We next examined the effect of transient siRNA knockdown
of individual RLR signaling pathway components, including the
two dsRNA sensors, RIG-I and mda-5, and their adapter pro-
tein IPS-1, IRF-3, and PKR. As shown in Fig. 5B, siRNAs target-
ing mda-5 (lane 3) or IPS-1 (lane 4), or RIG-I and mda-5
together (lane 7), largely abolished the C-terminal phosphoryl-
ation of IRF-3 in parental PKR* HeLa cells following infection
with AE3L virus (Fig. 5B). siRNA knockdown of IRF-3 also
eliminated detectable PKR-dependent phosphorylated form as
expected (Fig. 5B, lane 5).

Although Western immunoblot analyses (Fig. 5) revealed
that the siRNA-mediated silencing caused greater than 80%
loss of the target proteins IPS-1 (Fig. 5, A, lanes 3 and 4, and B,
lane 4), TRIF (Fig. 5A, lanes 5 and 6), IRF-3 (Fig. 5B, lane 5), and
PKR (Fig. 5B, lane 6), inadequate antibody reagents were avail-
able to assess the knockdown of endogenous RIG-I and mda-5
in human cells. However, functional evidence consistent with
mda-5 loss, in addition to the validated IPS-1 loss, was obtained
as described above (Fig. 5B). Reduced but not abolished phos-
phorylation of IRF-3 was seen in the RIG-I (Fig. 5B, lane 2)
compared with the mda-5 (Fig. 5B, lane 3) transient knockdown
cells, possibly because of insufficient knockdown of these pro-
teins to mediate a full functional change. Alternatively, mda-5
may be the key sensor of the VV dsRNAs. However, taken
together, these knockdown results suggest that the PKR-medi-
ated IRF-3 phosphorylation occurs by the RIG-I-like receptor
pathway and requires the sensor mda-5, together with the
adapter IPS-1, to signal in a PKR-dependent manner following
vaccinia virus infection.

We also measured the growth rate of AE3L mutant virus in
these PKR™ HeLa cells following siRNA-mediated knockdown
of individual RLR signaling pathway components. The yield of
AE3L virus was rescued by transient knockdown of PKR (data
not shown), similar to our earlier finding with cells made stably
deficient in PKR by RNA interference (30). However, AE3L
virus growth was not significantly increased by transient knock-
down of mda-5, RIG-I, IPS-1, or IRF-3. The rescue of AE3L
virus growth correlated with the impairment of elF-2« phos-
phorylation, which was seen only in the cells transiently
knocked down for PKR (Fig. 5B, lane 6).
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FIGURE 5. PKR-mediated IRF-3 phosphorylation occurs within the RIG-
like receptor-IPS adapter signal transduction pathway. A, whole cell
extracts were prepared from parental PKR™ cells, either uninfected (—) or
AE3L virus-infected (+) for 10 h following transient knockdown as described
under “Experimental Procedures,” utilizing chemically synthesized siRNAs
against luciferase as a control (lanes 1 and 2), IPS-1 (lanes 3 and 4), or TRIF
(lanes 5 and 6). Western immunoblot analyses were carried out with antibod-
ies against IRF-3, phospho-IRF-3(Ser-396), TRIF, IPS-1, and B-actin as a loading
control. B, whole cell extracts were prepared from parental PKR" cells
infected with AE3L mutant virus following transient knockdown utilizing
siRNAs against the following targets: lane 1, luciferase control; lane 2, RIG-I; lane
3, mda-5; lane 4,1PS-1; lane 5, IRF-3; lane 6, PKR; lane 7, RIG-| and mda-5. West-
ernimmunoblot analyses were carried out with extracts prepared at 10 h after
infection with antibodies against IRF-3, IPS-1, phospho-PKR (P-PKR), PKR,
phospho-elF-2a (P-elF-2«), and elF-2a or 24 h after infection to measure PARP
cleavage (PARP 85), vaccinia virus protein expression, and B-actin.
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High phosphorylation of both PKR and elF-2« was seen in
AE3L virus-infected cells following the luciferase, RIG-I,
mda-5, IPS-1, or IRF-3 knockdown (Fig. 5B, lanes 1-5 and 7).
But these phosphorylations were impaired by transient PKR
knockdown that correlated with reduced elF-2a phosphoryla-
tion (Fig. 5B, lane 6). Consequently virion protein accumula-
tion in the PKR-sufficient cells was far less abundant compared
with cells in which PKR was knocked down and elF-2a phos-
phorylation was reduced. These results, taken together, suggest
that in cell culture the impairment of elF-2a phosphorylation
rather than IRF-3 activation is the major determinant for the
rescue of viral late protein production and AE3L mutant virus
growth.

DISCUSSION

Activation of the IRF-3 transcription factor, a key compo-
nent of the antiviral innate immune response, is well estab-
lished to occur by phosphorylation (6, 12). Although genetic
disruption and biochemical analysis have firmly established the
importance of two IKK-related kinases, TBK-1 and IKKE, in the
phosphorylation of IRF-3 in mouse cells (6, 8, 9, 46), additional
kinases have been implicated for RNA and virus-induced phos-
phorylation of IRF-3. These include phosphatidylinositol 3-ki-
nase and protein kinase Ca (47, 48). In the results reported
herein, we utilized human cells in which >95% of the PKR pro-
tein was stably depleted (36) to investigate the role of PKR in the
phosphorylation and activation of IRF-3 in vaccinia virus-in-
fected cells. We demonstrate that PKR plays an important role
in mediating full IRF-3 phosphorylation and subsequent
nuclear translocation triggered through an IPS-1-dependent
pathway. These effects were seen following infection with vac-
cinia virus mutants, either the AE3L mutant that does not
express the E3L protein or the £s23 mutant that expresses
increased aberrant RNA transcripts at nonpermissive temper-
ature, but not with wild-type vaccinia virus.

Two RNA interference strategies were used to knock down
PKR protein expression in HeLa cells as follows: generation of
cells stably deficient in PKR by a short hairpin RNA interfer-
ence approach and transient knockdown of PKR using a chem-
ically synthesized siRNA. In cells in which PKR knockdown was
achieved both stably (Fig. 1) and transiently (Fig. 5B), the phos-
phorylation of IRF-3 and the nuclear translocation of IRF-3
were greatly impaired in the PKR-deficient cells following VV
infection with the AE3L mutant. Several lines of evidence point
toward viral dsRNA as the key inducer of IRF-3 activation in
response to VV infection of PKR-sufficient cells. These include
the significant activation of IRF-3 in cells infected with E3L
deletion mutants that do not express the dsSRNA-binding pro-
tein E3L or express a truncated E3L protein lacking the dsSRNA
binding domain; activation of IRF-3 in cells infected with the
523 mutant whereby at the restricted temperature increased
amounts of dSRNA accumulate as a result of aberrant transcrip-
tion (45), but not at the permissive temperature; and minimal
activation in cells infected with wild-type vaccinia virus that
expresses the E3L protein. The finding that Ara C treatment
impairs activation of IRF-3 in AE3L mutant-infected cells sug-
gests that late transcription following DNA replication facili-
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tates production of RNA in sufficient concentration and with
sufficient structure necessary to mediate activation of IRF-3.

What mechanistic role does PKR play as a nucleic acid sensor
for IRF-3 activation in vaccinia virus-infected cells? Because
vaccinia virus is a DNA virus that multiplies in the cytoplasm of
infected cells (49) and because dsRNA has been identified in
situ in vaccinia virus-infected cells (13, 45), we considered the
possibility that PKR functioned within the RIG-I-like receptor
signal transduction pathway for sensing cytosolic viral dsRNA
(2) or TLR3 for sensing endosomal dsRNA (50). The RIG-I and
mda-5 RNA helicases that signal through the mitochondrial
IPS-1 adapter constitute a key pathway for sensing foreign RNA
and triggering an antiviral innate immune response. We found
that transient knockdown of IPS-1 almost completely abolished
the PKR-dependent phosphorylation of IRF-3 induced by AE3L
mutant virus infection, but TRIF knockdown had no effect.
Likewise, transient knockdown of both RIG-I and mda-5
together essentially completely abolished the PKR-dependent
IRF-3 phosphorylation, whereas knockdown of either alone had
a partial effect. These results, taken together, suggest that the
recognition of the intracellular vaccinia virus dsRNA was pre-
dominantly if not exclusively by the cytoplasmic helicases
RIG-I and mda-5 (2, 51) and not by the membrane-bound sen-
sor TLR3 (50).

The PKR protein possesses two putative TNF receptor-asso-
ciated factor (TRAF)- interacting motifs and physically inter-
acts in vivo with TRAF proteins, a family of adapter molecules
linking different pathways with IKK activation (52, 53). TRAF3,
a key component linking IPS-1 signal transduction to two
downstream IKK-related kinases (TBK-1 and IKKe) in the
IREF-3 signaling pathway, is reported to associate with PKR (54).
Thus, it is tempting to speculate that PKR mediates the IRF-3
activation through interaction with TRAF3. However, the
detailed mechanism of the PKR dependence for full activation
of IRE-3 is presently unresolved, including whether the cata-
Iytic activation of PKR by dsRNA is required.

Our studies using cultured human HeLa cells further estab-
lish the importance of the viral E3L protein in antagonism of
IRF-3 phosphorylation in vaccinia virus-infected cells, consist-
ent with earlier studies with mouse embryo fibroblast cells (23).
However, the mechanism by which E3L interferes with the
IRF-3 activation likely differs between mouse and human cells.
In the AE3L mutant-infected PKR ™/~ mouse embryo fibroblast
cells, dsSRNA and PKR were reportedly not involved in mediat-
ing IRF-3 phosphorylation, suggesting that E3L acted through a
PKR-independent mechanism (23). By contrast, our data indi-
cate that the E3L protein, specifically the dsRNA binding
domain region of E3L (Fig. 3), impaired the IRF-3 activation
signal following infection. Furthermore, dsRNA has been dem-
onstrated in vaccinia virus-infected cells (13, 45). Furthermore,
we found that with the £s23 mutant that expresses E3L but also
produces greatly increased amounts of dsRNA (45), the PKR-
dependent phenotype for IRF-3 activation is displayed.

Our observations that the signal transduction adapter pro-
tein IPS-1 plays an essential role in two PKR-mediated cellular
responses to AE3L mutant infection, the IRF-3 activation path-
way and the cell death signaling pathway, are intriguing. IPS-1is
located on the outer membrane of mitochondria, an organelle
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where apoptosis-associated proteins such as Bcl-2 family mem-
bers are localized (55). IPS-1 interacts with the Fas-associated
protein with death domain via its C-terminal effector domain to
mediate the NF-«B activation (56). Previously PKR has been
shown to be a key mediator in the apoptosis triggered by the
AE3L mutant virus infection and dsRNA (21, 30). Although
how PKR mediates apoptosis is not fully resolved, several
effector proteins, including elF-2a, NF-kB, ATF-3, and p53,
are implicated in PKR-induced apoptosis (17, 57), with the
apoptotic signals transmitted through Fas-associated pro-
tein with death domain and caspase-8 (58 —60). These find-
ings taken together suggest that IPS-1 and PKR may cooper-
atively function in the cellular responses to virus infection.
Our observations obtained with the AE3L mutant VV are
consistent with recent findings showing both IPS-1 and
IRF-3 are required for efficient apoptosis induced by infec-
tion with reovirus Dearing-type 3 (T3D), a dsRNA virus (61).
In Sendai virus-infected cells, the apoptotic response is im-
paired by siRNA knockdown of IRF-3 or by blocking the
IRF-3 activation pathway via RIG-I (62).

In summary, we have established that in vaccinia virus
infected human HeLa cells infected with either the AE3L
mutant or the £s23 mutant, the full activation of IRF-3 occurs in
a PKR-dependent manner. Furthermore, the PKR-dependent
signal transduction appears to occur through an IPS-1-depend-
ent RNA sensor response. PKR, in the context of innate immu-
nity, thus functions in two conceptually different roles as fol-
low: one as an IFN-induced protein that alters translational
patterns in virus-infected cells through phosphorylation of
elF-2« to inhibit virus growth, and the other as a signal trans-
ducer leading to the full activation of the IRF-3 factor following
virus infection. Although PKR is one of many IFN-inducible
genes and, as such, most likely plays a redundant role in the
antiviral actions of interferon (12, 17), the results presented
herein suggest that PKR may play a more unique role in the full
activation of IRF-3 following infection with mutant vaccinia
viruses. It is now of utmost importance to establish the precise
mechanism by which PKR functions in signal transduction,
together with IPS-1 and TBK-1 and IKKg, to mediate the full
activation of IRF-3.
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