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Interferon (IFN)-induced antiviral responses are mediated through a variety of proteins, including the
double-stranded RNA-dependent protein kinase PKR. Here we show that fibroblasts derived from PKRⴚ/ⴚ
mice are more permissive for vesicular stomatitis virus (VSV) infection than are wild-type fibroblasts and demonstrate a deficiency in alpha/beta-IFN-mediated protection. We further show that mice lacking PKR are extremely susceptible to intranasal VSV infection, succumbing within days after instillation with as few as 50
infectious viral particles. Again, alpha/beta-IFN was unable to rescue PKRⴚ/ⴚ mice from VSV infection. Surprisingly, intranasally infected PKRⴚ/ⴚ mice died not from pathology of the central nervous system but rather
from acute infection of the respiratory tract, demonstrating high virus titers in the lungs compared to similarly
infected wild-type animals. These results confirm the role of PKR as the major component of IFN-mediated
resistance to VSV infection. Since previous reports have shown PKR to be nonessential for survival in animals
challenged with encephalomyocarditis virus, influenza virus, and vaccinia virus (N. Abraham et al., J. Biol.
Chem. 274:5953–5962, 1999; Y. Yang et al., EMBO J. 14:6095–6106, 1995), our findings serve to highlight the
premise that host dependence on the various mediators of IFN-induced antiviral defenses is pathogen specific.
reovirus (29). Inducible nitric oxide synthase is thought to
inhibit late stages of viral replication including protein synthesis (12, 18), viral protease activity (33), viral DNA synthesis
(12, 26), and viral particle formation (12). PKR is an IFNinducible serine/threonine protein kinase activated subsequent
to the binding of dsRNA. Once activated, PKR inhibits protein
translation by phosphorylating eukaryotic initiation factor 2␣.
PKR has also demonstrated a role in both virus- and stressinduced apoptosis (7, 17, 35, 37) and may thereby represent a
multifunctional antiviral protein.
Two distinct homozygous disruptions for the PKR gene have
been described previously by independent groups (1, 36). Yang
et al. (36) challenged their PKR⫺/⫺ mice with EMCV but
found no difference in survival from that of wild-type animals.
This group did, however, demonstrate a reduction in protective
effect from pretreatment with either gamma IFN (IFN-␥) or
the dsRNA analogue polyinosine-polycytosine [poly(I 䡠 C)].
These PKR⫺/⫺ mice demonstrated normal IFN-␣/␤ responses;
however, mouse embryo fibroblasts (MEFs) from these animals showed impaired induction of IFN-␣/␤ and reduced activation of NF-B following poly(I 䡠 C) treatment. Abraham et
al. (1) found no deficiency in resistance to either influenza
virus or vaccinia virus in vivo, while IFN-␣/␤ signaling, hematopoiesis, apoptosis, and eukaryotic initiation factor 2␣ phosphorylation were found to be indistinguishable in tissues derived from PKR⫺/⫺ mice and in tissues from wild-type mice.
The present study was undertaken to examine the role of
PKR in the IFN-mediated resistance to VSV infection.
PKR⫺/⫺ mice and MEFs derived therefrom were tested, with
or without IFN pretreatment, for their ability to resist VSV
infection. We show here that PKR does indeed play a crucial
role in antiviral defense and may represent the dominant IFNmediated response to VSV in vivo, particularly in the respiratory system.

Interferons (IFNs) have for some time now been recognized
as the cytokines responsible for conferring an antiviral state on
cells of the host. These effects are mediated by the gene products activated or induced following the interaction of IFNs with
their cognate receptor(s). Several pathways have been identified, the most actively studied of which include the Mx
proteins, 2⬘-5⬘-adenylate synthase/RNase L system, inducible
nitric oxide synthase, and double-stranded RNA (dsRNA)activated protein kinase PKR. Each of these systems affects the
viral life cycle in different fashions. The Mx proteins for example, members of the dynamin superfamily, are thought to,
among other things, inhibit the transport of virus nucleocapsids
into the nucleus, thereby preventing viral transcription (19).
Influenza virus, vesicular stomatitis virus (VSV), and measles
virus are just some of the viruses demonstrating Mx proteindependent growth suppression (11). Interestingly, most laboratory strains of mice possess naturally occurring mutations in
the two murine Mx genes cloned to date and have shown an
increased susceptibility to influenza virus and VSV infections
compared with that of wild-type mice (13, 14). The 2⬘-5⬘adenylate synthase/RNase L pathway represents a multienzyme system which is activated upon the binding of dsRNA to
2⬘-5⬘-adenylate synthase, which in turn produces 2⬘-5⬘-oligoadenylates (2⬘-5⬘-A) that stimulate RNase L to degrade viral
RNAs (16). RNase L has been shown previously to be protective against encephalomyocarditis virus (EMCV) (38) and vaccinia virus (8). Cytokine-induced nitric oxide synthase has been
shown to be protective against several viruses including vaccinia virus (15), herpes simplex virus type 1 (25), VSV (3), and
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MATERIALS AND METHODS

RESULTS
PKRⴚ/ⴚ MEFs are more permissive for VSV infection than
are control MEFs. Primary MEFs derived from PKR⫺/⫺ mice
and control mice were assayed for their permissiveness for
VSV infection (Fig. 1). IFN-treated or untreated MEFs were
infected with VSV at an MOI of 0.1 PFU/cell and allowed to
produce virus for 24 h. For the medium from these dishes, the
titers were then determined to determine the number of infectious viral particles (PFU) produced from these cells, with
or without pretreatment with IFN-␣/␤ or IFN-␥. We observed
a slight increase in the amount of virus produced from PKR⫺/⫺
MEFs over that from control MEFs (Fig. 1), indicating that
PKR⫺/⫺ fibroblasts are moderately more permissive for VSV
infection. Increasing doses of IFN-␥ protected PKR⫺/⫺ and
control MEFs to similar degrees at each dose given, indicating
no deficiency in the IFN-␥ pathway (Fig. 1B). We did, however, see a consistently greater viral titer produced from infected PKR⫺/⫺ MEFs than from control MEFs, regardless of
IFN-␥ dose. IFN-␣/␤-mediated responses showed a marked
deficiency in PKR⫺/⫺ MEFs, as doses of IFN-␣/␤ which completely protected control MEFs (7-log reduction in titer) were
able to reduce the titer in PKR⫺/⫺ MEFs by only 4 logs to 104
PFU/ml (Fig. 1A).

FIG. 1. MEFs from PKR⫺/⫺ animals show a slight increase in VSV production and an IFN-␣/␤ deficiency compared to control MEFs. Primary embryo
fibroblasts from PKR⫺/⫺ and BALB/c mice (control) were either untreated or
treated with various doses of IFNs 18 h prior to their infection with VSV at an
MOI of 0.1 PFU/cell. The titers of infectious viral particles produced from these
infections were determined as described in Materials and Methods and are
represented as PFU per milliliter. Untreated PKR⫺/⫺ MEFs were slightly more
productive for VSV infection (5- to 10-fold) than were untreated control MEFs.
(A) Control MEFs showed dose-dependent reductions in titer when pretreated
with IFN-␣/␤, with 300 IU/ml providing complete protection. PKR⫺/⫺ MEFs,
however, responded less well, producing between 1 and 4 logs more virus than
did control MEFs, depending on the dose of IFN given. (B) IFN-␥ pretreatment
protected PKR⫺/⫺ and control MEFs to similar degrees; however, PKR⫺/⫺
MEFs consistently produced two- to fivefold-more virus than did controls regardless of IFN dose. Data represent means ⫾ standard errors of the means of
triplicate experiments.

We also monitored the kinetics of infection in MEFs using
[35S]methionine in vivo labeling following infection of MEFs at
a dose of 3 PFU/cell. For PKR⫺/⫺ MEFs (Fig. 2), we detected
the appearance of viral proteins at about 4 h p.i., with bands
representing VSV G, N, and M proteins increasing in intensity
relative to host proteins as time progressed. Control MEFs
also expressed viral proteins at 4 h p.i., but the intensity of
these bands did not appear to increase appreciably during the
remaining course of infection as it had for the PKR⫺/⫺ MEFs.
It appears from these experiments that, although the onset of
infection is similar between wild-type and PKR⫺/⫺ MEFs, control fibroblasts are capable of limiting the infection while, in
PKR⫺/⫺ cells, the kinetics of VSV replication are unabated.
PKRⴚ/ⴚ mice demonstrate an acute susceptibility to i.n.
VSV infection. To further investigate the role of PKR in the
defense against VSV, we infected PKR⫺/⫺ mice i.n. with various doses and monitored their survival. Table 1 reveals the
extreme sensitivity of PKR⫺/⫺ mice to i.n. VSV infection, even
down to the minimum dose of 50 PFU. None of the mice
lacking PKR could survive beyond 5 days p.i. This is in contrast
to the PKR⫹/⫹ control mice that we tested; BALB/c, CD1, and
BALB/c ⫻ 129 mouse strains, treated with the highest dose
tested, all survived past 5 days. We have found the 50% lethal
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Virus. The Indiana serotype of VSV was used throughout this study and was
propagated in L929 cells.
Assaying virus production in primary MEFs. Primary MEF cultures were
established from PKR⫺/⫺ (1) and BALB/c E13.5 embryos as described previously (23). For analysis of MEF susceptibility to VSV infection, MEFs were
seeded to 80% confluence in 35-mm-diameter dishes containing 2 ml of ␣
minimum essential medium (Gibco/BRL, Burlington, Ontario, Canada) supplemented with 10% fetal bovine serum (FBS) and either not treated or supplemented with various doses of IFN and then incubated for 16 h. Virus diluted in
medium to an appropriate multiplicity of infection (MOI) was added to the
dishes and allowed to adsorb for 30 min at 37°C. The dishes were subsequently
rinsed three times with phosphate-buffered saline (PBS), overlaid with 2 ml of
medium, and incubated for 8 h. For virus-laden medium from these dishes, titers
were then determined as described previously (4) with minor modifications.
Briefly, virus-containing media were serially diluted in ␣ minimum essential
medium supplemented with 10% FBS. Each virus inoculum was allowed to
adsorb to a monolayer of L cells for 30 min at 37°C and then overlaid with 0.5%
agarose in medium. Following an overnight incubation at 37°C, the agar was
removed and the monolayers were fixed in 4% paraformaldehyde and stained
with 0.5% methylene blue. Plaques were counted visually.
Analysis of viral protein production by 35S in vivo labeling. MEFs were
infected with VSV at an MOI of 3 PFU/cell as described above. At 2, 4, 6, and
8 h postinfection (p.i.), the dishes were rinsed with PBS and the cells were
harvested and lysed directly into sodium dodecyl sulfate (SDS) sample buffer
(34). One hour prior to each time point (i.e., at 1, 3, 5, and 7 h p.i.), the cells were
pulsed with 50 Ci of 35S-labeled methionine-cysteine (1,000 Ci/mmol; ICN
Pharmaceuticals, Costa Mesa, Calif.) in Met-Cys-deficient medium (Gibco/BRL)
supplemented with 1% FBS. The lysates were boiled, and the labeled proteins
were separated by SDS-polyacrylamide gel electrophoresis and visualized using
a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Experimental infection of mice. Eight- to ten-week-old female mice were used
throughout. Anesthetized mice were infected intranasally (i.n.) with VSV diluted
in 50 l of PBS into the nares of each animal. Subcutaneous infection proceeded
without prior anesthetic, with a 50-l dose of virus diluted in PBS. For intravenous (i.v.) infection, mice were catheterized into the tail vein and injected with
VSV diluted in 100 l of PBS, and then the catheter was subsequently flushed
with another 100 l of PBS to ensure a consistent dose. In all cases, mice were
monitored for up to 14 days after infection for weight loss, piloerection, group
huddling, dehydration, respiratory distress, and hind limb paralysis. Animals
displaying hind limb paralysis or severe morbidity were scored as such and
euthanatized in the interests of animal welfare.
IFN treatment of animals was by intraperitoneal injection of either mouse
IFN-␣/␤ (Cytimmune; Lee Biomolecular Research Inc., San Diego, Calif.) or
mouse IFN-␥ (Boehringer, Mannheim, Germany) as indicated, 24 h prior to viral
infection.
Determination of tissue viral titers. Mice were sacrificed, and organs were
aseptically removed and snap frozen on dry ice. Specimens were homogenized in
2 ml of PBS on ice, and titers were determined on L-cell monolayers as described
above.
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dose (LD50) for PKR⫺/⫺ mice infected i.n. with VSV to be
⬍15 PFU (data not shown), while the LD50 for CD1 and
BALB/c ⫻ 129 mice was greater than 106 PFU (data not
shown). BALB/c animals, which have been reported previously
to be sensitive to VSV due to their major histocompatibility
complex class I-restricted cytolytic T-cell response (9), demonstrated an LD50 of 104 PFU (our data and reference 31). Also,
while the normal pathology of VSV infection in mice is manifested in the central nervous system, most notably as hind limb
paralysis, all PKR⫺/⫺ animals infected with VSV appeared to
die of respiratory failure.
IFN cannot rescue PKRⴚ/ⴚ animals from i.n. VSV infection.
Animals nullizygous for PKR and infected with VSV by the i.n.
route demonstrate a significantly decreased survival rate compared to that for control mice (Fig. 3A and B). At this dose
(5 ⫻ 104 PFU i.n.), all PKR⫺/⫺ mice died fairly synchronously
by day 4. All these animals exhibited piloerection and rapid
breathing as early as 16 h after infection, weight loss (3 to 5%
of total weight per day), and squinting of the eyes (by day 2).
By day 4 p.i., most animals were in respiratory distress, many
with severe distress as denoted by “crackles and pops” that
were heard while they were breathing. If allowed to continue,
the animal died within the hour. This is in stark contrast to
PKR⫹/⫹ control (BALB/c ⫻ 129) animals, which all survived
past day 14 and never exhibited the respiratory distress manifested by the knockout animals. Control mice sometimes
showed mild piloerection, eye squinting, and weight loss but
appeared to recover from these symptoms by day 6 p.i. To
investigate the contribution of PKR in the IFN resistance to
VSV, both control and PKR⫺/⫺ mice were pretreated with 2 ⫻
104 or 2 ⫻ 105 U of mouse IFN-␣/␤ 18 h prior to i.n. infection
with VSV (Fig. 3A and B, respectively). BALB/c ⫻ 129 control
animals again showed no mortality but also demonstrated complete alleviation of the above-mentioned symptoms at both
doses of IFN following VSV infection (Fig. 3A and B). BALB/c
control mice infected at the same dose of VSV (five times their
LD50) were also protected with IFN pretreatment, increasing
their median time to death twofold (data not shown). PKR⫺/⫺
mice, however, showed no increase in survival (Fig. 3A and B),
no alleviation of symptoms, and no change in median time to
death with IFN pretreatment (data not shown), even at the
highest dose.

Route of infection determines pathology for PKRⴚ/ⴚ animals. The observation that PKR⫺/⫺ mice succumb to respiratory pathology rather than neuropathology was unexpected. To
investigate this further, we infected both control (BALB/c) and
PKR⫺/⫺ animals through various routes and monitored their
survival and symptoms. As expected, control animals were
completely resistant to subcutaneous VSV infection at a dose
of 5 ⫻ 105 PFU (Fig. 3C). These mice never showed any signs
of infection or distress. In contrast, PKR⫺/⫺ animals infected
at a 10-fold-lower dose demonstrated a marked decrease in
survival, with fewer than 40% of the animals remaining after 12
days p.i. Furthermore, these animals did not present with severe respiratory distress, as was the case with i.n. infection, but
instead developed hind limb paralysis.
PKR⫺/⫺ animals infected i.v. showed good resistance to
VSV infection at doses as high as 5 ⫻ 106 PFU (Fig. 3D). At
this dose, only one of six animals showed any signs of sickness,
and it was eventually euthanatized at day 9 p.i. after developing
hind limb paralysis. Tissues from this animal assayed for VSV
showed virus present only in the brain at levels similar to those
for i.n. infected animals (data not shown).
PKRⴚ/ⴚ mice show high lung titers following i.n. infection.
To determine the extent of viral infection, virus titers in assorted tissues were determined following infection through
various routes. PKR⫺/⫺ and control animals (BALB/c) were
infected i.n., and on day 4 when PKR⫺/⫺ animals appeared
quite sick, blood, brain, lung, liver, kidney, and spleen tissues
were removed aseptically and analyzed to determine the titer
of virus present. Control animals showed significant titers of
virus in the brain (Fig. 4) and lung while all other organs had
no detectable virus (data not shown). PKR⫺/⫺ mice also
showed high titers of virus in the brain but, in contrast, had
significantly higher titers (3 logs higher) of VSV in the lungs
than did control mice (Fig. 4). As was the case with wild-type
mice, all other tissues from PKR⫺/⫺ animals showed no detectable infection with VSV by this method. Furthermore, pretreatment with increasing doses of IFN-␣/␤ was not able to
decrease viral titers in the lungs of PKR⫺/⫺ animals infected
i.n. with VSV (Fig. 4).
When PKR⫺/⫺ animals were infected subcutaneously and
assayed on day 8 p.i., we could find virus only in the brain while
the lungs had very low or undetectable levels of VSV. PKR⫹/⫹
control animals, in contrast, had low titers of virus in the brain
and no detectable virus in any other organs. i.v. infection with
VSV again demonstrated no virus in any organs except the
brain (data not shown).

TABLE 1. PKR⫺/⫺ or PKR⫹/⫹ mice infected i.n.
with various doses of VSVa
Strain

i.n. dose
(PFU)

No. of mice surviving
at day 5/total
no. of mice

PKR⫹/⫹

BALB/c
CD1
BALB/c ⫻ 129

5 ⫻ 104
5 ⫻ 104
5 ⫻ 104

5/5
5/5
5/5

PKR⫺/⫺

BALB/c ⫻ 129

5 ⫻ 104
5 ⫻ 103
5 ⫻ 102
5 ⫻ 101

0/5
0/4
0/3
0/3

Genetic
background

a
PKR⫺/⫺ and PKR⫹/⫹ control mice were infected i.n. with various doses, and
their survival was monitored over time. All PKR⫺/⫺ mice succumbed to the
infection between days 2 and 5 depending on the dose, while control mice
remained alive beyond this point.
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FIG. 2. SDS-polyacrylamide gel electrophoresis separation of 35S-labeled
proteins synthesized in VSV-infected MEFs from PKR⫺/⫺ and control animals.
MEFs were either not infected (⫺) or infected with VSV at an MOI of 3 for 2,
4, 6, or 8 h as described in Materials and Methods. The infected cells at each time
point were pulsed with [35S]methionine-cysteine for 1 h prior to being harvested
and lysed. VSV proteins (G, N, and M) begin to appear in PKR⫺/⫺ and control
cells at 4 h p.i. While this pattern of labeled proteins remains constant in control
cells up to 8 h p.i. viral proteins become the predominant translated proteins in
the PKR⫺/⫺ samples by 8 h p.i. Molecular masses are indicated at left of each
panel in kilodaltons.
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DISCUSSION
Biochemical data from many laboratories have clearly defined PKR as an IFN-inducible gene product whose enzymatic
activity is stimulated by dsRNA (2, 10, 20, 27). Because of
these properties, PKR has been predicted to play a major role
in IFN-mediated antiviral defense. Indeed, PKR demonstrated
an antiviral role in cultured cells following various means of
overexpression of the wild type or catalytically inactive mutants
(21, 22, 28). However, previous studies from our lab and others
have failed to demonstrate a definitive role for PKR on an
organismal level following genetic ablation of PKR in mice (1,
36). Yang et al. (36) challenged their PKR⫺/⫺ mice with
EMCV (⬃1,000 PFU i.v.) and found no difference in survival
from that of wild-type animals, but the mice did show a diminished protective effect from pretreatment with either IFN-␥ or
the dsRNA analogue poly(I 䡠 C). In a recent report, Zhou et al.
have also shown only a very slight difference in survival between wild-type animals and the Yang PKR⫺/⫺ mice following
EMCV infection (100 PFU i.v.) (39). These data indicate that,
during the course of infection by i.v. injected EMVC, PKR
does not play an important role in antiviral defense but can be
called upon to bolster defenses if the animal is pretreated with
dsRNA or IFN-␥ prior to infection. Abraham et al. (1) also
found no deficiency in resistance to either influenza virus or
vaccinia virus in their PKR⫺/⫺ mice. As mentioned above,
these results were unexpected, as the biochemical evidence
predicted a substantial role for PKR in antiviral defense.
We continued to investigate the role of PKR in viral resistance and have observed in this study that MEFs derived from
the Abraham mouse (39) are more permissive for VSV infection than are MEFs from wild-type animals (Fig. 1). We fur-

ther demonstrated that, although IFN-␥ treatment was equally
protective in PKR⫺/⫺ MEFs and in control MEFs, IFN-␣/␤
was much less effective in protecting MEFs devoid of PKR
than in protecting PKR⫹/⫹ control cells (Fig. 1). This deficiency in IFN-␣/␤-mediated response in PKR⫺/⫺ MEFs demonstrates the importance of PKR in the IFN-mediated resistance to VSV in fibroblasts. This is consistent with a recent
report by Zhou et al. describing similar results with MEFs
derived from the Yang mouse (39). They showed a decrease in

FIG. 4. VSV-infected PKR⫺/⫺ mice show high lung titers compared with
control mice. IFN-␣-treated and untreated PKR⫺/⫺ and control mice were
infected i.n. with 5 ⫻ 104 PFU and sacrificed for their organs on day 4 p.i. Titers
in blood, spleen, kidney, liver, brain, and lung tissues were determined, and only
brain and lung tissue showed any detectable virus. Although brain tissue titers
from PKR⫺/⫺ and control mice were similar (⬍105 PFU/g), lung titers in
PKR⫺/⫺ animals were 2 to 3 logs higher than those seen in control mice. IFN-␣/␤
treatment of PKR⫺/⫺ mice did not reduce virus titers and perhaps even resulted
in a slight increase in both brain and lung tissues. Virus titers are expressed as
PFU per gram of tissue. Data represent means ⫾ standard errors of the means
of triplicate experiments.
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FIG. 3. PKR⫺/⫺ mice are acutely sensitive to i.n. VSV infection and demonstrate a deficiency in IFN-mediated resistance. (A and B) PKR⫺/⫺ and control mice
(BALB/c ⫻ 129) were infected i.n. with 5 ⫻ 104 PFU of VSV and monitored for morbidity and survival over the course of 14 days, after which remaining animals were
deemed to have survived the infection. PKR⫺/⫺ mice showed a severe decrease in survival compared to that of control mice (wild type [WT]), succumbing by day 3
or 4, while all control mice survived the infection. IFN-␣/␤ pretreatment (18 h prior to infection) with either 2 ⫻ 104 IU (A) or 2 ⫻ 105 IU (B) had no protective effect
in PKR⫺/⫺ animals. (C) PKR⫺/⫺ mice infected subcutaneously (5 ⫻ 104 PFU) showed increased survival compared with i.n. infected PKR⫺/⫺ animals (A and B) but
were still more susceptible than subcutaneously infected control mice (BALB/c), which appeared unaffected even at a 10-fold-higher dose (5 ⫻ 105 PFU). All PKR⫺/⫺
animals scored here as fatalities displayed hind limb paralysis and were euthanatized. (D) PKR⫺/⫺ mice demonstrate resistance to i.v. VSV infection (5 ⫻ 105 and 5 ⫻
106 PFU) with all animals except one surviving (one of six in the cohort infected with 5 ⫻ 106 PFU). This animal displayed signs of hind limb paralysis and was
euthanatized.
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BALB/c animals, which were unaffected even at a 10-foldhigher dose (Fig. 3C). This survival rate is significantly better
than that seen when PKR⫺/⫺ animals were infected i.n. Interestingly, PKR⫺/⫺ mice did not present with severe respiratory
distress, as was the case during i.n. infection, but instead
showed neuropathology manifested as hind limb paralysis. As
well, PKR⫺/⫺ animals demonstrated relatively high resistance
to VSV infection when virus was delivered i.v. (Fig. 3D). Doses
as high as 5 ⫻ 106 PFU were well tolerated by these mice, with
only one animal affected and subsequently euthanatized due to
signs of hind limb paralysis. When the organs of this animal
were examined for the presence of VSV, it showed virus in the
brain only. Therefore, route of infection determines not only
the severity but also the type of pathology seen. This again
suggests that PKR⫺/⫺ mice may be acutely sensitive to infection of the respiratory system, as routes of infection which
bypass the respiratory tract result in increased survival of these
animals.
It is also formally possible that PKR⫺/⫺ mice show a deficiency in resistance at the initial sites of infection, thereby
determining the tropism of the virus. During the i.n. infection
in wild-type animals, VSV initially infects the olfactory receptor neurons and then spreads quickly to the rest of the central
nervous system (30). The respiratory epithelium appears to be
relatively resistant to VSV (24). Perhaps in PKR⫺/⫺ mice,
however, the infection cannot be dampened by the innate
immune system at the respiratory epithelium because of the
lack of PKR and therefore the virus is allowed to spread to and
eventually inundate the respiratory system, leading to the
death of the animal. Although the exact mechanisms remain to
be determined, it is clear that mice deficient in PKR do not
succumb to VSV via the standard pathology of the central
nervous system but die first from a massive infection and inflammation of the respiratory system.
The IFN pathway has many tools by which it protects the
host from viral infections. It is becoming clear now that the
host relies on each of these mechanisms to various degrees
depending on the pathogen at hand. The genetic ablation of
PKR in mice has allowed us to determine the contribution of
this gene product to IFN-mediated defense. We have shown
here that PKR appears to be a critical facet of the innate
immune response protecting the host against VSV infection.
Other viruses such as EMCV, influenza virus, and vaccinia
virus have evolved mechanisms to defeat PKR (5, 6) and therefore have perhaps diminished the role of PKR in resisting
these infections, forcing the host instead to rely on other effectors of the IFN pathway to counter these invaders.
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IFN-␣/␤-mediated protection in PKR⫺/⫺ MEFs compared to
that in wild-type-derived MEFs (39) and further showed that
the IFN-mediated resistance to VSV in cultured cells can be
attributed almost exclusively to PKR, as MEFs from mice
triply deficient in Mx1, RNase L, and PKR showed no increase
in susceptibility to VSV over that of MEFs deficient in PKR
alone (39). The differences in susceptibility between wild-type
and PKR⫺/⫺ cultured cells became apparent only in this study,
with increased IFN pretreatment; that is to say that untreated
MEFs from PKR⫺/⫺ mice were only two- to fivefold more
susceptible to VSV than were control MEFs. This is consistent
with our in vitro data showing that, in cultured primary embryo
fibroblasts at least, PKR on its own is only slightly protective
against VSV infection. IFN-␣/␤ pretreatment, however, can
provide complete protection against VSV infection, but only if
PKR is present.
To examine this in the whole mouse, we infected PKR⫺/⫺
mice i.n. with various doses of VSV and observed a significant
increase in susceptibility over that of control mice. At doses as
low as 50 PFU, all of the PKR⫺/⫺ mice succumbed to the
infection, while all control mice survived. This was surprising
considering the modest difference in susceptibility observed for
cultured cells from these mice. Firstly, this demonstrates unequivocally that PKR plays a major role in host defense against
VSV infection. Without PKR, a mouse cannot survive i.n.
infection with even a minute inoculum of VSV (Table 1).
Furthermore, since pretreatment with IFN-␣/␤ could not rescue these animals (Fig. 3A and B) or ameliorate their symptoms, PKR may in fact be the major component for the IFN
pathway mediating resistance to i.n. VSV infection. This is in
good agreement with the data mentioned above for cultured
cells but highlights a critical limitation of studies with tissue
culture cells. Although a modest correlation was found between PKR and VSV susceptibility in MEFs, in the mouse
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of the alveolar ducts, while control mice showed no such pathology (data not shown). IFN-␣/␤ treatment again showed no
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symptoms of respiratory distress displayed by PKR⫺/⫺ mice
during the infection, which were not evident in the control
mice, it would appear that tissues in the lungs have an exquisite
sensitivity to VSV infection in the absence of the pkr gene
product. Interestingly, in a study by Ronni et al. (32) human
lung epithelium was shown to have only a modest IFN-␣/␤
response and a slow MxA protein accumulation following infection with influenza A virus. It may be, therefore, that lung
epithelium relies heavily on PKR to dampen viral infection
until humoral host defenses can be mounted.
The route of inoculation also plays a role in the course of the
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