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Cells carry a variety of molecules, referred to as pathogen recognition receptors (PRRs), which are able to
sense invading pathogens. Interaction of PRRs with viral compounds instigates a signaling pathway(s),
resulting in the activation of genes, including those for type I interferon (IFN), which are critical for an effective
antiviral response. Here we demonstrate that the double-stranded RNA (dsRNA)-dependent protein kinase
PKR, which has been shown to function as a PRR in cells treated with the dsRNA mimetic poly(I:C), serves
as a PRR in West Nile virus (WNV)-infected cells. Evidence for PKR’s role as a PRR was obtained from both
human and murine cells. Using mouse embryonic fibroblasts (MEFs), we demonstrated that PKR gene
knockout, posttranscriptional gene silencing of PKR mRNA using small interfering RNA (siRNA), and
chemical inhibition of PKR function all interfered with IFN synthesis following WNV infection. In three
different human cell lines, siRNA knockdown and chemical inhibition of PKR blocked WNV-induced IFN
synthesis. Using the same approaches, we demonstrated that PKR was not necessary for Sendai virus-induced
IFN synthesis, suggesting that PKR is particularly important for recognition of WNV infection. Taken together,
our data suggest that PKR could serve as a PRR for recognition of WNV infection.

West Nile virus (WNV) is a member of the genus Flavivirus,
within the family Flaviviridae. This genus contains many im-
portant human pathogens, including Japanese encephalitis vi-
rus (JEV), dengue virus (DENV), yellow fever virus, and
WNV, which are responsible for significant morbidity and mor-
tality worldwide. During the time that WNV has been present
in the United States, it has become a major public health
problem that is responsible for significant morbidity and mor-
tality, and it has now spread into Canada, Mexico, and the
Caribbean. Now reported in every contiguous state within the
United States, the total number of documented human cases
has reached nearly 23,000, resulting in nearly 900 fatalities
over the past seven seasons (http://www.cdc.gov/ncidod/dvbid
/westnile/index.htm). The most severe disease manifestations
of WNV infection, such as West Nile encephalitis and West
Nile meningitis, account for approximately 40% of the docu-
mented cases and occur primarily in the immunocompromised
and the elderly.

Flaviviruses, like other viruses, are susceptible to the action
of interferon (IFN) in vitro (3, 50) and in vivo, as studies with
mice have demonstrated that animals with deficits in IFN sig-
naling demonstrate higher mortality due to flavivirus infections
than do wild-type (WT) mice (30, 51). Additionally, molecular
studies demonstrate that WNV is capable of blocking IFN
signaling (24, 39, 54), although cells are still capable of pro-
ducing IFN in response to WNV infection (19, 54).

The host’s ability to produce IFN in response to infection is

a key part of the innate immune response. This early, nonspe-
cific immune response is triggered when cellular factors, called
pathogen recognition receptors (PRRs), recognize specific
pathogen-associated molecular patterns (1, 58, 59). PRRs rec-
ognize different pathogen-associated molecular patterns, in-
cluding carbohydrate components, lipoproteins, specific DNA
motifs, double-stranded RNA (dsRNA), and single-stranded
RNA, the last two of which are considered to be the most
important for recognition of RNA viruses (62). To date, the
following three classes of PRRs which recognize dsRNA have
been identified: dsRNA-dependent protein kinase R (PKR)
(10), the RNA helicases retinoic acid-inducible gene I (RIG-I)
(66) and melanoma differentiation-associated gene 5 (mda-5)
(31), and Toll-like receptor 3 (TLR3) (2, 64). Additionally, two
TLRs, TLR7 and TLR8, have been shown to recognize single-
stranded RNA and may be particularly important in inducing
high levels of IFN-� early in infection in immune system cells,
such as plasmacytoid dendritic cells (4, 12, 27).

Recognition of extracellular or cytoplasmic dsRNA is
thought to occur primarily via two different classes of PRRs,
i.e., TLR3 and RIG-I/mda-5. Activation of TLR3, which is
present on the cell surface or within endocytic vesicles (20, 42,
46, 57), results in the recruitment of the adaptor molecule
TRIF (TIR domain-containing adaptor inducing IFN) (48, 64).
TRIF subsequently recruits and activates two kinases, I�B
kinase-ε (IKK-ε) and TANK-binding kinase-1 (TBK-1), which
phosphorylate IRF3 (17, 56). Phosphorylated IRF3 forms a
homodimer and translocates into the nucleus, where it, along
with the coactivator CBP/p300, induces the expression of mul-
tiple antiviral genes, including that for IFN-� (14, 37, 67).
RIG-I and mda-5, on the other hand, are intracellular RNA
helicases which also utilize IRF3 as a transcriptional activator.
Once activated by intracellular dsRNA, RIG-I/mda-5 utilizes
the adaptor protein IPS-1 (also called VISA, MAVs, or Cardif)
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to recruit a linker kinase(s) to phosphorylate IRF3 (25, 33, 44,
55, 63). As with TLR3-mediated signaling, activation of IRF3
via RIG-I induces the expression of multiple antiviral genes,
including that for IFN-�. The importance of TLR3 and RIG-
I/mda-5 as PRRs for WNV infection is implied by studies
indicating that the downstream mediator of their activity,
IRF3, is an important part of WNV infection. Reports have
shown that WNV activates IRF3 late in infection, and cells
derived from mice lacking IRF3 demonstrated larger plaque
sizes as well as prolonged WNV particle release (19). In addi-
tion, WNV infection can suppress TLR3-mediated IRF3 phos-
phorylation early in infection, suggesting that blocking IRF3
activity could be beneficial for the virus (54). A role for RIG-
I-mediated signaling in response to flavivirus infections has
also been established. A recent report indicated a role for
RIG-I-mediated signaling during JEV (7, 32) and DENV (7)
infections, and another report indicated that cells which lacked
RIG-I demonstrated a delay in the induction of the ISG56 and
ISG54 genes, two IRF3 target genes, in response to WNV
infection (18).

In comparison to TLR3 and RIG-I/mda-5, PKR has been
studied much less as a PRR. PKR is best known as an IFN-
stimulated gene (ISG) which phosphorylates eukaryotic initi-
ation factor 2� (eIF-2�), resulting in a block of translation of
both viral and cellular RNAs (9, 43). Work from the late 1980s
and early 1990s indicates that PKR, which is activated by cy-
toplasmic dsRNA, could also be important for IFN-� produc-
tion (26, 41, 70), and several recent reviews have described
PKR as a PRR for cytoplasmic dsRNA (29, 45). Recently,
Diebold et al. demonstrated that PKR was required for IFN
production in bone marrow-derived dendritic cells (BM-DCs)
following transfection with the dsRNA mimetic poly(I:C) (13),
suggesting that in these cells, PKR could act as a PRR.

In this report, we utilized three different methods to dem-
onstrate that PKR is a potential PRR for recognition of WNV.
First, mouse embryonic fibroblast (MEF) cells obtained from
PKR null mice were shown to produce less IFN than WT MEF
cells following infection with WNV-derived virus-like particles
(VLPs). Second, treatment of MEFs or three different human
cell lines with a PKR inhibitor blocked IFN production follow-
ing VLP infection. Third, posttranslational silencing of PKR in
human and mouse cells abrogated IFN production following
WNV VLP infection. Interestingly, Sendai virus (SeV)-in-
duced IFN levels were not affected by the inhibition of PKR
activity, indicating that the ability of PKR signaling to induce
IFN is especially important for WNV infection.

MATERIALS AND METHODS

Cell lines, virus, and VLPs. Two different wild-type MEF cell lines (WT
MEF-G, provided by I. Frolov, University of Texas Medical Branch [UTMB],
and WT MEF-D, provided by M. Gale, UT Southwestern), PKR null MEF cells
(65), PKR-RNase L null MEF cells (69) (both kindly provided by I. Frolov,
UTMB), and STAT1 null MEF cells (provided by J. Durbin, Ohio State Uni-
versity) (15) were propagated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum (FBS), 1 mM sodium pyruvate, anti-
biotics, and nonessential amino acids. Hec1B cells (provided by K. Narayanan,
UTMB) were propagated in DMEM supplemented with 10% FBS, 1 mM so-
dium pyruvate, antibiotics, and nonessential amino acids. MRC-5 cells (Ameri-
can Type Culture Collection) were propagated in modified Eagle’s medium
(MEM) supplemented with 10% FBS, 1 mM sodium pyruvate, antibiotics, and
nonessential amino acids. A549 cells (provided by K. Narayanan, UTMB) were
propagated in DMEM/F-12 50/50 medium supplemented with 10% FBS and

antibiotics. Huh7 cells were propagated in DMEM supplemented with 10% FBS
and antibiotics (50). The generation of WNV VLPs by utilizing a Venezuelan
equine encephalitis virus replicon encoding the WNV structural proteins has
been described previously (16). For these studies, we generated WNV VLPs by
utilizing a WNV replicon (WNR-CNS1-5) containing a full capsid-encoding
region, as this replicon has been shown to replicate to high titers (16; unpub-
lished data). In most of the studies, WNR-CNS1-5 VLPs were produced in a
packaging cell line expressing an E protein mutated at position 138 (Glu to Lys),
a mutation shown to confer heparan sulfate (HS)-mediated infections (36).WNV
VLPs were titrated on each of the cell lines described above, and multiplicities
of infection (MOIs) were calculated based on the specific infectivity of each cell
line. In most cases, HS-binding VLPs (VLPHS) were used due to their enhanced
infectivity on many cell types (P. W. Mason, unpublished data). As expected, we
noted no difference in antigen expression levels in HS-binding VLPs versus
non-HS-binding VLPs. The live WNV used in this study was a low-passage virus
recovered from BHK cells electroporated with an infectious cDNA clone of a
human 2002 Texas isolate (50) modified as described above to encode an HS-
binding E protein. SeV Cantell was obtained from Charles River Laboratories.
The vesicular stomatitis virus (VSV) used was the Hazelhurst strain of the New
Jersey serotype (obtained from R. B. Tesh, UTMB).

Infections and dsRNA treatments. Cell monolayers were infected with WNV
VLPs or VLPHS at an MOI of 3. VLPs (or medium alone for mock infections)
were diluted in DMEM containing 1% FBS, 1% antibiotics, and 1 mM HEPES,
added to the cell monolayer, and incubated for approximately 1 h at 37°C to
allow for attachment and entry. Following incubation, the VLPs were removed
from the cells and replaced with DMEM containing 1% FBS, 1% antibiotics, and
1 mM HEPES, and the cells were incubated for approximately 24 h at 37°C prior
to being harvested. For SeV infections, cell monolayers were infected with 40
hemagglutination units/ml of SeV as described above. Following infection, the
SeV-infected cells were incubated for approximately 8 h at 37°C prior to being
harvested. WNV VLPs were incubated under a UV fluorescent lamp (254 nm, 4
W, 10 cm) for 2 min to inactivate infectious VLPs and then diluted in DMEM
containing 1% FBS, 1% antibiotics, and 1 mM HEPES. Cells were infected with
UV-inactivated WNV VLPs as described above. VSV infections were performed
as described above, except that infected cells were incubated for 8 h prior to
being harvested.

Poly(I:C) treatments. For intracellular stimulation with poly(I:C) (EMD Bio-
sciences), 40 �g of poly(I:C) was transfected into cell monolayers in 48-well
plates. Briefly, 40 �g poly(I:C) was incubated with 0.5 �l DharmaFECT-1 trans-
fection reagent (Dharmacon) diluted in 50 �l DharmaFECT cell culture reagent
(Dharmacon) for approximately 10 min. The poly(I:C)–DharmaFECT-1 com-
plexes were added to the cell monolayers (50 �l/1-cm2 well), and the volume was
raised to 250 �l with DMEM containing 1% FBS, 1% antibiotics, and 1 mM
HEPES. Transfected monolayers were incubated for 24 h at 37°C. For extracel-
lular stimulation with poly(I:C), 250 �l of DMEM supplemented with 1% FBS,
antibiotics, 1 mM HEPES, and 40 �g/ml poly(I:C) was added to cell monolayers
and incubated for approximately 24 h at 37°C.

siRNA treatments. Monolayers of cells were transfected with either 30 nM
Dharmacon plus Smartpool PKR-specific small interfering RNA (siRNA) (mu-
rine or human specific), 30 nM Dharmacon plus Smartpool nontargeting siRNA
negative control (NEG siRNA; Dharmacon), RIG-I-specific siRNA (targeted to
GGAAGAGGTGCAGTATATT [Ambion]), or medium alone, using Dharma-
FECT-1 transfection reagent. Briefly, siRNAs were incubated with 0.5 �l Dhar-
maFECT-1 diluted in 50 �l DharmaFECT cell culture reagent for approximately
10 min. The siRNA–DharmaFECT-1 complexes were added to the wells (50
�l/1-cm2 well), and 200 �l of cells at a concentration of 10,000 cells/ml was added
to the complexes and incubated for approximately 72 h at 37°C. Following the
incubation period, the transfected cells were treated with poly(I:C) or infected
with WNV VLPs as described above.

PKR inhibition. Cells were treated with 100 �M PKR inhibitor (PKR-I;
CalBiochem) or PKR-I negative control (PKR-N; CalBiochem) for 1 h. The
medium was removed, and cells were infected or treated with poly(I:C) as
described above.

IFN bioassay. Supernatants harvested from treated cells were clarified and
serially diluted in DMEM supplemented with 1% FBS, 1% antibiotics, and 1 mM
HEPES side by side with either a human IFN-� standard (NIAID) or a murine
IFN-� standard (NIAID). The murine IFN-� standard was produced from
mouse L cells, and the human IFN-� standard was produced from FS-4 human
foreskin fibroblast cells. Both standards were acquired through the NIAID Ref-
erence Reagent Repository operated by either Braton Biotech, Inc. (human
IFN-�), or KamTek, Inc. (murine IFN-�). Either WT MEF-G cells or Huh7 cells
were treated with the IFN standard or supernatant dilutions for approximately
24 h and then infected with firefly luciferase (Fluc)-expressing WNV VLPs
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(WNV VLP-319) (16). At 24 hours postinfection, Fluc expression was assayed by
lysing the cell monolayers with a Fluc substrate as previously described (16). The
IFN concentration (U/ml) of each sample was determined by plotting the dilu-
tion giving 50% inhibition of WNV VLP Fluc activity and multiplying this value
by the number of units of the IFN standard (human or mouse) that produced
50% inhibition in side-by-side assays. The limits of detection for these assays
were approximately 2 and 5 U/ml of human and mouse IFN, respectively. Units
of activity were expressed in terms of U/mg of protein in the treated monolayers
(typically within 0.5 to 1.5 mg of cellular protein per ml of cell lysate analyzed),
as determined by protein assay (see below).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot
analysis. Monolayers of treated cells were rinsed in phosphate-buffered saline,
harvested in 75 �l lysis buffer (0.1% Triton X-100, 300 mM NaCl, 50 mM Tris,
pH 7.69) containing 100 nM calyculin A (Upstate Cell Signaling Solutions),
clarified, and stored at �20°C. Protein concentrations were determined by the
Bio-Rad DC protein assay (Bio-Rad). Equal amounts of protein from each cell
lysate (2 �g) were resolved in NuPAGE 4 to 12% Bis-Tris gels (Invitrogen).
Following electrophoresis, proteins were transferred to an Immobilon polyvinyli-
dene difluoride transfer membrane (Millipore) and blocked with phosphate-
buffered saline containing 0.1% Tween 20 (Sigma) and 5% instant nonfat dry
milk (Nestle) for at least 1 h at room temperature. Membranes were probed
using the following monoclonal and polyclonal antibodies: goat anti-actin
(Sigma), rabbit anti-PKR (D-20; Santa Cruz), rabbit anti-phospho-PKR threo-
nine 451 (Cell Signaling), rabbit anti-phospho-eIF-2� serine 51 (Cell Signaling),
rabbit anti-eIF-2� (Cell Signaling), and anti-I�B� (Santa Cruz). Membranes
were then washed and incubated with horseradish peroxidase (HRP)-conjugated
goat anti-mouse immunoglobulin G (IgG; KPL) or HRP-conjugated goat anti-
rabbit IgG (KPL). HRP-decorated protein bands were visualized using an ECL
Plus Western blotting detection system (Amersham) followed by exposure on
Kodak film.

NF-�B activation. Monolayers of WT MEF-G or PKR null MEF cells were
plated onto poly-L-lysine-coated LabTek chamber slides. The cells were either
mock or WNV VLP infected and incubated for 16 or 24 h. Thirty minutes prior
to fixation (see Fig. S1 in the supplemental material) or harvest (see above),
selected wells of mock-infected cells were treated with either 50 or 500 ng/ml
phorbol 12-myristate 13-acetate (PMA; Sigma) or 1% ethanol (diluent control).
Treated cells utilized for Western blot analysis of I�B� degradation were pre-
pared and run as described above.

Statistical analysis. Student’s t test was used to determine the significance of
differences for these studies.

RESULTS

PKR is not critical for the development of an anti-WNV
state in MEF cells. Several reports have indicated that pre-
treatment with IFN has an inhibitory effect on WNV infection
(3, 50, 54). To determine whether PKR is important in this
IFN-induced anti-WNV response, we treated monolayers of
WT MEF cells, PKR null MEF cells, and PKR-RNase L null
MEF cells with various concentrations of murine IFN-� and
then tested their ability to be infected by WNV. Following
treatment, the cells were infected with WNV for an additional
24 h. The results of this study indicated that while slightly more
IFN was needed to protect PKR null cells from WNV infec-
tion, PKR-RNase L null MEF cells showed a response indis-
tinguishable from that of WT MEF cells (Fig. 1A). These data
indicate that PKR is not a critical factor in mediating the
IFN-induced anti-WNV response. Since it seems unlikely that
RNase L deletion would make PKR null cells better able to
respond to IFN treatment, it seems likely that the difference
observed between the two PKR null cell lines resulted from
differences in the abilities of these two immortalized cell lines
to respond to IFN treatment or to be infected by WNV due to
differences independent of their PKR genotype.

To further probe the role of PKR in establishing an anti-
WNV environment, we examined the levels of phosphorylated
eIF-2�, a functional target of PKR antiviral action, in WNV-

or VSV-infected cells. Similar to other reports, VSV infection
did trigger eIF-2� phosphorylation in these experiments,
whereas WNV VLP infection did not trigger eIF-2� phosphor-
ylation (Fig. 1B), consistent with the fact that flaviviruses do
not shut off host protein synthesis (38). Taken together, these
data indicate that PKR does not serve as an essential IFN
effector molecule during WNV infection of these cells.

PKR acts as a dsRNA PRR. To determine whether PKR had
an effect on dsRNA-induced IFN production in our system,
poly(I:C) was added to the medium [extracellular dsRNA;
Ex-poly(I:C)] or transfected into [intracellular dsRNA; Tx-
poly(I:C)] WT MEF-G cells, PKR null MEF cells, or PKR-
RNase L null MEF cells. The supernatants from these treated
cells were harvested and assayed for IFN production by bio-
assay. Cells treated with Ex-poly(I:C), which stimulates IFN
through TLR3-mediated signaling (64), had very low levels of
IFN, regardless of the cell’s genotype. However, 24 hours fol-
lowing Tx-poly(I:C) treatment, WT MEF-G cells produced
high levels of IFN, whereas MEF cell lines lacking PKR
produced 10-fold less IFN (Fig. 2A). These data indicate
that the absence of PKR abrogates the ability of the cells to
stimulate IFN gene expression following intracellular
poly(I:C) stimulation. This suggests that PKR is a possible

FIG. 1. PKR null MEF cells display no defect in their ability to
establish an IFN-induced anti-WNV state. (A) Effect of IFN pretreat-
ment on WNV infection. Cell monolayers were incubated with the
indicated concentrations of murine IFN-� for approximately 24 h. The
treated cells were infected with approximately 50 focus-forming units
and incubated for an additional 48 h. The cells were fixed and assayed
for WNV focus formation by immunohistochemistry (54). Data are
presented as percentages of the foci formed in untreated, WNV-in-
fected monolayers. Results are representative of data obtained from
two independent experiments. (B) Western blot analysis showing levels
of phosphorylated eIF-2� and total eIF-2� in WT MEF-G cells fol-
lowing infection with either WNV VLPs (24 h) or VSV (8 h).
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PRR in these MEF cells and that IFN stimulation is inde-
pendent of TLR3 signaling.

To confirm these results and to ensure that the differences
observed in IFN induction were not due to defects in the clonal

knockout cell lines unrelated to the PKR null genotype, we
utilized a small-molecule inhibitor of PKR activity. Although
2-aminopurine is widely used as a PKR inhibitor, we were
unable to demonstrate an inhibition in PKR autophosphory-
lation (by monitoring phosphorylation at Thr451). Therefore,
we utilized an imidizolo-oxindole compound (PKR-I) shown to
act as a potent PKR inhibitor (28). As an added control, we
utilized PKR-N, a closely related oxindole compound shown to
be ineffective in inhibiting PKR activity (28). To test the effect
of PKR-I on dsRNA-induced IFN production, WT MEF-G cells
were pretreated with 100 �M PKR-I or 100 �M PKR-N followed
by stimulation with either Ex- or Tx-poly(I:C). Poly(I:C)-trans-
fected WT MEF-G cells treated with PKR-I produced lower
concentrations of IFN than did poly(I:C)-transfected, PKR-N-
treated WT MEF-G cells (Fig. 2B). Consistent with the results
shown in Fig. 2A, treatment with Ex-poly(I:C) induced little or no
IFN in these cells (Fig. 2B). Identical treatments in a second WT
MEF cell line, WT MEF-D, demonstrated similar results, indi-
cating that the observed effect in WT MEF-G cells was not spe-
cific for the cell line utilized. Additionally, experiments performed
in STAT1 null MEF cells produced similar results (Fig. 2B). Since
these MEF cells are deficient in STAT1 (15), a critical component
of IFN signaling, these data demonstrate that the role for PKR
during IFN induction was not dependent on IFN signaling, which
is known to induce PKR expression.

To ensure that the PKR-I treatment was effective at inhib-
iting PKR activity, Western blot analysis was performed on the
cell lysates harvested from WT MEF-G cells. Blots were
probed for the presence of PKR phosphorylated at the threo-
nine residue at site 451. This residue is an autophosphorylation
site critical for kinase activity (49). Cells treated with PKR-I
but not PKR-N had low levels of phosphorylated PKR (Fig.
2C). The abrogation of IFN production following chemical
inhibition of PKR implicates PKR as a possible PRR in re-
sponse to cytoplasmic dsRNA in MEF cells, consistent with
our observations from PKR gene knockout MEFs.

To determine if PKR is important for IFN production in
other cell types, we studied several human cell lines, including
MRC-5, a human lung fibroblast cell line; A549, a lung epi-
thelial cell line; and Hec1B, a uterine epithelial cell line. All of
these cell lines are permissive for WNV infection and produce
IFN-�/� in response to WNV infection (data not shown). Ad-
ditionally, Hec1B cells were included in our studies because
the IFN receptor present on these cells binds IFN very ineffi-
ciently, resulting in impaired IFN signaling (21, 60).These cells
act as the human equivalent of STAT1 null MEFs and can be
used to examine the effects of PKR activity in the absence of
IFN signaling. In support of the observations with the MEF
cell lines, treatment of the MRC-5 cells, A549 cells, and Hec1B
cells with PKR-I inhibited their ability to produce IFN fol-
lowing Tx-poly(I:C) treatment (Fig. 3A). Additionally, Ex-
poly(I:C) stimulation resulted in little or no detectable IFN
production, suggesting that poly(I:C)-induced IFN expression
is stimulated via a TLR3-independent pathway in these cells
(Fig. 3A).

Western blot analysis of cell lysates from PKR-I-treated
A549 cells demonstrated lower levels of phosphorylated PKR
than those in mock- or PKR-N-treated cells (Fig. 3B). Inter-
estingly, low levels of PKR were induced in cells transfected
with poly(I:C), even in the presence of PKR-I. This suggests

FIG. 2. IFN induction in MEF cells treated with poly(I:C) is de-
pendent on PKR. (A) IFN production by WT MEFs and two different
lineages of PKR null MEFs treated by the addition of poly(I:C) to
their media [Ex-poly(I:C)] or transfected with poly(I:C) [Tx-poly(I:C)]
for 24 h. IFN concentrations were determined by bioassay and were
normalized to mg of cellular protein in the treated monolayers (see
Materials and Methods). Data shown are from one of two experiments
showing similar results. (B) Effect of chemical inhibition of PKR ac-
tivity on the ability of Ex-poly(I:C) and Tx-poly(IC) to induce IFN
production in two different WT MEF cell lines (WT MEF-G and WT
MEF-D) or STAT1 null MEF cells. PKR-I is a specific inhibitor of
PKR, and PKR-N is a closely related compound with no anti-PKR
activity. Cells were incubated with the indicated compounds for 1 hour
and then treated with poly(I:C) for 24 h (see Materials and Methods).
IFN activity was determined as described for panel A and then nor-
malized to IFN levels produced in cells transfected with poly(I:C) and
treated without either PKR-I or PKR-N. Error bars represent standard
deviations between data obtained in two separate experiments, and aster-
isks indicate values that are statistically significant (P � 0.05) compared to
those for Tx-poly(I:C)-stimulated cells treated with PKR-N. (C) Western
blot showing the levels of the phospho-Thr451 form of PKR, total PKR,
and �-actin in lysates of MEF WT-G cells treated with the indicated
compounds and exposed to poly(I:C) by the indicated methods. The
presence of two bands in the Western blot is curious. It is possible that
these are two separate forms of PKR, as they were affected identically by
treatment with PKR-I. However, it is unclear why there are not two bands
in blots probed for total PKR levels.
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that IFN is produced at low levels via PKR-independent path-
ways (see Fig. 8), resulting in autocrine stimulation leading to
an increase in the expression of ISGs, including PKR. Analysis
of lysates harvested from MRC-5 cells was similar to that with
lysates from A549 cells (data not shown). As expected, levels of
PKR in Hec1B cells did not increase following intracellular
poly(I:C) treatment (data not shown), consistent with the fact
that Hec1B cells do not respond to IFN stimulation.

PKR contributes to WNV VLP-induced IFN production. To
study the role of PKR during WNV-induced IFN production,
we utilized WNV VLPs (53). These VLPs infect cells and
initiate genome replication in a manner indistinguishable from
that of WT virus, but they are unable to produce any progeny
virions. We utilized VLPs in these studies to prevent the po-
tentially confounding effects of secondary replication cycles
obtained with WT WNV. Due to low infectivities with several
of our cell lines, many of our experiments were performed
using HS-binding VLPs, referred to as WNV VLPHS (see Ma-
terials and Methods).

IFN bioassays performed on supernatants from WNV VLP-
infected MEF cells revealed that cells lacking PKR produced

significantly lower levels of IFN than did WT MEF-G cells
(Fig. 4A), implicating PKR as a potential PRR for WNV
infection. Additionally, PKR-I-treated WT MEF-G cells in-
fected with WNV VLPHS exhibited lower levels of IFN than
did PKR-N- or mock-treated WT MEF-G cells (Fig. 4B). How-
ever, SeV-induced induction of IFN was not affected by PKR-I
treatment, suggesting that treatment with PKR-I did not gen-
erate nonspecific effects on IFN synthesis (Fig. 4B). Incubation
with UV-inactivated WNV VLPHS did not induce IFN produc-
tion (data not shown), consistent with previous reports indi-
cating that WNV replication is necessary for host recognition
of WNV (18).

FIG. 3. IFN induction in human cell lines treated with poly(I:C) is
dependent on PKR. (A) Effect of chemical inhibition of PKR activity
on the ability of Ex-poly(I:C) or Tx-poly(I:C) to induce IFN produc-
tion in three different human cell lines. A549, MRC-5, and Hec1B cells
were incubated with the indicated compounds for 1 hour and then
treated with poly(I:C) for 24 h (see Materials and Methods). IFN
activity was determined as described in the legend to Fig. 1 and then
normalized to IFN levels produced in cells transfected with poly(I:C)
and treated without either PKR-I or PKR-N. PKR-I is a specific
inhibitor of PKR, and PKR-N is a closely related compound with no
anti-PKR activity. Error bars represent the standard deviations be-
tween data obtained from two independent experiments, and asterisks
indicate values that are statistically significant (P � 0.05) compared to
those for Tx-poly(I:C)-stimulated cells treated with PKR-N. (B) West-
ern blot showing the levels of the phospho-Thr451 form of PKR, total
PKR, and �-actin in lysates of A549 cells treated with the indicated
compounds and exposed to poly(I:C) by the indicated methods.

FIG. 4. IFN induction in MEF cells infected with WNV VLPs is
dependent on PKR. (A) IFN production by WT MEFs and two dif-
ferent lineages of PKR null MEFs infected with WNV VLPs for 24 h.
Data shown are from one of two experiments showing similar results.
IFN concentrations were determined by bioassay as described in the
legend to Fig. 1. (B) Effect of chemical inhibition of PKR activity on
the ability of WNV VLPs or SeV to induce IFN production in two
different WT MEF cell lines (WT MEF-G and WT MEF-D) or STAT1
null MEF cells. Cells were incubated with the indicated compounds for
1 hour and then infected with WNV VLPs for 24 h or SeV for 8 h (see
Materials and Methods). IFN activity was determined as described for
panel A and then normalized to IFN levels produced in cells infected
with WNV VLPs or SeV and treated without either PKR-I or PKR-N.
Error bars represent standard deviations between data obtained in two
independent experiments, and asterisks indicate values that are statis-
tically significant (P � 0.05) compared to those for WNV VLP-in-
fected, PKR-N-treated cells. (C) Western blot showing the levels of the
phospho-Thr451 form of PKR, total PKR, and �-actin in lysates of WT
MEF-G cells treated with the indicated compounds and infected with
WNV VLPs.
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Analysis of activated PKR levels within WT MEF-G cells
showed that the inhibitor was quite effective at inhibiting PKR
phosphorylation. Additionally, WNV VLPHS infection re-
sulted in an increase in both total PKR and activated PKR
levels (Fig. 4C). Interestingly, WNV VLPHS induced low levels
of PKR protein in PKR-I-treated WT MEF-G cells, suggesting
that IFN produced via PKR-independent mechanisms was
stimulating expression of this ISG (Fig. 4C), as described above
for Tx-poly(I:C)-stimulated cells treated with this inhibitor.

To determine whether PKR was involved in WNV-induced
IFN production in human cell lines, A549 cells, MRC-5 cells,
and Hec1B cells were pretreated with PKR-I or PKR-N and
infected with WNV VLPHS. All of these human cell lines
demonstrated a nearly complete abrogation of WNV VLPHS-
induced IFN production following PKR-I treatment (Fig. 5A).
As with the MEF cell lines, SeV-induced IFN production in
these cells was unaffected by PKR-I treatment (Fig. 5A).

As expected, WNV VLPHS infection induced PKR phosphor-
ylation in A549 cells, and lower levels of phosphorylated PKR
were detected following PKR-I treatment (Fig. 5B). However,
in these cells, total PKR protein levels were not increased by
WNV VLPHS infection, in contrast to the case in MEF cells

(Fig. 4C), where low levels of IFN produced in PKR-I-treated
cells appeared to increase total levels of PKR, a readily induc-
ible ISG. In fact, in WNV VLPHS-infected, PKR-I-treated
A549 cells, only very low levels of PKR protein were detected
(Fig. 5B). This is a puzzling point. One possible explanation is
that phosphorylated PKR present in normal, non-PKR-I-
treated cells self-regulates its expression. PKR-I treatment
would be expected to lower total PKR synthesis. However, this
phenomenon was not observed in any of the other cell types we
tested, so we are unsure if self-regulation can explain the
effect of PKR-I down-regulation of PKR expression in A549
cells. Western blot analyses of cell lysates from MRC-5 and
Hec1B cells demonstrated that WNV VLP infection pro-
duced phosphorylated PKR in all samples that produced
high levels of IFN (results not shown) and that PKR-I
blocked phosphorylation, consistent with its ability to block
IFN synthesis (Fig. 5A).

Inhibition of PKR activity abrogates WNV-induced IFN pro-
duction. To ensure that the inhibition of IFN production was
not an artifact of the VLP preparations, we examined the
ability of the PKR-I to disrupt WNV-induced IFN production
in both WT MEF-G cells and A549 cells. These experiments
demonstrated that PKR-I treatment significantly reduced the
levels of WNV-induced IFN produced in both WT MEF-G
cells and A549 cells (Fig. 6). In contrast, PKR-I treatment had
no inhibitory effect on SeV-induced IFN production in these
cells (Fig. 6). These data are consistent with our WNV VLP
studies demonstrating the importance of PKR for inducing
IFN synthesis following WNV infection and indicate that, as
we expected, VLPs mimic live virus in inducing IFN synthesis.

Silencing PKR expression impairs WNV VLP-induced IFN
production. To confirm the role of PKR-mediated IFN pro-
duction in murine and human cells, WT MEF-G, WT MEF-D,
and STAT1 null MEF cells were transfected with either a
PKR-specific siRNA or NEG siRNA. To allow for optimum
posttranslational gene silencing (data not shown), the trans-
fected cells were incubated for 72 h prior to infection with

FIG. 5. IFN induction in human cells infected with WNV VLPs,
but not SeV, is dependent on PKR. (A) Effect of chemical inhibition
of PKR activity on the ability of WNV VLPs or SeV to induce IFN
production in A549, MRC-5, or Hec1B cells. Cells were incubated with
the indicated compounds for 1 hour and then infected with WNV
VLPs for 24 h or SeV for 8 h (see Materials and Methods). IFN activity
was determined by bioassay as described in the legend to Fig. 1 and
then normalized to IFN levels produced in cells infected with WNV
VLPs or SeV and treated without either PKR-I or PKR-N. Error bars
represent standard deviations between data obtained in two separate
experiments, and asterisks indicate values that are statistically signifi-
cant (P � 0.05) compared to those for WNV VLP-infected, PKR-N-
treated cells. (B) Western blot showing the levels of the phospho-
Thr451 form of PKR, total PKR, and �-actin in lysates of A549 cells
treated with the indicated compounds and infected with WNV VLPs.

FIG. 6. Inhibiting PKR abrogates WNV-induced IFN production.
The graph shows the effect of PKR-I on WNV-induced IFN synthesis.
Monolayers of A549 cells or WT MEF-G cells were treated with
PKR-N or PKR-I followed by infection with SeV or HS-binding WNV
(MOI � 3). IFN concentrations were determined by bioassay and were
normalized to mg of cellular protein in the treated monolayers (see
Materials and Methods). Error bars represent standard deviations
between data obtained in two separate experiments, and asterisks
indicate values that are statistically significant (P � 0.05) compared to
those for WNV-infected cells treated with PKR-N.
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WNV VLPHS. Following VLP infection, PKR siRNA-trans-
fected MEF cell lines (WT MEF-G, WT MEF-D, and STAT1
null MEFs) produced significantly less IFN than either un-
transfected cells or cells transfected with NEG siRNA (Fig.
7A). Silencing PKR expression in these cells did not affect
SeV-induced IFN production (Fig. 7A), consistent with our
previous findings showing that PKR activity was not needed for
SeV-induced IFN production. Analysis of PKR protein expres-
sion in WT MEF-G cells showed that the PKR siRNA mark-
edly decreased the constitutive level of PKR. However, there
was a slight increase in PKR levels in the presence of PKR
siRNA following infection with WNV VLPHS (Fig. 7B), con-
sistent with an autocrine ISG response in these cells and sub-
sequent stimulation of PKR mRNA expression in excess of the
cell’s silencing machinery. STAT1 null MEF cells, on the other
hand, did not demonstrate a WNV VLP-induced increase in

PKR protein level in the presence of PKR siRNA, as these
cells are unable to respond to IFN. Analysis of cell lysates from
WT MEF-D cells demonstrated similar levels of PKR com-
pared to those in WT MEF-G cells (data not shown).

A549, MRC-5, and Hec1B cells transfected with PKR-spe-
cific siRNAs produced less IFN following stimulation with
WNV VLPHS than did cells transfected with NEG siRNA (Fig.
8A). For both the A549 and Hec1B cells, however, the de-
crease in IFN induction observed was not as pronounced as the
decrease observed following PKR-I treatment. This effect ap-
pears to be due, in part, to the effectiveness of posttranslational
PKR silencing in these cells, since both A549 and Hec1B cells
contained detectable levels of PKR following the siRNA treat-
ment (Fig. 8B), whereas MRC-5 cells (like the MEF cells [see
above]) had barely detectable levels of PKR (Fig. 8B).

RIG-I also contributes to IFN induction in A549 and MRC-5
cells, but not Hec1B cells. Since it is thought that RIG-I may
play a role in the establishment of an antiviral environment

FIG. 7. IFN induction in MEF cells infected with WNV VLPs, but
not SeV, is blocked by transfection of PKR-specific siRNA. (A) Effect
of siRNA transfection on the ability of WNV VLPs or SeV to induce
IFN production in two different WT MEF cell lines (WT MEF-G and
WT MEF-D) or STAT1 null MEF cells. The PKR siRNA is specific for
the murine PKR transcript, whereas NEG siRNA is a nonsilencing
control siRNA. Cells were transfected with the indicated siRNA (or
treated with transfection agents alone), incubated at 37°C for 3 days to
permit posttranscriptional knockdown of the PKR mRNA, and then
infected with WNV VLPs for 24 h or SeV for 8 h (see Materials and
Methods). IFN activity was determined as described in the legend to
Fig. 1 and then normalized to IFN levels produced in cells infected
with WNV VLPs or SeV and treated without any siRNA. Error bars
represent standard deviations between data obtained in two separate
experiments, in the case of WNV VLP infection, or one experiment, in
the case of SeV infection. Asterisks indicate values that are statistically
significant (P � 0.05) compared to those for WNV VLP-infected, NEG
siRNA-transfected cells. (B) Western blot showing the levels of total
PKR and �-actin in lysates of WT MEF-G and STAT1 null MEF cells
following transfection with the indicated siRNAs and infection with
WNV VLPs or SeV.

FIG. 8. IFN induction in human cells infected with WNV VLPs,
but not SeV, is blocked by transfection of PKR-specific siRNA. (A) Ef-
fect of siRNA transfection on the ability of WNV VLPs or SeV to
induce IFN production in A549, MRC-5, and Hec1B cells. The PKR
siRNA is specific for the human PKR transcript, whereas NEG siRNA
is a nonsilencing control siRNA. Cells were transfected with the indi-
cated siRNA (or treated with transfection agents alone), incubated at
37°C for 3 days to permit posttranscriptional knockdown of the PKR
mRNA, and then infected with WNV VLPs for 24 h or SeV for 8 h (see
Materials and Methods). IFN activity was determined as described in
the legend to Fig. 1 and then normalized to IFN levels produced in
cells infected with WNV VLPs or SeV and treated without any siRNA.
Error bars represent standard deviations between data obtained in
three separate experiments, and asterisks indicate values that are sta-
tistically significant (P � 0.05) compared to those for WNV VLP-
infected, NEG siRNA-transfected cells. (B) Western blot showing
levels of total PKR and �-actin in lysates of A549, MRC-5, and Hec1B
cells following transfection with the indicated siRNAs and infection
with WNV VLPs or SeV.
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(18), we sought to examine the role of RIG-I-dependent IFN
stimulation in our system. To this end, A549, MRC-5, and
Hec1B cells were transfected with RIG-I-specific siRNA,
PKR-specific siRNA, or NEG siRNA. Following a 72-h incu-
bation, the transfected cells were infected with WNV VLPHS

and assayed for IFN production. Although all three of the cell
lines transfected with PKR-specific siRNA demonstrated a
significant impairment of IFN induction, A549 and MRC-5
cells transfected with the RIG-I-specific siRNA showed only a
moderate impairment of this induction (Fig. 9). Interestingly,
Hec1B cells transfected with RIG-I siRNA did not demon-
strate a reduction in IFN production (Fig. 9), indicating that in
these cells the RIG-I pathway does not play a major role in
WNV-induced IFN synthesis. Side-by-side studies with SeV
infection demonstrated that under the transfection conditions
used, RIG-I, but not PKR, siRNA treatment blocked SeV-
mediated IFN production.

NF-�B may be involved in PKR-mediated IFN synthesis in
response to WNV infection. Since several reports have indi-
cated that PKR is involved in a pathway leading to NF-�B
signaling (34, 35, 68), we examined the ability of WNV VLPs to
induced NF-�B activation in either WT MEF-G cells or PKR
null MEF cells. NF-�B activation was examined by two meth-
ods, namely, degradation of I�B� (Fig. 10) and nuclear trans-
location of NF-�B (see Fig. S1 in the supplemental material).
Monolayers of WT MEF-G or PKR null MEF cells were
plated onto chamber slides and mock or WNV VLP infected
for either 16 or 24 h (MOI � 5 based on titrations performed

on WT MEF-G cells). Thirty minutes prior to being harvested,
selected wells of mock-infected cells were treated with 50
ng/ml or 500 ng/ml of PMA. The treated cell monolayers were
then either lysed (Western blotting) or fixed with 4% parafor-
maldehyde (immunofluorescence assay). Analysis of the cell
lysates indicated that in the WT MEF-G cells, WNV VLP
infection resulted in a degradation of I�B�; however, less
degradation was observed in PKR null MEF cells (Fig. 10).
This suggests that NK-�B activation was impaired in the ab-
sence of PKR. However, I�B� degradation in PKR null MEF
cells did not appear to be affected following PMA treatment,
indicating that NF-�B can be activated by a PKR-independent
pathway in PMA-treated cells. Consistent with these I�B�
degradation data, WNV VLP infection triggered NF-�B nu-
clear translocation in most of the WT MEF cells, and this
translocation was observed at much lower frequencies in the
PKR null MEF cells (see Fig. S1 in the supplemental material).

DISCUSSION

PKR is known primarily for its ability to phosphorylate eIF-
2�, resulting in a block in initiation of mRNA translation. It is
an important ISG, and its induction and inhibition of transla-
tion of both host and viral mRNAs have been shown to be
important aspects of the antiviral response to many viral in-
fections. Mice deficient in PKR displayed increased mortality
following encephalomyocarditis virus infection, even with IFN
treatment (69). PKR activity was also shown to be critical for
the cell’s antiviral response to VSV, as cells derived from mice
containing a targeted deletion in the PKR gene were more
susceptible to VSV-induced apoptosis and PKR null mice in-
fected with VSV showed significantly higher mortality than did
WT mice (5). The importance of PKR in viral infections is also
highlighted by the fact that several viruses, including influenza
virus, have evolved mechanisms to inhibit PKR activity (40).

PKR has also been shown to be important in controlling
infections by viruses within the Flaviviridae family. Hepatitis C
virus (HCV) subgenomic replicons have been shown to repli-
cate more efficiently in PKR null MEF cell lines, suggesting
that PKR is involved in the control of HCV replication (6).
Other studies have shown that HCV can block the host cell’s
response to IFN by inhibiting PKR activity (22). In the case of

FIG. 9. IFN induction in human cells infected with WNV VLPs is
blocked more efficiently by transfection of PKR-specific siRNA than
by transfection of RIG-I-specific siRNA, but the opposite is true for
SeV-induced IFN induction. (A) Effect of siRNA transfection on the
ability of WNV VLPs (or SeV) to induce IFN production in A549,
MRC-5, and Hec1B cells. The PKR siRNA is specific for the human
PKR transcript, the RIG-I siRNA is specific for the human RIG-I
transcript, and NEG siRNA is a nonsilencing control siRNA. Cells
were transfected with the indicated siRNA (or treated with transfec-
tion agents alone), incubated at 37°C for 3 days to permit posttran-
scriptional knockdown of the PKR and/or RIG-I mRNA, and then
infected with SeV for 8 h or WNV VLPs for 24 h (see Materials and
Methods). IFN activity was determined as described in the legend to
Fig. 1 and then normalized to IFN levels produced in cells infected
with WNV VLPs and treated without any siRNA. Error bars represent
standard deviations between data obtained in two separate experi-
ments, and asterisks indicate values that are statistically significant (P
� 0.05) compared to those for NEG siRNA-transfected, WNV-in-
fected cells. Plus signs represent values that are statistically significant
(P � 0.05) compared to those for NEG siRNA-transfected, SeV-
infected cells.

FIG. 10. Analysis of WNV VLP-induced I�B� degradation. WT
MEF-G and PKR null MEF cells were mock or WNV VLP infected
for either 16 or 24 h. Approximately 30 min prior to being harvested,
selected wells of mock-infected cells were treated with 50 ng/ml or 500
ng/ml PMA. Treated cell monolayers were harvested and assayed by
Western blotting as described in Materials and Methods to reveal
levels of I�B�. Parallel blots prepared from the same samples show
levels of PKR and �-actin.
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DENV, in vitro studies have shown that PKR null MEFs
showed no detectable increase in virus yield (11). Additionally,
PKR-deficient cells demonstrated no impairment in IFN-�-
mediated inhibition of DENV infection (11), a finding we have
reproduced for WNV infection. However, PKR null mice were
reported to be significantly more susceptible to WNV infec-
tion, demonstrating increased viremia and viral loads in both
the peripheral tissues and the central nervous system, than are
WT mice (52).

Over the last few years, a number of reports have implicated
TLR3, TLR7/8, and RIG-I/mda-5 as critical PRRs for recog-
nizing flaviviral infections (see the introduction). However,
there have been reports that PKR activity is essential for virus-
induced IFN responses (see the introduction), and Diebold et
al. demonstrated that BM-DCs derived from PKR null mice
produced lower levels of poly(I:C)-induced IFN-� than did
BM-DCs derived from WT mice (13).

In this study, we investigated PKR-mediated IFN induction
during WNV infection, using three different experimental
methods. First, MEF cells harboring a PKR gene disruption
generated lower levels of IFN than did WT MEF cells follow-
ing challenge with WNV VLPs. Secondly, MEF and human
cell lines treated with PKR-I displayed lower poly(I:C)- or
WNV VLP-induced IFN levels than did mock-treated cells.
SeV-induced IFN production was unaffected by PKR-I, indi-
cating that the inhibitor did not have a nonspecific effect on
IFN gene expression. Finally, transfection of cells with PKR
siRNAs produced a specific abrogation of IFN induction fol-
lowing challenge with poly(I:C) or WNV VLPs. Additionally,
the impairment of PKR activity in these cells had no effect on
SeV-induced IFN production, indicating a WNV-specific role
of PKR during IFN induction. Consistent with the cytoplasmic
location of PKR, neither Ex-poly(I:C) nor UV-inactivated
WNV VLPs stimulated IFN production.

To our knowledge, this is the first report that PKR serves to
mediate flavivirus-induced IFN synthesis. However, several
other PRRs have been investigated in flavivirus-infected cells.
Work with JEV and DENV implicated RIG-I-dependent sig-
naling in the initiation of IFN gene expression in cells infected
with these two flaviviruses (7). In the case of WNV, recent
reports suggest an involvement of both TLR3- and RIG-I-
mediated signaling in the induction of an antiviral response. In
HeLa cells, WNV genome expression was shown to block IRF3
dimerization and nuclear translocation and to block stimula-
tion of poly(I:C)-induced IFN, suggesting that the virus has
evolved a mechanism to block TLR3 recognition of dsRNA
(54). Another report indicated that the IRF3 pathway was
important in controlling WNV infection (19), and the same
group’s subsequent work also demonstrated that RIG-I played
a role in stimulating ISG56 and ISG54 following WNV infec-
tion (18). Furthermore, IRF3 phosphorylation in WNV-in-
fected 293 cells was shown to correlate with IFN-� RNA levels
(19).

To directly address the role of RIG-I as a PRR in human
cells, we relied on siRNA posttranslational knockdown. These
studies showed that transfection with RIG-I siRNA partially
blocked VLP-induced IFN in A549 and MRC-5 cells but not in
Hec1B cells, suggesting that MRC-5 and A549 cells might
utilize both PKR and RIG-I as potential PRRs. For all three
cell types, RIG-I siRNA treatment completely blocked SeV-

induced IFN synthesis (consistent with published data [32]),
indicating that we had achieved sufficient RIG-I knockdown.
One explanation for differences between our data indicating
that PKR serves as a potential PRR and other’s results indi-
cating that RIG-I serves as a PRR in WNV-infected cells may
be explained in part by the experimental methods employed in
these studies. Fredericksen et al. examined the role of RIG-I in
establishing an anti-WNV environment by examining virus-
dependent induction of gene products (including ISG56 and
ISG54) which are primarily dependent on IRF3 transcriptional
activation (18, 23). Our studies, however, examined IFN syn-
thesis, which is driven by a promoter with multiple transcrip-
tion factor binding sites, including those for NF-�B. Since
activated PKR phosphorylates I�B (34, 35, 68), permitting
NK-�B to translocate into the nucleus and to activate tran-
scription of IFN-� (61), dsRNA binding to PKR could signal
the induction of IFN gene expression, but not ISG56 and
ISG54 gene expression, which was examined in detail by Fre-
dericksen and Gale (18). Since WNV infection has been shown
to activate NF-�B (8), the link between our data demonstrating
that PKR is required for IFN synthesis and NF-�B activation is
the subject of ongoing studies. However, initial studies have
indicated that PKR null MEF cells show an impairment in
WNV VLP-induced I�B� degradation and NF-�B nuclear
translocation compared to WT MEF cells, suggesting that this
signaling pathway may be involved in PKR-dependent IFN
synthesis in response to WNV VLP infection. Interestingly,
PKR null MEF cells produce low levels of IFN, indicating, as
mentioned above, that some IFN is induced via a PKR-inde-
pendent pathway(s), possibly via an RNA helicase. It is likely
that the importance of various pathways for WNV-induced
antiviral action varies from cell to cell, and different PRRs may
be important in establishing an effective antiviral environment
in different tissue types in vivo.

Our data are particularly interesting in light of a report
showing that PKR null mice are more susceptible than WT
mice to WNV infection (52). Mice lacking PKR demonstrated
increased WNV replication in the periphery and earlier entry
into the brain, with no significant difference detected in serum
IFN levels. These studies went on to show modest differences
in IFN	s ability to reduce the WNV yield from one type of
neuronal cell, consistent with a role for PKR as an ISG that
inhibits viral spread within the central nervous system (52). In
our hands, PKR knockout had no detectable effect on the
ability of MEF cells to establish an IFN-induced antiviral state.
However, PKR knockout did have a profound effect on the
ability to produce IFN in response to WNV infection in our
cell lines. Interestingly, preliminary studies performed with
primary human monocyte-derived DCs showed that inhibition
of PKR activity reduced the amount of IFN-� produced in
response to WNV VLP infection in these cultures (data not
shown). These preliminary data are consistent with our cell
line data and support our supposition that PKR could play a
role in WNV-induced IFN synthesis in vivo. It is possible,
however, that PKR acts as a downstream kinase for a different
PRR. For example, a recent report showed that PKR associ-
ates with TRAF3 (47), which is involved in signaling through
other PRRs. Regardless, our data suggest that PKR is involved
in WNV-induced IFN synthesis and could be important for
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helping to control WNV infections in animal models of West
Nile encephalitis and natural infections.
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