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Herpes simplex virus 2 (HSV-2) strains containing mutations in the virion host shutoff (vhs) protein are
attenuated for replication compared with wild-type virus in mouse embryonic fibroblasts (MEFs). However,
HSV-2 vhs mutants replicate to near wild-type levels in the absence of the RNA-activated protein kinase (PKR).
PKR is one of several kinases that phosphorylates the eukaryotic initiation factor 2a (elF2a) to inhibit
translation initiation, and we previously found that more of the phosphorylated form of elF2a accumulates in
MEFs infected with HSV-2 vhs mutants than with wild-type virus. Here, we show that this increase in
phosphorylated elF2« is primarily PKR dependent. Using MEFs expressing nonphosphorylatable elF2a, we
demonstrate that phosphorylated elF2« is the primary cause of attenuated replication of HSV-2 vhs mutants
and that attenuation correlates with decreased accumulation of viral proteins. Normally, HSV antagonizes
elF2a phosphorylation through the action of ICP34.5, which redirects protein phosphatase 1o (PPla) to
dephosphorylate elF2a during infection. We show that ICP34.5 does not accumulate efficiently in MEFs
infected with HSV-2 vhs mutant viruses, suggesting that the accumulation of phosphorylated elF2a and the

attenuated phenotype of HSV-2 vhs mutants in MEFs result from a deficiency in ICP34.5.

vhs is a tegument protein conserved among the neurotropic
alphaherpesviruses (18, 47, 50). vhs is an endoribonuclease (15,
53, 59) that degrades host transcripts to inhibit host protein
synthesis (24, 28, 29, 40) and viral transcripts, possibly to aid
progression through the temporal cascade of viral gene expres-
sion (28, 39, 40). In primary MEFs at low multiplicities of
infection (MOI), replication of herpes simplex virus 2 (HSV-2)
vhs mutants is reduced 10- to 100-fold by 24 h postinfection
(p.i.) compared with that of wild-type virus (13, 27). HSV-2 vhs
mutants replicate to wild-type levels in mouse embryonic fi-
broblasts (MEFs) lacking the alpha/beta interferon (IFN-o/B)
receptor and in RNA-activated protein kinase (PKR)-deficient
MEFs (13, 27), suggesting that HSV-2 vhs has a role in coun-
teracting the PKR-mediated arm of the IFN-a/f response in
MEFs. One target of PKR is the translation initiation factor
eukaryotic initiation factor 2a (eIF2a), and indeed, phosphor-
ylated eIF2a accumulates in MEFs infected with HSV vhs
mutants (43).

elF2, composed of «, B, and <y subunits, is a key factor in
cap-dependent translation initiation (44). eIF2« is phosphory-
lated by a group of kinases including PKR, PKR-like ER ki-
nase (PERK), and the general control nonderepressible-2 ki-
nase (GCN2). These kinases are activated by double-stranded
RNA (dsRNA), ER stress, and amino acid deprivation, respec-
tively, each of which often occurs during virus infection (3, 21).
Phosphorylation of the eIF2a subunit prevents formation of
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the 80S ribosomal complex by inhibiting guanine nucleotide
exchange (20, 33, 44), resulting in the formation of stalled
initiation complexes and translation arrest. Viruses that trigger
but cannot counteract eIF2a phosphorylation may be compro-
mised for viral protein synthesis and replication due to the
translation arrest imposed. In addition, stalled initiation com-
plexes induce the formation of stress granules, which are dy-
namic structures that provide a means for the transient inhi-
bition of protein synthesis (25). Fibroblasts infected with
HSV-1 vhs mutants have more stress granules than do cells
infected with wild-type virus (16), a finding that correlates well
with the increase in phosphorylated eIF2«a identified in MEFs
infected with vhs mutants (43). Stress granule formation could
have a detrimental effect on virus replication by sequestering
and preventing translation of viral messages or host mRNAs
encoding proteins critical for virus replication (2, 30).

HSV-1 encodes several antagonists of PKR and PERK, in-
cluding ICP34.5, Ugl1, and gB (7-10, 12, 36, 37). Of particular
interest is the PKR antagonist ICP34.5, which counteracts
elF2a phosphorylation by binding to protein phosphatase la
(PPla) and redirecting it to dephosphorylate elF2a (22, 23).
Infection of fibroblasts and neurons with HSV-1 lacking
ICP34.5 leads to greatly increased levels of phosphorylated
elF2a, translation arrest, and strongly attenuated virus repli-
cation compared to those of cells infected with wild-type virus
(5, 12). These observations highlight the functional importance
of PKR antagonism by ICP34.5.

While wild-type HSV prevents accumulation of phosphory-
lated eIF2« in primary MEFs, MEFs infected with vhs mutants
exhibit increased levels of phosphorylated elF2a. Levels in
cells infected with vhs mutants are increased by 6 h p.i., and the
difference from wild-type virus-infected cells becomes magni-
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fied as the infection progresses (43). The accumulation of
phosphorylated elF2a is more pronounced in MEFs infected
with HSV-2 vhs mutants than in those infected with HSV-1 vhs
mutants (43). The mechanism by which phosphorylated eIF2a
is increased in MEFs infected with vhs mutants has not been
determined. Phosphorylated elF2a could accumulate because
of a defect in the regulation of phosphatase or kinase activities,
or both. HSV-2 vhs mutants (13) but not HSV-1 vhs mutants
(43) are attenuated primarily through the action of PKR, dis-
tinguishing between the roles of HSV-1 and HSV-2 vhs in
promoting virus replication. We reasoned that the increase in
phosphorylated eIF2« in MEFs infected with HSV-2 vhs mu-
tants may be PKR mediated, and this increase may be respon-
sible for attenuating the replication of HSV-2 vhs mutant vi-
ruses due to translation arrest and/or formation of stress
granules. In this study, we examined these possibilities and
identified the probable cause of the increase in phosphorylated
elF2a in MEFs infected with HSV-2 vhs mutants.

MATERIALS AND METHODS

Mice. 129Sv/Ev (wild-type) mice and PKR ™/~ mice (129Sv/Ev background)
(58) were housed and bred at the Department of Comparative Medicine, Saint
Louis University School of Medicine, in accordance with institutional and Public
Health Service guidelines.

Cells and viruses. Vero cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 3% newborn and 3% fetal calf serum with
1% penicillin-streptomycin. B6 (wild-type) and eIF2a S51A MEFs (B6 back-
ground) (referred to hereafter as S51A MEFs) (48) were provided by Donalyn
Scheuner and Randy Kaufman and were used through passage 11. B6 (wild-
type), PERK ™/~ (B6 background), and GCN2~/~ (B6 background) MEFs (60,
61) were obtained from Doug Cavener and used through passage 5. 129Sv/Ev
(wild-type) and PKR ™/~ (129Sv/Ev background) MEFs were prepared from
embryos at 15 to 18 days gestation and used through passage 5. TIA-1~/~ and
TIAR™/~ MEF cell lines (30) were provided by Cathy Miller with permission
from Paul Anderson. MEFs were cultured in DMEM supplemented with 10%
bovine growth serum and 1% penicillin-streptomycin. MEFs were seeded into
12-well plates and allowed to divide for 24 to 48 h until contact inhibited prior to
infection.

All HSV-2 strains were in the wild-type 333 background (14). The vhs-deficient
mutant 333d41 and its marker rescue virus, 333d41R (52), were provided by
David Leib. 333d41 has a 939-bp deletion between two Xcml sites and lacks vhs
RNase activity. Vhs RNase-deficient (333D215N) and rescue (333D215NR)
HSV-2 strains were constructed as previously described (27). 333D215N has a
single amino acid substitution that abrogates RNase activity while retaining the
capacity for vhs to form complexes with VP16 and VP22 and to serve structural
roles in the virion. A thymidine kinase-deficient (ATK ™) virus (32) was provided
by Jim Smiley. The ATK™ virus has a 180-bp deletion in the TK gene that
eliminates TK activity. All HSV-1 strains were in the wild-type strain 17 back-
ground. Strain 17syn+ (6) was obtained from David Leib. 17termA, which
contains a truncated ICP34.5 gene, and its marker rescue virus, 17termAR (4),
were provided by David Leib with permission from Rick Thompson. Viruses
were propagated on Vero cells, and titers were determined on Vero cell mono-
layers by standard plaque assay (26).

In vitro infection and assessment of virus replication. Cells were infected at
low (0.01) or high (10) MOI Mock infection was carried out by the addition of
uninfected Vero cell lysate. At 1 h p.i., the virus was removed, cells were gently
washed twice with phosphate-buffered saline at room temperature, and DMEM
containing 10% bovine growth serum was added for the remainder of the incu-
bation period. Cultures were collected 24 h p.i. and were frozen at —80°C. Virus
titers were determined by standard plaque assay on Vero cell monolayers (26).
Statistical significance of differences in viral titers was determined by ¢ test.

Western blot analysis. At 3, 6, or 9 h p.i., as specified in the figure legends, the
medium was completely removed from the cell monolayers. Cells were lysed on
ice in 200 ul buffer containing 50 mM Tris-Cl (pH 8), 150 mM NaCl, and 1%
NP-40 supplemented with complete mini EDTA-free protease inhibitor cocktail
tablets and PhosStop phosphatase inhibitor cocktail tablets (Roche). An equal
volume of 2X reducing sample buffer was added to the samples, and they were
stored at —80°C. For analysis of PKR levels in cell lysates, samples were com-
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bined with an equal volume of 2X nonreducing sample buffer in order to dis-
tinguish PKR from a cross-reactive band with the same mobility under reducing
conditions. Samples were boiled for 4 min and proteins separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
transferred to Immobilon-P membranes (Millipore), which were incubated over-
night with rabbit polyclonal antibodies against eIF2a (Santa Cruz), phosphory-
lated eIF2a (Biosource), HSV-1 or HSV-2 (Dako), PKR (Santa Cruz), S6 ribo-
somal protein (Cell Signaling), or HSV-2 ICP34.5 (55) (provided by Phil Krause)
diluted in Tris-buffered saline-Tween 20 with 1% nonfat milk. The membranes
were then incubated for 1 h with an alkaline phosphatase-conjugated anti-rabbit
secondary antibody (Promega). Colorimetric signal was detected using the BCIP/
NBT substrate (Promega). Western blots were scanned and bands were quanti-
fied using Image J software (http://rsb.info.nih.gov/ij/).

Assessment of PKR activation. 129Sv/Ev (wild-type) MEFs in six-well plates
were left untreated, mock infected by the addition of Vero cell lysate, or infected
at an MOI of 10. At 3 h p.i., medium was removed and replaced with phosphate-
free DMEM supplemented with 10% bovine growth serum for 1 h. From 4 to 6 h
p.i., cells were incubated in the presence of 50 wCi [*?PJATP (Perkin Elmer).
Cells were lysed at 6 h p.i. as described above for Western blot analysis. PKR was
immunoprecipitated from lysates by using an anti-PKR antibody conjugated to
protein A/G agarose beads (Santa Cruz) for 3.5 h on a rocker at 4°C in the
presence of PhosStop phosphatase inhibitor cocktail (Roche). Beads were
washed three times with ice-cold lysis buffer. Immunoprecipitated proteins were
analyzed by Western blot analysis for PKR and autoradiography, using Kodak
Biomax light film (Sigma).

An in vitro PKR kinase assay was designed to assess the capacity of lysates
from 333- and 333d41-infected MEFs to activate PKR, presumably by the pres-
ence of dsRNA. PKR was immunoprecipitated from uninfected wild-type
129Sv/Ev MEFs as described above. Anti-PKR antibody also was used in an
immunoprecipitation with PKR ™/~ MEF lysate as a negative control. As a
stimulus for PKR activation, lysates were prepared in parallel as follows.
PKR ™/~ MEFs were untreated, mock infected with Vero cell lysate, or infected
with 333 or 333d41 virus at an MOI of 10. At 6 h p.i., the MEFs were lysed in lysis
buffer supplemented with RNasin (Promega) and centrifuged at 400 X g in a
Sorvall MC12V microcentrifuge for 10 min to pellet the nuclear fraction. The
postnuclear fraction was mixed with the immunoprecipitated PKR in the pres-
ence of kinase assay reaction buffer consisting of 25 mM Tris-HCI (pH 7.5), 20
uM EGTA, magnesium-ATP cocktail (Upstate), and 10 wCi [y->*P]ATP (3,000
Ci/mmol; Perkin Elmer). Samples were incubated at 30°C for 15 min to incor-
porate radioactive phosphate. As a positive control for kinase activity, 2.5 pg
poly(I:C) (Sigma) was added to immunoprecipitated PKR in the kinase assay.
After incubation, 2X reducing sample buffer was added, and samples were
analyzed by Western blot analysis as described above. 3°P signal was detected by
autoradiography.

Real-time reverse transcriptase PCR. 129Sv/Ev MEFs were infected at an
MOI of 10 as described above. At 5 h p.i., medium was removed, and cells were
collected in TRI reagent (Molecular Research Center, Inc.). Samples were
frozen at —80°C until further processing. RNA was isolated according to the TRI
reagent manufacturer’s protocol, treated with Turbo DNase (Ambion), and
quantified using a Nanodrop ND-1000 (Thermo Scientific). cDNA was synthe-
sized from 500 ng RNA by using the Transcriptor first-strand cDNA synthesis kit
(Roche) primed with random hexamers according to the manufacturer’s speci-
fications. ICP34.5 was amplified (forward primer, 5'-AGACTCCCAAATGGT
CCCTGCGTA-3'; reverse primer, 5-TGTTCGCCCACTCTGCGT-3") and
normalized to the signal from amplification of 18S rRNA (forward primer,
5'-GTAACCCGTTGAACCCCATT-3'; reverse primer, 5'-CCATCCAATCGG
TAGTAGCG-3") using FastStart SYBR green master mix (Roche) on an ABI
7500 system. Cycling conditions were as follows: 50°C for 2 min; 95°C for 10 min;
40 cycles at 95°C for 15 s; 60°C for 1 min. Products were dissociated at 95°C for
15 s. The threshold cycle (C;) value was calculated from the average of duplicate
wells, and the ICP34.5 signal for each sample was normalized to the 18S rRNA
signal content by determination of AC;,. The change in ICP34.5 signal for the
333d41, 333d41R, or ATK virus relative to that of wild-type virus was determined
using the 2447 method (31, 45).

RESULTS

Accumulation of phosphorylated elF2a in MEFs infected
with HSV-2 lacking RNase activity correlates with decreased
accumulation of viral proteins. HSV-2 vhs is a multifunctional
protein with RNase activity and a structural role within the



VoL. 83, 2009

TABLE 1. Viruses used in this work

Virus Description Reference
333 HSV-2 wild type 14
333d41 vhs mutant in the 333 background 52
333d41R Repaired 333d41 virus 52
333D215N Point mutation in 333 vhs ablates 27

RNase activity
333D215NR  Repaired point mutant virus 27
ATK™ virus Thymidine kinase-deficient virus in 32
the 333 background
17syn+ HSV-1 wild type 6
17termA ICP34.57/~ in the 17syn+ background 4
17termAR Repaired 17termA virus 4

virus tegument. MEFs infected with an HSV-2 vhs deletion
mutant contain more phosphorylated elF2a than do MEFs
infected with wild-type virus (43). To determine whether the
increase in phosphorylated eIF2a depends on vhs RNase ac-
tivity, we compared the vhs null mutant 333d41 with 333D215N
(Table 1), in which a single amino acid substitution ablates
RNase activity but leaves the protein complex formation and
stability of vhs intact (27). Wild-type 129Sv/Ev MEFs were
infected with HSV-2 333, 33341, 333d41R, 333D215N,
333D215NR, and the ATK™ virus (Table 1) at an MOI of 10,
and samples were collected for Western blot analysis. Samples
were collected at 6 h p.i., the time at which a difference in the
levels of phosphorylated elF2a in MEFs infected with wild-
type and vhs mutant viruses is unambiguously detectable (43).
Cells infected with HSV-1 17termA, which lacks ICP34.5, were
included as a positive control. Indeed, 17termA-infected MEFs
showed the expected increase in phosphorylated eIF2a com-
pared to that in cells infected with its wild-type and marker
rescue viruses (Fig. 1) (12, 57). Levels of phosphorylated eIF2a
(Fig. 1A) relative to total elF2« (Fig. 1B) were decreased in
cells infected with 333 and rescue viruses 333d41R and
333D215NR compared with those in mock-infected cells, as
would be expected due to the activity of ICP34.5. The levels of
phosphorylated elF2a did not differ between cells infected
with 333 and those infected with the marker rescue viruses,
confirming that the marker rescue viruses are phenotypically
wild type. MEFs infected with 333d41 and 333D215N con-
tained more phosphorylated elF2a compared with those in-
fected with the wild-type and marker rescue viruses, demon-
strating that the increase in phosphorylated eIF2« results from
the loss of vhs RNase activity. In addition, MEFs infected with
the ATK™ virus did not show an increase in phosphorylated
elF2a compared to those infected with wild-type 333. There-
fore, increased levels of phosphorylated elF2a specifically
occur in the absence of vhs RNase activity.

Phosphorylation of eIF2« occurs in response to virus infec-
tion to shut down protein synthesis and prevent virus replica-
tion. To assess whether the increase in eIF2a phosphorylation
in MEFs infected with HSV-2 vhs mutants correlates with
decreased accumulation of viral proteins, a replicate Western
blot was prepared and probed with a mixture of polyclonal
antisera against HSV-1 and HSV-2 (Fig. 1C). Loading was
equilibrated to the total eIF2a signal (Fig. 1B). Small amounts
of viral proteins accumulated in MEFs infected with the
HSV-2 vhs mutants 333d41 and 333D215N compared to
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amounts in MEFs infected with wild-type and marker rescue
viruses, indicating that vhs is necessary for accumulation of
viral proteins to wild-type levels and that its RNase activity is
critical in the process. Viral proteins accumulated to similar
levels in MEFs infected with wild-type 333 and the marker
rescue viruses 333d41R and 333D215NR, confirming that the
rescue viruses reflect the characteristics of the wild-type virus
and, thus, decreases observed with the mutant viruses result
from loss of vhs RNase activity. Viral proteins accumulated to
wild-type levels in MEFs infected with the ATK™ virus at 6 h
p.i., distinguishing the phenotypes of the TK and vhs mutants.
As expected, levels of HSV-1 proteins were greatly reduced in
MEFs infected with 17termA compared to in those infected
with 17 and 17termAR (1, 11).

PKR mediates most of the eIF2a phosphorylation in MEFs
infected with vhs mutants. HSV-2 vhs mutants replicate inef-
ficiently in the presence of PKR (13). PKR is one of the kinases
that modifies eIF2a, so we determined whether PKR was re-
sponsible for phosphorylating eIF2a in MEFs during infection
with vhs mutant viruses. 129Sv/Ev (wild-type) MEFs and
PKR '~ MEFs (129Sv/Ev background) were infected with 333,
333d41, 333D215N, 333D215NR, and the ATK™ virus at an
MOI of 10, and samples were collected at 6 h p.i. for Western
blot analysis. For each sample, the phosphorylated elF2a sig-
nal was normalized to the total elF2a signal, and then com-
parisons were made between samples. In 129Sv/Ev MEFs,
wild-type and rescue viruses suppressed the level of phosphor-
ylated eIF2«a to below that found in mock-infected cells (Fig.
2A). 333d41 and 333D215N infection resulted in the accumu-
lation of phosphorylated elF2a to levels 3.5-fold higher than
mock treatment and eightfold higher than 333 and D215NR
infection (Fig. 2A), as previously observed (43). In PKR ™/~
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FIG. 1. Accumulation of phosphorylated elF2a (Phospho-eIF2a)
is associated with loss of HSV-2 vhs nuclease activity. Wild-type
129Sv/Ev MEFs were infected at an MOI of 10 with the indicated
viruses. Lysates were collected at 6 h p.i. and analyzed by Western blot
analysis for phosphorylated elF2a (middle band indicated by arrows)
(A), total elF2a (B), or HSV-1 and HSV-2 proteins (C).
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FIG. 2. elF2a phosphorylation in MEFs infected with HSV-2 vhs mutant viruses is mediated primarily by PKR. Wild-type 129Sv/Ev (A),
PKR /" (B), wild-type B6 (C), PERK /= (D), and GCN2~/~ (E) MEFs were infected at an MOI of 10 with the indicated viruses. Lysates were
collected 6 h p.i. and analyzed by Western blot analysis. Band intensities were quantified with ImageJ. The ratio of phosphorylated elF2a
(Pi-eIF2a) compared to total eIF2a was determined and expressed as a proportion of the mock-infected MEF sample (set to 1). Data represent
the means *+ standard deviation (SD) of the results for three to four experiments. A representative Western blot from each data set is shown.

MEFs, however, the level of phosphorylated elF2a in cells
infected with vhs mutants was slightly lower than the amount
found in mock-infected cells and was only twofold higher than
in cells infected with wild-type and rescue viruses (Fig. 2B).
Infection with the ATK™ virus produced the same suppression
of phosphorylated elF2a as that produced by wild-type and
rescue viruses (Fig. 2A), indicating that the phosphorylation
increases are specific to cells infected with vhs mutants. These

data indicate that PKR modulates the level of phosphorylated
elF2a during infection with vhs mutants. Because other ki-
nases also contribute to the accumulation of phosphorylated
elF2a in the absence of PKR, we examined the effects of the
elF2a kinases PERK and GCN2. In B6 (wild-type), PERK ~/~,
and GCN2~/~ MEFs, 333 and 333D215NR effectively sup-
pressed the accumulation of phosphorylated elF2a (Fig. 2C,
D, and E). In B6 MEFs infected with 333d41 or 333D215N,
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FIG. 3. Replication of an HSV-2 vhs mutant virus is restored to wild-type levels in PKR ™~ and S51A MEFs. (A) Wild-type 129Sv/Ev MEFs
were infected at a low MOI (0.01) with the indicated viruses. Samples were collected 24 h p.i. Data represent virus titers from duplicate samples
from one experiment and are consistent with published data. Wild-type B6, PERK™/~, and GCN2~/~ MEFs (B); 129Sv/Ev and PKR ™~ MEFs (C);
or B6 and S51A MEFs (D) were infected at a low MOI (0.01). Viral titers from samples collected 24 h p.i. are represented as the means = standard
error of the mean of the results for two experiments (B) or three experiments (C and D). *, P < 0.05; #*, P < 0.01; ##*, P < 0.001; ns, P > 0.05.

phosphorylated eIF2a accumulated to levels threefold higher
than those in mock-infected MEFs (Fig. 2C). In contrast to our
observations in PKR™/~ MEFs, phosphorylated elF2a in
PERK "/~ (Fig. 2D) and GCN2 "/~ (Fig. 2E) MEFs infected
with vhs mutants was not suppressed below the levels in mock-
infected MEFs, although it was reduced to levels only approx-
imately 1.5-fold over those in mock-treated cells. This suggests
that PERK and GCN2 contribute to the phosphorylation of
elF2a at 6 h p.i., but to a lesser extent than does PKR. In B6
(wild-type), PERK ', and GCN2~/~ MEFs infected with
333d41 or 333D215N, phosphorylated elF2a accumulated to
levels about fivefold higher than those found in MEFs infected
with wild-type virus, confirming that PKR is the kinase primar-
ily responsible for the increase in phosphorylated elF2a in
cells infected with vhs mutants compared to those infected with
wild-type virus. In summary, the levels of phosphorylated
elF2a in MEFs infected with vhs mutants fall below the level
in mock-infected cells only in PKR ™/~ MEFs and are closest to
the levels found after infection with wild-type virus (within
twofold) in PKR ™'~ MEFs. These results indicate that PKR
mediates most of the phosphorylation of eIF2« in the absence
of vhs RNase activity, whereas PERK and/or GCN2 make
comparatively minor contributions.

Phosphorylated elF2« is the primary cause for attenuated
replication and reduced accumulation of viral proteins in
MEFs infected with vhs mutant viruses. Replication of HSV-2
vhs mutant viruses is attenuated 10- to 100-fold compared with

replication of wild-type and marker rescue viruses when MEFs
are infected at a low MOI (Fig. 3A) (13, 27). In the absence of
PKR, replication of 333d41 recovers to near wild-type levels
(Fig. 3C) (13). To establish the effects of the eIF2a kinases
PERK and/or GCN2 on replication of 333d41, we infected B6
(wild-type), PERK™/~, and GCN2~/~ (B6 background) MEFs
with 333 and 333d41 at a low MOI (0.01). Replication of
333d41 was equally attenuated (approximately 10-fold) in
PERK /™ and GCN2/~ MEFs as well as B6 MEFs at 24 h p.i.
(Fig. 3B), suggesting that neither kinase contributes greatly to
the attenuation of vhs mutant virus replication in MEFs,
consistent with their relatively minor contributions to elF2a
phosphorylation in MEFs infected with vhs mutants (Fig. 2).

Given that PKR is critical to attenuation of 333d41 replica-
tion and PKR mediates the majority of the eIF2a phosphory-
lation in MEFs infected with vhs-deficient virus (Fig. 2), we
predicted that 333d41 should replicate like wild-type virus in
the absence of eIF2a phosphorylation. To test this prediction,
we infected B6 (wild-type) MEFs and S51A MEFs (B6 back-
ground), which contain a nonphosphorylatable elF2a with a
serine-to-alanine mutation at the phosphoacceptor site (48),
with 333 and 333d41 at a low MOI (0.01) as described above.
If our prediction was correct, replication of 333d41 in SS51A
MEFs should resemble that of HSV-1 lacking ICP34.5, an
antagonist of PKR-mediated elF2a phosphorylation (57).
Therefore, infections with HSV-1 17syn+ (wild type) and
17termA (ICP34.5/7) (Table 1) were also included. As ex-
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FIG. 4. elF2a phosphorylation attenuates accumulation of viral
protein in MEFs infected with vhs mutants. B6 (A and C) and S51A (B
and D) MEFs were mock infected or infected at an MOI of 10, and
samples were collected at 6 h p.i. Proteins were separated by SDS-
PAGE and analyzed by Western blot analysis with antibodies against
viral proteins (A and B). Loading was equilibrated to total eIF2« levels
detected by Western blot analysis (C and D). WT, wild type.

pected, replication of 333d41 and 17termA was attenuated
relative to that of 333 and 17syn+, respectively, in 129Sv/Ev
and B6 MEFs 24 h after low-MOI (0.01) infection (Fig. 3C and
D). 17termA replicated to wild-type levels in PKR ™/~ and
S51A MEFs (Fig. 3C and D), demonstrating the role ICP34.5
plays in counteracting PKR-mediated eIF2a phosphorylation
in MEFs (57). In PKR '~ MEFs, the 333d41 titer recovered to
nearly the level of the wild-type virus (Fig. 3C), as previously
observed (13). Significantly, 333d41 replicated to wild-type vi-
rus level in S51A MEFs (Fig. 3D), demonstrating that eIF2«
phosphorylation is the primary reason for attenuation of vhs
mutant virus replication in MEFs.

In MEFs and other cell types infected with HSV-1 ICP34.5
null mutants, phosphorylated elF2a accumulates and leads to
arrest of viral protein translation (1, 11). In MEFs infected
with vhs mutants, smaller amounts of viral proteins accumulate
by 6 h p.i. (Fig. 1C) than in MEFs infected with wild-type virus,
so we sought to determine the reason for the reduced accu-
mulation of viral proteins. If eIF2a phosphorylation inhibits
translation of viral transcripts in MEFs infected with vhs mu-
tants, the accumulation of viral proteins should recover to
wild-type levels in cells containing nonphosphorylatable eIF2a.
If, however, the abundant host transcripts maintained in the
absence of vhs compete with viral messages for translation
machinery and thus attenuate viral protein synthesis indepen-
dently of eIF2a phosphorylation, then the decrease in accu-
mulation of viral proteins should occur even in the absence of
phosphorylated elF2a. To evaluate the attenuation of viral
protein synthesis in the absence of vhs, B6 (wild-type) and
S51A MEFs were mock infected or infected with 333
and 333d41 at an MOI of 10. At 6 h p.i., cells were lysed and

J. VIROL.
*k
I | %k
~ 6 [ 1 N 333
E [ 333d41
= 27
h h— —
B 44
[}
5
=
) TIA-1 MEF TIAR MEF

FIG. 5. Replication of 333d41 remains attenuated in the absence of
stress granule formation. TIA-17/~ and TIAR ™/~ MEFs were infected
at a low MOI (0.01) in duplicate, and samples were collected at 24 h
p.i. Viral titers represent the means = standard error of mean of the
results for two experiments. *, P < 0.05; #x, P < 0.01; s, P < 0.001;
ns, P > 0.05.

analyzed by Western blot analysis. Loadings were approxi-
mately equivalent based on the amount of total eIF2a (Fig. 4C
and D). Western blot analysis of the membranes, using a poly-
clonal antibody against HSV proteins, revealed that in 333d41-
infected wild-type MEFs, viral protein bands detected at 6 h
p.i. were less intense than those in 333-infected cells (Fig. 4A).
Thus, accumulation of viral proteins was reduced in MEFs
infected with vhs mutant virus when more phosphorylated
elF2a was present. In S51A MEFs, the intensities of viral
proteins detected by Western blot analysis 6 h after infection
with 333 or 333d41 were indistinguishable (Fig. 4B), indicating
that eIF2a phosphorylation is the primary cause of the reduced
accumulation of viral proteins in MEFs infected with HSV-2
vhs mutants.

Stress granule formation is not a major cause of attenuated
replication of vhs mutant viruses. Phosphorylated elF2a trig-
gers a variety of cellular stress responses, including the forma-
tion of stress granules (25). Thus, the increase in phosphory-
lated eIF2a in MEFs infected with vhs mutants compared with
levels in MEFs infected with wild-type virus may increase stress
granule formation during infection. Indeed, more stress gran-
ules have been observed in fibroblasts infected with HSV-1 vhs
mutants (16). The self-aggregating RNA-binding proteins
TIA-1 and TTAR mediate, in part, the shuttling of transcripts
into stress granules. The process of shuttling transcripts could
impact virus replication, particularly if viral transcripts or tran-
scripts encoding required host proteins are sequestered in
stress granules (2). If stress granule formation attenuates rep-
lication of HSV-2 vhs mutants, 333d41 should replicate to near
wild-type levels in TIA-17'~ and TIAR '~ MEFs, which are
unable to form stress granules. However, 333d41 did not rep-
licate as well as 333 in either TIA-1~/~ or TIAR™/~ MEFs
when assessed 24 h after infection at a low MOI (0.01) (Fig. 5),
indicating that stress granule formation is not the predominant
reason for attenuated replication of HSV-2 vhs mutant virus in
ME-Fs. This result supports the likelihood that translational
arrest mediated by eIF2a causes the attenuated replication of
HSV-2 vhs mutant viruses.
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FIG. 6. PKR levels and activity are equivalent during infection with 333 and 333d41. (A) 129Sv/Ev MEFs were infected at an MOI of 10.
Samples were collected 6 h p.i. Proteins were separated by SDS-PAGE, and PKR levels were analyzed by Western blot analysis. Loading was
normalized to levels of S6 ribosomal protein. Band intensities were quantified using ImagelJ software, and relative PKR levels are expressed in
reference to the mock-infected sample (set to 1). The graph represents the means = SD of the results for four experiments. (B) 129Sv/Ev MEFs
were infected at an MOI of 10. Cells were labeled with [**P]JATP from 4 to 6 h p.i. and lysed 6 h p.i. PKR was immunoprecipitated, and proteins
were separated by SDS-PAGE and analyzed by Western blotting and autoradiography. ImageJ software was used to quantify bands, and the **P
signal was normalized to the PKR signal on the Western blot. Autophosphorylation of PKR is expressed relative to the untreated sample (set to
1). The graph represents the means + SD of the results for two experiments. (C) PKR™/~ MEFs were infected at an MOI of 10 and lysed at 6 h
p.i., and postnuclear supernatants were used to stimulate exogenous PKR in an in vitro kinase assay. The lysates or poly(I:C) were incubated with
PKR immunoprecipitated from 129Sv/Ev MEFs in the presence of [y*?P]ATP. Proteins were separated by SDS-PAGE and analyzed as described
for panel B. Quantified data represents the means = SD of the results for six experiments. Representative Western blots (WB) and/or
autoradiographs are shown for each experiment.

PKR levels and activity are not increased in MEFs infected
with vhs mutants compared with those in MEFs infected with
wild-type virus. Next, we sought to determine the mechanism
by which phosphorylated eIF2a accumulates in MEFs infected
with HSV-2 vhs mutants. Because the majority of the increase
in phosphorylated eIF2a is PKR mediated, we examined PKR
levels and activity. PKR levels may be higher in the absence of
vhs if, for example, vhs normally degrades PKR transcripts. To
evaluate PKR protein levels, 129Sv/Ev (wild-type) MEFs were
mock infected or infected with 333 or 333d41, and cells were
lysed at 6 h p.i. and analyzed by Western blot analysis. PKR

levels were normalized to S6 ribosomal protein. MEFs infected
with 333 and 333d41 contained equivalent amounts of PKR
(Fig. 6A), demonstrating that vhs is not critical for regulating
PKR levels early after infection and, thus, an increase in PKR
cannot explain the increase in phosphorylated eIF2a in MEFs
infected with vhs mutants compared to those infected with
wild-type virus.

Alternatively, PKR could be more active in MEFs infected
with vhs mutants because the loss of RNase activity could lead
to an increase in dsRNA resulting from undegraded comple-
mentary transcripts. Another possibility is that Ugll, which
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binds and inhibits PKR activation (8, 46), could be synthesized
to lower levels, resulting in increased PKR activity. However, a
lack of Ugl1 is likely not the cause of the initial increase in
phosphorylated elF2a, because Ugl1 is synthesized and inhib-
its PKR late in infection (35), whereas we observe the increase
in eIF2a phosphorylation by 6 h p.i. To assess PKR activation,
we immunoprecipitated PKR from *?P-labeled MEFs that had
been untreated, mock infected with Vero cell lysate, or in-
fected at an MOI of 10 with 333, 333d41, 333d41R, 333D215N,
333D215NR, the ATK™ virus, 17syn+, or 17termA. Relatively
equal amounts of phosphorylated PKR were found under all
conditions (Fig. 6B and data not shown), indicating that PKR
is active at or near its basal level in MEFs 6 h after infection
with the HSV-1 and HSV-2 viruses tested. Importantly, the
presence or absence of vhs RNase activity did not affect the
activation of PKR (Fig. 6B and data not shown), suggesting
that increased PKR activation is not the cause of the increased
levels of phosphorylated eIF2a observed during infection with
vhs mutants compared with levels observed with wild-type and
marker rescue viruses.

To corroborate these results, an in vitro kinase assay was
utilized. Lysates from PKR™'~ MEFs infected with 333 and
333d41 were tested for their capacity to activate exogenous
PKR immunoprecipitated from wild-type MEFs. Immunopre-
cipitated PKR not exposed to lysate (untreated) did not differ
from PKR exposed to mock-infected cell lysate, indicating that
PKR is not activated by the addition of PKR™~ MEF cell
lysate (Fig. 6C). PKR activation was equivalently low upon
exposure to postnuclear lysates from 333- and 333d41-infected
PKR '~ MEFs (Fig. 6C). This result suggests that the levels of
dsRNA did not differ in the cytoplasm of the infected cells
from which the lysates were derived at 6 h p.i., a time point at
which we can clearly detect increased levels of phosphorylated
elF2a in the 333d41-infected MEFs. PKR was enzymatically
active, as confirmed by addition of poly(I:C). In a second in
vitro kinase assay, PKR was immunoprecipitated from MEFs
6 h after infection with 333 and 333d41 and subjected to an in
vitro kinase assay to measure autophosphorylation (data not
shown). Results corroborated those shown in Fig. 6B and C.
Together, these results indicate that the increase in phosphor-
ylated elF2a in MEFs infected with vhs mutants is not due to
a detectable increase in PKR activation.

Less ICP34.5 accumulates in MEFs infected with vhs mu-
tant viruses. Experiments thus far have demonstrated that
changes in PKR level or activity do not explain the accumula-
tion of phosphorylated eIF2« in MEFs infected with vhs mu-
tants. An alternative hypothesis is that the PKR antagonist
ICP34.5, which is critical for redirecting PP1la to dephosphor-
ylate eIF2a during infection (22), is not synthesized efficiently
in MEFs infected with vhs mutants compared to in those in-
fected with wild-type virus. To examine levels of ICP34.5 pro-
tein at various times throughout infection, wild-type 129Sv/Ev
MEFs were mock infected or infected with 333, 333d41,
333d41R, or the ATK"™ virus and collected at 3, 6, and 9 h p.i.
Samples were assessed by Western blot analysis with antibod-
ies against ICP34.5, phosphorylated elF2a, eIF2a, and HSV-2.
Loading was normalized to total eIF2« (Fig. 7C). The ICP34.5
antibody recognizes two bands of approximately 28 and 37 kDa
(Fig. 7A), both of which are diminished in the presence of
small interfering RNA against HSV-2 ICP34.5 (55), suggesting
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FIG. 7. ICP34.5 accumulation is reduced in MEFs infected with
333d41 compared to in those infected with 333 and 333d41R. 129Sv/Ev
MEFs were mock infected or infected at an MOI of 10 with the
indicated viruses. Samples were collected at 3, 6, and 9 h p.i. Proteins
were separated by SDS-PAGE and analyzed by Western blot analysis
for ICP34.5 (A), phosphorylated elF2a (Phospho-elF2a) (B), total
elF2a (C), or HSV-2 proteins (D). Asterisks indicate the two isoforms
of ICP34.5. The arrow indicates the band corresponding to phosphor-
ylated eIF2a. The data are representative of the results for two inde-
pendent experiments.

that this antibody reacts with two different isoforms of ICP34.5.
The nature of these isoforms has not been determined. Mark-
edly less ICP34.5 accumulated in MEFs infected with 333d41
than in MEFs infected with 333 and 333d41R at 6 and 9 h p.i.
(Fig. 7A), suggesting that the increase in phosphorylated
elF2a in MEFs infected with vhs mutants could be due to
reduced ICP34.5/PPla-mediated dephosphorylation of elF2a.
Indeed, the lower levels of ICP34.5 correlated with increased
phosphorylated elF2« (Fig. 7B, top band) and decreased ac-
cumulation of viral proteins in this time course (Fig. 7D). Like
vhs mutants, TK mutants replicate less efficiently than does
wild-type virus in contact-inhibited MEFs (57). Consistent with
this observation, the ATK™ virus accumulated reduced
amounts of many viral proteins compared to 333 by 9 h p.i.
(Fig. 7D); however, ICP34.5 levels remained similar to wild-
type levels at both 6 and 9 h p.i. (Fig. 7A). This result indicates
that the reduced amount of ICP34.5 seen in 333d41-infected
MEFs is specific to vhs mutants.

ICP34.5 transcript accumulates to the same levels in MEFs
infected with 333 and 333d41. The lower levels of ICP34.5
protein accumulation in 333d41-infected MEFs could be ex-
plained by the reduced accumulation of ICP34.5 transcript. We
used real-time reverse transcriptase PCR to evaluate ICP34.5
transcript levels in wild-type 129Sv/Ev MEFs infected with 333,
333d41, 333d41R, and the ATK™ virus. Mock-infected cells
were included as a negative control. At 5 h p.i., equal levels of
ICP34.5 mRNA were detected in all infected cell types (Fig. 8),
indicating that decreased accumulation of ICP34.5 protein at
6 h p.i. in MEFs infected with 333d41 (Fig. 7) does not result
from reduced transcript levels.
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FIG. 8. ICP34.5 mRNA levels in MEFs infected with 333d41 are
equal to those in MEFs infected with 333 and 333d41R. 129Sv/Ev
MEFs were infected at an MOI of 10. Samples were collected 5 h p.i.
RNA was isolated and reverse transcribed before analysis of the
ICP34.5 transcript levels by real-time PCR. Data are representative of
the results for two independent experiments.

ICP34.5 accumulates to wild-type levels in S51A MEFs.
Many viral proteins accumulate to lower levels in MEFs in-
fected with 333d41 than in those infected with wild-type and
marker rescue viruses (Fig. 1C and 4A), but viral proteins
accumulate to wild-type levels in MEFs that have a nonphos-
phorylatable elF2a (Fig. 4B). At 5 h p.i., the amount of
ICP34.5 transcript available for translation is not a limiting
factor in ICP34.5 protein accumulation (Fig. 8). This raises the
possibility that translation of ICP34.5 may not initiate effi-
ciently in MEFs infected with 333d41. Therefore, we compared
ICP34.5 levels in wild-type and S51A MEFs to determine
whether elF2a phosphorylation contributes to the decreased
accumulation of ICP34.5 in MEFs infected with 333d41. B6
(wild-type) and S51A (B6 background) MEFs were mock in-
fected or infected with 333 or 333d41 and collected at 6 h p.i.
for analysis of ICP34.5 protein levels by Western blotting. In
B6 MEFs, the 28- and 37-kDa isoforms of ICP34.5 were
present in approximately equal intensities, and the levels of
both isoforms were reduced in MEFs infected with 333d41
compared with those in MEFs infected with 333 (Fig. 9A and
B). In S51A MEFs, however, the 28-kDa isoform predomi-
nated, and levels of ICP34.5 in 333d41- and 333-infected cells
were nearly identical (Fig. 9C and D). These results suggest
that elF2a phosphorylation occurring in the absence of vhs
attenuates the translation of ICP34.5, which likely exacerbates
the increase in phosphorylated elF2a.

DISCUSSION

Loss of HSV-2 vhs renders HSV-2 hypersensitive to the
PKR-mediated arm of the IFN-a/B response in MEFs (13).
When we examined the substrates of PKR to determine the
mechanism by which vhs counteracts the effects of PKR, we
found that the PKR substrate eIF2a is phosphorylated more
heavily in MEFs infected with HSV-2 vhs mutants than in
those infected with wild-type virus (43). In this study, we show
that the accumulation of phosphorylated elF2a is primarily
PKR dependent and is associated with the RNase function of
HSV-2 vhs. Phosphorylation of eIF2a causes the attenuated
replication of HSV-2 vhs mutants in MEFs and correlates with
decreased accumulation of viral proteins. The formation of
stress granules does not affect replication of HSV-2 vhs mutant
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FIG. 9. ICP34.5 accumulation is hindered in the presence of phos-
phorylated eIF2a. B6 and S51A MEFs were infected at an MOI of 10.
Six hours p.i., samples were collected, and proteins were analyzed by
Western blot analysis with antibodies against ICP34.5 (A) or elF2a
loading control (B). ICP34.5 isoforms are indicated with asterisks, and
elF2a is indicated by an arrow. Data are representative of the results
for two independent experiments.

viruses, suggesting that translational shutoff plays the major
role in attenuating replication of HSV-2 vhs mutants in MEFs.
Although PKR is responsible for most of the accumulation of
phosphorylated elF2« in MEFs infected with HSV-2 vhs mu-
tants, vhs does not directly regulate PKR activity, because
neither the level of PKR protein nor its activity is detectably
increased in MEFs infected with vhs mutants compared to in
those infected with wild-type virus, though differences in ki-
nase activity below our level of detection could potentially
render measurable effects on the substrate. We did, however,
observe a marked decrease in the steady-state levels of ICP34.5
in MEFs infected with vhs mutant virus compared to in MEFs
infected with wild-type virus, which correlates with the atten-
uated replication of the vhs mutant. While many HSV proteins
accumulate to lower levels in MEFs infected with vhs mutants
compared to in those infected with wild-type virus, our data are
consistent with the hypothesis that a defect in ICP34.5 accu-
mulation results in the attenuated replication of HSV-2 vhs
mutants in MEFs. During infection with wild-type or vhs mu-
tant viruses, ICP34.5 transcript levels are equal in wild-type
MEFs. In addition, ICP34.5 protein accumulates to equivalent
levels in S51A MEFs infected with vhs mutant or wild-type
virus, suggesting phosphorylated eIF2a reduces the efficiency
of ICP34.5 translation, which in turn exacerbates the increase
in phosphorylated elF2a.

Our data support an important role for vhs in establishing an
environment conducive to the rapid production of viral pro-
teins early in infection. It has been proposed that synthesis of
HSV proteins in cells infected with vhs mutants could be re-
duced due to competition between cellular and viral transcripts
for translation machinery (51). Our data suggest this is not
strictly the case because during infection of MEFs containing
nonphosphorylatable eIF2a, the accumulation of viral proteins
from wild-type virus and that from vhs mutant viruses are
indistinguishable, despite the fact that the vhs mutant is unable
to degrade host transcripts. Thus, virus-induced phosphoryla-
tion of eIF2a, which results in a limiting number of initiation-
competent translation complexes, may create the need for vhs
during infection. Our data are consistent with a model in which
vhs reduces competition between viral and cellular transcripts
for initiation-competent translation factors in the presence of
basal levels of phosphorylated eIF2a very early in infection,
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when the levels of viral transcripts are relatively low. During
this early phase, we hypothesize that HSV-2 vhs activity facil-
itates translation of immediate early transcripts, transcripts
that are imported with the virion, and/or transcripts from other
gene classes that are nonetheless transcribed early to promote
viral protein synthesis. ICP34.5, for example, is transcribed
beginning 1 to 3 h after infection with HSV-1 (42). Conse-
quently, ICP34.5 made at early times p.i. mediates the dephos-
phorylation of eIF2« to a level below the basal level found in
untreated cells, which may be advantageous to the translation
of viral proteins. In the scenario of a wild-type virus infection,
ICP34.5 continues to accumulate and carries out its critical
role in counteracting eIF2a phosphorylation throughout the
replication cycle, thereby promoting viral protein synthesis and
replication. In the absence of vhs, we propose that ICP34.5
synthesis is delayed at very early times p.i. because of increased
competition for initiation-competent translation factors. As a
result, ICP34.5 protein fails to accumulate to levels sufficient to
reduce the basal amount of phosphorylated eIF2a and to coun-
teract the accumulation of phosphorylated eIF2a during infec-
tion. The increase in phosphorylated eIF2«a then further atten-
uates the translation of a number of viral proteins, including
ICP34.5. An insufficient quantity of ICP34.5 exacerbates the
increase in phosphorylated eIF2q, resulting in further attenu-
ation of viral protein synthesis. This model is particularly ap-
pealing in light of the correlation between the stronger and
faster RNase activity of HSV-2 vhs, compared with that of
HSV-1 vhs (17, 19), and the enhanced accumulation of phos-
phorylated eIF2a in MEFs infected with HSV-2 vhs mutants
compared to in those infected with HSV-1 vhs mutants. Future
studies will address the early effects of vhs activity on viral
transcript and protein levels in the presence and absence of
phosphorylated elF2a.

The early defect in the replication of HSV-2 vhs mutant viruses
manifests as delayed and/or attenuated accumulation of viral pro-
teins. This defect could be in virion composition, reducing the
capacity of the virus to efficiently invade the target cells. However,
the RNase activity-deficient mutant, 333D215N, contains a single
amino acid substitution in vhs and is incorporated into the virion
at normal levels (27). It also associates normally with VP16 and
VP22 (27). These observations indicate that 333D215N virions
are relatively intact, yet this virus is attenuated for viral protein
synthesis and replication in vitro to the same extent as the vhs
deletion mutant 333d41 (Fig. 1 and 3) (27). The replication and
elF2a phosphorylation phenotypes of vhs mutants in MEFs are,
therefore, most likely due to loss of RNase activity and not loss of
virion integrity.

Phosphorylation of elF2a is a major antiviral response in
MEFs that needs to be overcome for efficient virus replication,
and in this study, we identify a role for HSV-2 vhs in facilitating
the accumulation of ICP34.5 to antagonize eIF2a phosphory-
lation through its modulation of PPla phosphatase activity.
ICP34.5 is a multifunctional protein with roles beyond antag-
onizing elF2a (9, 41, 56). Therefore, we speculate that vhs
mutants may also exhibit other ICP34.5-associated deficien-
cies, such as an inability to counteract PKR-mediated autoph-
agy (41, 54), which could contribute to the attenuated pheno-
type of vhs mutants in vivo. In addition, ICP34.5 binds TBK-1
to inhibit IRF3 translocation and induction of IFN and IFN-
stimulated genes (56). Thus, the reduced levels of ICP34.5
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accumulated during infection with 333d41 could contribute to
the observed IFN sensitivity of HSV-2 vhs mutants in vitro and
in vivo (13, 27, 38).

While our study highlights the role for HSV-2 vhs RNase
function in efficient ICP34.5 accumulation in MEFs, in vivo,
the role of vhs is more complicated. In MEFs and in mice,
HSV-2 vhs plays a critical role in counteracting the IFN-a/B
response (27, 38), but unlike MEFs (13), the PKR-mediated
arm of the type I IFN response is not the primary cause for
attenuation of HSV-2 vhs mutants in vivo (38). These obser-
vations suggest that HSV-2 vhs mutants fail to counteract ad-
ditional effectors of the type I IFN response in vivo, resulting
in attenuated virus replication and pathogenicity. Because in-
fection of mice requires the virus to enter and replicate in a
variety of cell types that differ in their capacities to induce and
respond to IFN, the RNase function of vhs may be utilized in
a variety of ways as the virus replicates in vivo. Thus, it will be
interesting to determine whether cultures of vaginal epithelial
cells or neurons recapitulate the in vivo phenotype of the vhs
mutant virus. It will also be important to determine whether
HSV-2 vhs facilitates the accumulation of other viral proteins
with roles in counteracting the IFN-a/B response, such as ICPO
or U, 13 (34, 49), which may contribute to in vivo phenotypes
of HSV-2 vhs mutants.

HSV-2 vhs mutants are strikingly different from HSV-1 vhs
mutants. HSV-1 vhs mutants are mildly attenuated for repli-
cation, compared with wild-type virus, in MEFs after low-MOI
infection, and their replication does not recover to wild-type
levels in the absence of PKR (43). HSV-2 vhs mutants are
attenuated 10- to 100-fold relative to wild-type virus in MEFs
after low-MOI infection (13, 27), but they replicate to near
wild-type levels in MEFs lacking PKR (13). Moreover, at 6 h
p-i., twofold more phosphorylated elF2a accumulates in MEFs
infected with HSV-1 vhs mutants than in those infected with
wild-type virus, while MEFs infected with HSV-2 vhs mutants
show an eightfold increase over those infected with wild-type
virus (43). These data suggest that HSV-1 and HSV-2 vhs
proteins have different roles during infection because each fills
a specific niche based on coevolution with other viral proteins
critical for evading the host immune response or adaptation to
the repertoire of host proteins in the unique cell types they
encounter in vivo. Both of these possibilities encourage the
study of other immune evasion factors in HSV-2 for compar-
ison with HSV-1. It is likely that the kinetics, strength of
activity, or even function differs between homologous proteins
in HSV-1 and HSV-2, and the interplay between these proteins
may be important in understanding pathogenicity.
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