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Herpes simplex virus mutants lacking the vhs protein are severely attenuated in animal models of patho-
genesis and exhibit reduced growth in primary cell culture. As a result of these properties, viruses with vhs
deleted have been proposed as live-attenuated vaccines. Despite these findings and their implications for
vaccines, the mechanisms by which vhs promotes infection in cell culture and in vivo are not understood. In
this study we demonstrate that vhs-deficient viruses replicate to reduced levels in interferon (IFN)-primed cells
and that this deficit has both IFN-dependent and IFN-independent components. Furthermore, vhs-defective
viruses induce increased and physiologically active levels of IFN, increased amounts of IFN-stimulated
transcripts, and more phosphorylated elF2«. In addition, we demonstrate greater accumulation of viral RNAs
following infection with a vhs-deficient virus. This leads to the hypothesis that attenuation of viruses lacking
vhs may be attributed to increased levels of double-stranded RNA, a potent pathogen-associated molecular
pattern. Together these data show that vhs likely functions to reduce innate immune responses and thereby

acts as a critical determinant of viral pathogenesis.

Herpes simplex virus type (HSV) is a ubiquitous human
pathogen responsible for a variety of conditions, including cold
sores, genital sores, and keratitis in immunocompetent hosts.
In neonates, or in hosts lacking a competent immune system,
HSV can become disseminated and cause severe and life-
threatening diseases, including hepatitis and encephalitis. The
outcome of infection is determined largely by the status of the
host’s immune response and its interaction with the many viral
genes that act to counter it. Of these, the virion host shutoff
protein (vhs), while being nonessential for replication cell in
culture, is a crucial factor for both HSV type 1 (HSV-1) and
HSV-2 replication, virulence, and pathogenesis in vivo (35, 39).
Viruses lacking vhs have an increased susceptibility to inter-
feron (IFN), an increased ability to activate dendritic cells, and
a decreased ability to down-regulate major histocompatibility
complex class I in cell culture (31, 40, 43). These observations
highlight the multifactorial impact of vhs on the innate and
adaptive immune system (32). In addition, the reduced repli-
cation of vhs-deficient viruses relative to wild-type virus is
observed rapidly, within 24 h of infection in the cornea or
vaginal epithelium (35, 39), suggesting that an inability to
counter innate immunity, rather than adaptive immunity, con-
tributes most significantly to the attenuated phenotype. In ad-
dition, vhs of HSV-2 plays an important role early in HSV-2
pathogenesis in vivo by interfering with the IFN-mediated an-
tiviral response (5). It has been proposed that HSVs with vas
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deleted might be useful as live attenuated vaccines in both
prophylactic and therapeutic settings and as such have proved
effective in animal models (11, 15, 44, 45). Together these data
point to a critical role for vhs in the counteraction of the innate
immune system, but the precise mechanisms have yet to be
determined.

Biochemically, the function of vhs has been well character-
ized. vhs, a 58-kDa phosphoprotein, is a virally encoded RNase
with RNase activity that degrades both host and viral mRNA
and thereby contributes to the marked decrease in host protein
synthesis that follows HSV infection (16). As a component of
the HSV tegument, vhs targets host mRNAs before de novo
viral gene expression by association with cellular translation
initiation factors (8, 9). vhs is believed to promote viral infec-
tion by depleting cellular mRNA, thereby decreasing its com-
petition with viral mRNA for cellular translation machinery
and perhaps by decreasing certain specific genes important for
the host response to infection (7). vhs also contributes to in-
fection by regulating the stability of viral RNA as infection
progresses and through stabilization of the gE/gl complex, a
complex necessary for cell-to-cell spread in vitro and in vivo
(14).

In order to sense infection and to rapidly inhibit the growth
and spread of pathogens, mammalian cells have evolved a
number of innate defenses, many of which are triggered by the
recognition of a variety of pathogen-associated molecular pat-
terns (PAMPs). For viruses, these PAMPs include envelope
proteins and nucleic acids, especially double-stranded RNA
(dsRNA) and DNA (30). All three of these species of PAMP
are implicated in the recognition of HSV and the initiation of
the cellular antiviral response pathway. In brief, nuclear trans-
location and activation of NF-kB as well as interferon regula-
tory factors 3 and 7 (IRF-3 and IRF-7) result in the increased
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expression of hundreds of genes, including the type I beta
interferon (IFN-B) (3, 4). IFN-B further amplifies the response
and signals the infection to adjacent cells through JAK/STAT
signaling. In the infected cell, the dsSRNA-dependent protein
kinase R (PKR) is activated by dsSRNA and phosphorylates the
translation initiation factor eIF2«a, promoting the shutdown of
viral and host protein synthesis. While PKR is recognized as a
major kinase mediating the phosphorylation of elF2a, other
kinases also contribute to the phosphorylation of eIF2a (47).

To date, four HSV genes are known to play major roles in
IFN resistance (vhas and the ICP0, ICP34.5, and US11 genes)
(2, 6, 12, 18, 21, 23), but the mechanism of vAs in IFN resis-
tance remains obscure. In addition, the profound in vivo at-
tenuation of HSV strains lacking vhis remains poorly under-
stood. In continuous cell lines, viruses lacking vhs grow with
wild-type kinetics in one-step and multiple-step growth curves.
In primary cells, however, a distinct pattern of multiple-step
growth emerges. We have shown previously that HSV-1 vhas
mutants show wild-type virus growth up to 24 h, but thereafter
their growth is significantly reduced (37). For HSV-2 vis mu-
tants, the attenuation occurs even sooner under these culture
and infection conditions (5). Therefore, we have hypothesized
that vhs plays a crucial role in maintaining the susceptibility of
cells to HSV beyond the initial round of infection via suppres-
sion of innate immune responses.

To test this hypothesis, we measured cellular events down-
stream of viral recognition, including host gene expression,
elF2a phosphorylation, and IFN-B expression, comparing the
cellular response to a wild-type (KOS) virus to that of a vhs-
null mutant (Avhs,). We report herein that infection of mouse
embryo fibroblasts (MEFs) with a virus lacking a functional vhs
protein leads to an accumulation of viral RNAs, increased
phosphorylation of eIF2a, and increased production of IFN-f.
Taken together, these findings imply that accumulated viral
RNAs induce expression of antiviral genes that attenuate vhs-
deficient viruses.

MATERIALS AND METHODS

Cells and viruses. Viral stocks were grown and titers were determined on Vero
cells as previously described (27). The HSV-1 wild-type strain KOS was the
background strain for most of this study (34). Construction of the KOS-derived
vhs-null HSV-1 strain NHB (referred to in this paper as the Avis, mutant) has
been described previously (39). For studies with HSV-2, strain 333 was the
background strain from which the vAs-null virus strain 333d41 was constructed,
and this null strain is referred to as the Avhs, mutant (35). MEF cultures were
generated from 129 Sv/Ev mice at embryonic day 15 and passaged once before
being plated for infection. MEFs were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 0.1 mM sodium pyruvate, 250
U/ml penicillin, 250 wg/ml streptomycin, and 250 ng/ml amphotericin B. Isogenic
IFN-aByR ™/~ (AG129) (24) and PKR '~ (129PK) (48) MEFs were also uti-
lized. For multiple-step growth curves, cells were pretreated overnight with 100
U/ml IFN-a (Sigma, St. Louis, MO) where appropriate, and cells were infected
at a multiplicity of infection (MOI) of 0.01.

HSV-1 microarray production. ArrayOligoSelector was used to select 182
70-mer oligonucleotides specific for HSV-1 transcripts (1). The oligonucleotides
were compared to the HSV-1 strain 17 viral genome (GenBank accession no.
NC_001806) and the mouse RefSeq transcriptome. When possible, three non-
overlapping oligonucleotides were chosen for each HSV-1 transcript. In addition,
68 HSV-1-specific oligonucleotides identical to those generated previously were
synthesized (36). Selected cellular genes were also represented on the array. To
facilitate normalization, Arabidopsis thaliana ready-to-spot oligonucleotides
(Stratagene, La Jolla, CA) were also included. Each oligonucleotide probe was
synthesized by Illumina, Inc. (San Diego, CA). Oligonucleotides were solubilized
at 20 pM in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and
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0.75 M betaine for printing. The oligonucleotides were spotted in triplicate onto
expoxide-coated glass slides (Corning, Corning, NY) by use of a linear servo
arrayer (17). The printed slides were placed in an oven at room temperature
under 70% humidity for 12 to 14 h. After incubation, the slides were cross-linked
using the UV Stratalinker 2400 (Stratagene, La Jolla, CA) at 150 wJ/cm?.

RNA preparation. Cultures of 2.5 X 10° MEFs in 100-mm dishes were infected
at an MOI of 5 with KOS or the Avhs; mutant for 30 min followed by removal
of the inoculum and addition of complete medium. At the times postinfection
indicated in the figures, RNA was harvested as previously described (26). RNA
was purified and DNase treated with the RNeasy minikit (Qiagen, Valencia,
CA). Total RNA quality was determined with an Agilent 2100 bioanalyzer
(Agilent Technologies, Santa Clara, CA) according to the manufacturer’s rec-
ommendations.

c¢DNA synthesis and labeling. First-strand cDNA was generated by random
and oligo(dT)-primed reverse transcription (Superscript II; Invitrogen, Carlsbad,
CA) utilizing the 3DNA Array 900MPX kit (Genisphere, Hatfield, PA), accord-
ing to the manufacturer’s protocol. The cDNAs were quantified via spectropho-
tometry to confirm recovery. Samples were paired and balanced by mass.

Hybridization. Each sample pair was suspended in sodium dodecyl sulfate-
based hybridization buffer (Genisphere) and Array 50dT blocker (Genisphere).
Two hybridizations were carried out in a sequential manner. The primary hy-
bridization was performed under a supported glass coverslip (Erie Scientific,
Portsmouth, NH) at 62°C for 16 to 20 h. Prior to the secondary hybridization, the
slides were washed as described in the manufacturer’s protocol. Secondary hy-
bridization was carried out using the 3DNA Array 350 kit (Genisphere) accord-
ing to the manufacturer’s protocol, washed, and treated with Dyesaver (Geni-
sphere) before scanning.

Data analysis. Slides were scanned immediately following hybridization on a
ScanArray Express HT scanner (PerkinElmer, Waltham, MA). Laser power was
kept constant, and photomultiplier tube values were set for optimal intensity with
minimal background. Gridding and analysis of images were performed with
Scanarray software express v3.0 (PerkinElmer). The resulting median pixel val-
ues were imported into GeneSpring v7.3 software (Agilent), and local back-
ground intensities were subtracted from individual spot intensities. To account
for dye swap, the “signal” channel and “control” channel measurements were
reversed in such samples so that signal derived from Avas; mutant-infected MEF
RNA occupied the signal channel and that of the KOS-infected MEF RNA
occupied the control channel. The mean signal and control intensities of the
on-slide duplicate spots were calculated, and the control values were normalized
with GeneSpring’s “normalize to positive control genes” function using four
SpotReport oligonucleotide array validation system spike-in controls. If the
control channel signal was lower than 10 relative fluorescence units (rfu), then 10
rfu was used instead. Signal-to-normalized-control ratios were calculated, and
the cross-chip averages were derived from the antilog of the mean of the natural
log ratios across all biologic replicates. Oligonucleotide elements that received a
detectable call (intensity of >200 rfu or local signal-to-background ratio of >2 in
at least one channel) by Scanarray software in either the Cy3 or Cy5 in at least
two of four samples of at least one time point were identified, and all others were
excluded from the analysis. Genes were not filtered based on significance in
order to be able to visualize global trends. Differences in dye incorporation and
quantum yield were normalized by the addition of A. thaliana mRNA spikes into
the reverse transcription reaction in equal molar amounts along with the exper-
imental mRNA. Data represent two independent biological experiments with
dye swaps such that two technical experiments were performed for each inde-
pendent biological sample.

Real-time reverse transcription (RT)-PCR. Total RNA was harvested from
MEFs in 35-mm wells that were mock treated or infected at an MOI of 5 utilizing
the Aurum total RNA minikit as described in the kit protocol (Bio-Rad, Her-
cules, CA). cDNA was generated using the iScript cDNA synthesis kit as de-
scribed in the kit protocol (Bio-Rad). PCRs were prepared with iQ SYBR green
supermix (Bio-Rad), 5% acetamide, primers (IDT, Coralville, IA), and 2 pl of
cDNA. All PCRs were performed in duplicate with the Bio-Rad iCycler. Primers
specific for 18S rRNA were used as a reference gene for normalization between
samples.

IFN-B ELISA. Confluent MEFs plated in 35-mm wells were mock treated or
infected at an MOI of 5 for 3, 6, 9, or 12 h with KOS or the Avhs; mutant and
cultured in 1 ml of medium. Culture supernatants were harvested at the indicated
times and stored at —20°C until assayed. IFN-B in the medium was measured
using 50 pl of harvested medium in a mouse IFN-B enzyme-linked immunosor-
bent assay (ELISA) as described in the kit protocol (PBL Biomedical Labora-
tories, Piscataway, NJ).

VSV and HSV challenge assay. MEF monolayers were mock treated or in-
fected at MOI of 5 with KOS or the Avas; mutant for 12 h, at which time the
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medium (1 ml) was collected and clarified by low-speed centrifugation (300 rpm,
5 min) to remove cellular debris. To neutralize infectious HSV, the medium was
divided and treated with either 50 pl of Dulbecco’s modified Eagle’s medium or
HSV-1 neutralizing antibody (Sigma, St. Louis, MO) for 1 h at 37°C. Treated
medium was used as a pretreatment for fresh secondary MEF monolayers, with
150 pl of medium used per 35-mm well. After 18 h of pretreatment, the medium
was removed and the MEFs were infected with either vesicular stomatitis virus
(VSV) or HSV at an MOI of 0.01. Some pretreated wells were left uninfected in
order to assay the effectiveness of the neutralizing antibody treatment. After 2
days postinfection (VSV) or 3 days postinfection (HSV), the medium and cells
were harvested, and the titers of infectious particles were determined on Vero
cells.

Western blot analysis. Protein lysates were prepared, processed, and analyzed
as previously described (26). The antibodies used in this study included total
elF2a (FL-315) (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-specific
elF2a (pS52) (BioSource International Inc, Camarillo, CA), and the secondary
antibody goat anti-rabbit-horseradish peroxidase conjugate (Bio-Rad).

RESULTS

Growth of the Avhs, mutant is reduced in IFN-treated
MEFs. vhs-null viruses exhibit near-normal growth in contin-
uous cell lines such as Vero and Hep-2 (28), with only slight
growth defects in terms of plaque size and burst size (28, 29,
39). Studies of primary explant cultures of human and murine
corneal buttons, however, showed that late in infection (=28 to
72 h), growth differences between a vhs-null virus and KOS
became apparent (37). No differences, however, were apparent
at high MOIs. In this study we compared the growth of the
Avhs, mutant with that of KOS in primary MEF cultures in-
fected at a low MOI that were mock treated or pretreated with
recombinant alpha IFN (rIFN-a). As previously reported, the
vhs-null virus showed about 1-log lower growth than the wild-
type KOS (Fig. 1A). When cells were pretreated overnight with
rIFN-a, significant differences between the growth of KOS and
the Avhs, mutant were apparent at 24 h (>10-fold, P < 0.01),
with the difference continuing to increase up to 48 h (80 to
100-fold, P < 0.01) (Fig. 1B). These data were consistent with
previous data (5) and with the hypothesis that the vhs function
is important for maintaining the susceptibility of IFN-primed
cells to HSV infection.

Avhs, virus-infected MEFs produce increased IFN-B and
ISG RNA. IFN-f3 transcript expression and IFN protein syn-
thesis and secretion are induced in response to virus infection
and recognition of pathogen-associated molecular patterns
(PAMPs). In turn, IFN-stimulated genes (ISGs) are up-regu-
lated and activated. We therefore assessed whether infection
of primary cultured cells with the Avas, mutant resulted in an
increase in IFN or ISG synthesis relative to KOS-infected cells.
Analysis of IFN-B RNA by real-time RT-PCR revealed that
cells infected with both KOS and the Avks, mutant expressed
increased amounts of IFN-B RNA relative to mock-infected
cells, although the increase in induction for the Avas, mutant-
infected cells relative to the mock-treated cells was higher than
that for KOS-infected cells (Fig. 2A). When comparing the
ratios of IFN-B expression (Avas, to KOS), Avhs, mutant-
infected cells expressed 8- to 13-fold more IFN-B RNA than
KOS-infected cells from 6 to 12 h postinfection (hpi) (Fig. 2B).
To assess the downstream effect of this induction, we subse-
quently examined the expression of the IFIT1 (interferon-
induced protein with tetratricopeptide repeats 1, also known as
ISG56) gene, which is rapidly induced by type 1 IFN (33, 41).
Real-time RT-PCR revealed that as for IFN-B expression,
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FIG. 1. In vitro replication in MEFs. Confluent primary MEF
monolayers were infected with KOS or the Avas; mutant at an MOI of
0.01. (A) Multiple-step growth curve analysis of untreated cells.
(B) Multiple-step growth curve analysis of cells pretreated overnight
with 100 U/ml of rIFN-a. At the indicated times postinfection, cells
and supernatants were harvested and viral titers were measured on
Vero cells. Results shown are the mean titers of the results for three
independent experiments.

IFIT expression was induced by both the Avhs, mutant and
KOS relative to mock-infected cells, but the induction was
higher for the Avhs, mutant (Fig. 2C). When the ratios of
IFIT1 expression (Avhs, to KOS) are compared, the Avhs,
virus-infected cells express 5- to 10-fold more IFIT1 RNA than
KOS-infected cells from 6 to 12 hpi (Fig. 2D).

Having shown increases in the levels of IFN-B and IFIT1
RNA expressed by Avhs,; mutant-infected cells compared to
those expressed by KOS, we next wanted to assess the levels of
IFN-B protein produced in these infected cells. We therefore
measured IFN-B secreted into the culture medium over the
first 12 h of infection by use of an IFN-B ELISA (Fig. 3). We
found that while the levels of IFN-B secreted by KOS-infected
cells increased from 0 to 6 hpi, they subsequently leveled off.
Cells infected with the Avhs, mutant also showed an increase
in IFN-B synthesis 0 to 6 hpi, but in contrast to KOS-infected
cells, the secretion of IFN-B did not level off but rather con-
tinued to increase up to 12 h. In general, the data for the IFN-
protein expression mirrored that for its RNA expression.

Avhs, virus infection in MEFs produces functional IFN. The
real-time RT-PCR and ELISA results described above indi-
cated higher IFN-B production from MEFs infected with the
Avhs, mutant than from MEFs infected with KOS. To test the
physiological relevance of the observed difference and whether
the levels of secreted IFN were antiviral, culture medium was
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FIG. 2. Real-time RT-PCR analysis of IFN-B and IFIT1 mRNA expression. Confluent MEF monolayers were mock treated or infected with
KOS or the Avhs; mutant at an MOI of 5. At the indicated times postinfection, RNA was harvested and used for real-time RT-PCR. (A) Change
in expression for IFN-B RNA relative to expression in mock-treated cells. (B) IFN-B RNA expression as a ratio of the Avas; mutant to KOS at
each time point indicated. (C) Change in expression for IFIT1 RNA relative to mock-treated cells. (D) IFIT1 RNA expression as a ratio of the
Avhs; mutant to KOS at each time point indicated. All data shown are the mean changes from the results for three independent experiments.

collected from MEFs treated with mock lysate or infected with
KOS or the Avhs, mutant and used to pretreat secondary
wild-type and IFN-afyR '~ MEF cultures. These MEFs were
then challenged with VSV, KOS, or the Avas, mutant and the
titers of the resultant viruses were determined. Pretreatment
with medium from KOS-infected cells reduced the VSV titer
on MEFs an average of 100-fold, and medium from Avhs,
mutant-infected cells reduced the VSV titer 400-fold. Changes
are relative to titers on IFN-afyR ™/~ MEFs and are from two
experiments. It should also be noted that the VSV titers on
IFN-afyR ™/~ MEFs were comparable for KOS-infected su-
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FIG. 3. IFN-B secretion by infected cells. Confluent MEF mono-
layers were mock treated or infected with KOS or the Avis, mutant at
an MOI of 5. At the indicated times postinfection, the supernatants

were harvested and IFN-f secretion was measured by ELISA. Shown
are the results from three independent experiments.

2

pernatant- and Avhs, mutant-infected supernatant-treated
groups.

Pretreatment with medium from KOS-infected cells reduced
the KOS titer on MEFs an average of 6-fold and reduced Avhs,
mutant titers an average of 50-fold, reflecting the higher sen-
sitivity of the Avas; mutant to IFN. Pretreatment with medium
from Avhs, mutant-infected cells reduced the KOS titer on
MEFs an average of 10-fold and reduced Avhs,; mutant titers
an average of 100-fold. As described above for the VSV chal-
lenge assays, changes are relative to titers on IFN-afyR ™/~
MEFs and are from two experiments, and HSV titers on IFN-
aByR ™/~ MEFs were comparable for KOS-infected superna-
tant-treated and Avhs; mutant-infected supernatant-treated
groups. Taken together, these data show that the released
IFN is antiviral and that cells infected with an HSV-1 mu-
tant that lacks vhs secrete more antiviral IFN than a KOS-
infected cell.

HSV-1 Avhs, virus-infected MEFs have increased levels of
viral transcripts. The open reading frames of HSV, especially
those of the late gene class, are located on opposing DNA
strands and produce large amount of mRNAs with regions of
partial complementarity. Previous studies have identified the
presence of dsRNA in HSV-infected cells (13, 46). HSV-1 vhs
degrades viral mRNAs during infection, and in its absence,
viral immediate-early gene expression is prolonged, while early
and late gene expression is delayed, compared to a wild-type
virus (28). That said, the precise kinetics and preference of this
degradation activity have not been examined. We therefore
wished to compare viral RNA expression levels in Avas; mu-
tant- and KOS-infected MEFs, in order to evaluate the poten-
tial for overexpression of dsRNA in vhs-deficient virus infec-
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FIG. 4. Microarray analysis of viral and cellular mRNA expression.
(A) Line graph depicting the expression of detectable signal from 231
oligonucleotide spots designed to detect all known viral genes. The
approximately 90 viral genes were represented in a redundant fashion
by at least three oligonucleotides. (B) Line graph depicting the expres-
sion of the 92 detectable cellular genes. The time in hours is repre-
sented on the x axis, and the change in expression is represented on the
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tions. The assessment was performed using two concomitant
approaches, gene array and real-time RT-PCR.

Viral gene array analysis. Our custom viral microarray as
described in Materials and Methods was designed to examine
all known HSV genes and selected cellular genes. The results
are shown by a line graph, with each line representing the ratio
(Avhs, mutant to KOS) of gene expression for each viral (Fig.
4A) and cellular (Fig. 4B) gene. The line graphs also indicate
the significance of the expression ratio at 12 hpi. A y-axis value
of 1 indicates no difference between the KOS and Avks, mu-
tant results. The data showed the same trends over two inde-
pendent experiments. At the 3-h time point, there was expres-
sion of most classes of viral genes by both viruses but a
generalized underexpression of many genes by the Avas, mu-
tant relative to KOS (Fig. 4C). At the 6-, 9-, and 12-h time
points, however, there was overexpression of most genes in all
classes for the Avas, mutant relative to KOS (Fig. 4C). Simi-
larly, there was overexpression of cellular genes at these time
points in Avkas, mutant-infected cells. Together these data sug-
gest that there is global degradation of viral and cellular RNAs
mediated by vhs that occurs between 3 and 12 hpi. Further
details of these data are available in Table S1 in the supple-
mental material.

Real-time RT-PCR analysis. Validation of the viral gene
array data was performed via real-time RT-PCR for the
mRNAs encoding ICP4, -22, and -27 (immediate-early genes);
ICP6, ICPS8, and thymidine kinase (early genes); and vhs,
ICP34.5, US11, and gC (leaky-late and true-late genes). The
accumulation of these transcripts in KOS- and Avks; mutant-
infected MEFs over time is shown relative to their levels at 1
hpi. As expected, viral transcripts in KOS-infected cells accu-
mulated over the 12-h time course, broadly according to their
kinetic classes (Fig. 5A). Similarly, mRNA levels in Avis, mu-
tant-infected cells increased over time, although to a greater
extent than seen in KOS-infected MEFs (Fig. 5B). For both
KOS and the Avhs, mutant, the greatest changes were seen in
early and late genes. When the levels of viral mRNA were
compared as a ratio (Avhas, mutant to KOS), there was a
notable underexpression of almost all genes analyzed at 3 hpi
by the Avis, mutant (Fig. 5C), consistent with the gene arrays
(Fig. 4). In contrast, from 6 to 12 hpi, the Avhs, mutant-
infected cells exhibited a marked accumulation of all viral
genes examined, compared to KOS-infected cells. To summa-
rize, when absolute values of viral mRNA were assessed, both
viruses accumulated viral transcripts throughout infection, but
Avhs, mutant-infected cells accumulated them at a greater rate
than did KOS-infected cells. When the expression levels of
actin mRNA for the two viruses were compared (Fig. 5D), we

y axis (log scale). Each line represents the mean of the ratio of intensity
signals for a particular transcript from Avas; mutant-infected MEFs to
that from KOS-infected MEFs. The lines are colored to indicate the
significance of the under- or overexpression at 12 hpi, by standard
error of measurement, ranging from red (+3 standard deviations) to
yellow (0 standard deviations) to blue (—3 standard deviations). (C)
Within each viral gene kinetic class and cellular genes, the ratio (Avhs,
mutant to KOS) of the gene expression levels was averaged and con-
verted to a log, ratio to visualize trends in gene class expression over
time.
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FIG. 5. Real-time RT-PCR analysis of selected viral and cellular genes. Confluent MEF monolayers were mock treated or infected with KOS
or the Avas; mutant at an MOI of 5, and RNA was extracted for RT-PCR analysis. Viral genes are color coded by kinetic class, and genes are shown
in the graphs in the same order as they appear in the key at the bottom of the figure. (A) Change in mRNA expression for selected viral genes
relative to that for KOS at the 1-h time point. (B) Change in mRNA expression for selected viral genes relative to that for the Avks, mutant at
the 1-h time point. (C) Ratio of gene expression for each time point for selected genes reported as a log, ratio of Avas; mutant to KOS. (D) Actin
mRNA expression reported as a log, ratio of Avas; mutant to KOS. Results shown are the means for two independent experiments.

observed evidence of strong RNA degradation mediated by
KOS, but not by the Avhs, mutant, between 6 and 12 hpi.
Taken together, these data are consistent with the gene array
studies and also with the hypothesis that a vhs-deficient virus
can express more dsSRNA than a wild-type virus.
Phosphorylation of eIF2a is increased in HSV Avhs mutant-
infected MEFs. Activation of the PKR pathway heralds the pres-
ence of dsRNA, stimulates IFN expression, and is a pivotal
marker of the cellular antiviral state. Once activated by dsSRNA
binding, PKR phosphorylates the translation initiation factor
elF2a on serine 51. In this state, eIF2« is unable to recycle GDP
for GTP and translation initiation is shut down. The HSV-1 gene
products ICP34.5 and USI11 are known to directly counter this
translational shutoff response by inactivating or reversing the ef-
fects of PKR, thereby allowing viral replication to continue. No
other HSV proteins have been shown to have activity in this
regard, but given the role for vhs in countering IFN production
(Fig. 3) (5) and controlling viral mRNA levels (Fig. 4 and 5), we
hypothesized that the presence of vhs activity might impact PKR-
dependent eIF2a phosphorylation. Because of the demonstrated
ability of HSV-2 vhs to strongly counter IFN production and
responses in vitro and in vivo (5), we also wanted to compare the
impacts of HSV-2 vhs on the phosphorylation of elF2a. We
therefore assayed for phosphorylated elF2a by Western blotting
lysates of MEFs that were mock treated or infected with KOS,

Avhs, mutant, HSV-2 333, or Avhs, mutant (333d41) viruses (Fig.
6A and B). At 6 and 12 hpi, increases were seen in phosphory-
lated eIF2a in Avhs, and Avhs, mutant-infected cells compared
with the respective wild-type-infected MEFs. The increases, how-
ever, in elF2a phosphorylation for the Avhs, mutant-infected
cells (eightfold at 6 hpi) relative to those infected with HSV-2 333
were greater than those seen for the Avas; mutant (twofold at 6
hpi) relative to KOS.

Partial restoration of Avhs, mutant growth in IFN-
afyR™'~ MEFs but not PKR™/~ MEFs. In order to further
determine the role of IFNs and PKR in controlling Avhs, virus
replication, we performed a multiple-step in vitro growth anal-
ysis of primary MEFs derived from either IFN-aByR ™/~ or
PKR /" mice (Fig. 7). Compared to the result with control
MEFs, in IFN signaling-deficient IFN-apyR ™/~ MEFs, we
found that the growth of the Avhs, virus was only partially
restored and still slightly and reproducibly attenuated relative
to that of KOS (Fig. 1). As expected, pretreatment with rIFN-a
did not attenuate Avhs, virus replication (data not shown), in
contrast to what was observed in the control MEFs (Fig. 1B).
These results indicated that IFN-dependent signaling was
mostly, but not wholly, responsible for the attenuation of Avhs,
virus observed in control MEFs. In PKR ™/~ MEFs, Avhs, virus
replication was reduced 10-fold compared to replication of
KOS (Fig. 7B), comparable to the attenuation observed for
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FIG. 6. Western blot analysis of elF2a phosphorylation in infected
cells. Confluent MEF monolayers were mock treated or infected at an
MOI of 5. At the indicated times postinfection, cell lysates were prepared
and elF2a phosphorylation was assessed by Western blotting. (A) Total
and phosphorylated elF2a assessed over time following infection with
KOS or the Avis; mutant. (B) Total and phosphorylated elF2a assessed
over time following infection with HSV-2 333 or the Avhs, mutant.

control MEFs (Fig. 1). Furthermore, the phosphorylation of
elF2a induced by Avhs, virus was not significantly increased
over levels for mock infection in PKR™~ MEFs (data not
shown). These data show that despite the induction of in-
creased elF2a phosphorylation, the loss of PKR does not re-
store the IFN-dependent growth defect to vhs-deficient
HSV-1.

DISCUSSION

The vhs function of HSV has been extensively studied in
vitro and in vivo, and a clear dichotomy has emerged. In most
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continuous cell culture systems, lack of vhs activity has little
impact on viral growth at any MOI. In primary cells, however,
loss of vhs has a far greater impact, especially at a low MOI,
and especially for HSV-2 (5). For HSV-2, vhs is a major gen-
eral mediator of viral resistance to IFN-af3 and to the antiviral
effects of PKR, and the virulence of a vhs-deficient HSV-2 is
largely restored in IFN-afR ™/~ mice (5, 25). Perhaps the most
different result between HSV-1 and HSV-2 is that while vas
deletion from both HSV types induces higher levels of phos-
phorylated eIF2a, only HSV-2 Avhs virus replication is re-
stored in the absence of PKRs. The IFN-dependent attenua-
tion of an HSV-1 Avhs mutant is therefore independent of
PKR and likely independent of eIF2«a phosphorylation. This
may explain, at least in part, the greater impact of vhs on the
IFN resistance of HSV-2 than on that of HSV-1. While ICPO,
ICP34.5, and US11 all play roles in modulating aspects of the
IFN response to HSV-1, viruses lacking vhs are not hypersen-
sitive to IFN in culture, and virulence is not restored to vhs-
deficient viruses in IFN-ayR ™/~ mice (19, 23). While vhs of
HSV-2 is more critical than its HSV-1 counterpart for resis-
tance to the IFN response, paradoxically, the in vivo attenua-
tion of HSV-1 mutants lacking vhs is far greater than that of an
equivalent vhs-deficient HSV-2 strain (35, 38, 39). The rapidity
with which HSV-1 vhs mutants are so attenuated, coupled with
the inability of mouse strains lacking adaptive immunity to
restore any growth or virulence to vhs-negative HSV-1 strains
(25), nevertheless underscores the role for vhs in countering
the IFN response.

In this study we have shown that IFN significantly reduces
the replication of the Avis, mutant but that the replication of
KOS is almost completely unaffected. Moreover, in the ab-
sence of exogenous rIFN-q, the growth defect in primary cells
of a virus lacking vhs is more apparent following a secondary
round of replication. Together these data are consistent with
the idea that vhs is important for maintaining cellular permis-
siveness to HSV infection following priming with IFN. These
data for mouse cells are consistent with those seen previously
for human cells, showing that this is not a mouse-specific phe-
nomenon (37). The results of other studies have differed with
this work and with each other regarding the IFN sensitivity of
viruses lacking vhs (5, 23, 37, 40). It seems very likely that these
differences arise from the use of differing cell lines, and it is
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FIG. 7. In vitro replication in IFN-aByR ™/~ and PKR~/~ MEFs. Confluent primary MEF monolayers were infected with KOS (solid lines) or
the Avhs, (dashed lines) mutant at an MOI of 0.01. (A) Multiple-step growth curve analysis of IFN-aByR ™/~ MEFs. (B) Multiple-step growth
curve analysis of PKR ™/~ MEFs. At the indicated times postinfection, cells and supernatants were harvested and viral titers were measured on

Vero cells.
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notable that results obtained with primary cells of either hu-
man or mouse origin are consistent with each other.

We show herein that vhs significantly affects IFN- expres-
sion. The pattern of IFN-B RNA and protein induction by
KOS was consistent with previous studies, with a rapid induc-
tion of an antiviral response followed by its shutoff (22). In
contrast, Avhs, virus infection caused an induction that was
followed by an inexorable increase in IFN-B expression over
time. This too is consistent with previous studies of HSV-1 and
HSV-2 (5, 40). Moreover, the VSV and HSV challenge assays
showed that the IFN secreted into supernatants of infected
cells is actively antiviral, despite the fact that the IFN produced
is significantly diluted by the culture media and is likely unsta-
ble in culture. Some contrasts between these studies and oth-
ers, however, are seen when the expression of the downstream
IFIT1 (ISG56) gene is examined. IFIT1 inhibits the initiation
of translation by binding to various subunits of the translation
initiation factor eIF3 and has been suggested to be a major
antiviral mechanism for blocking viral replication (10). Our
current work shows strong induction of IFIT1 by KOS but
significantly stronger induction in the absence of vhs. Previous
work has shown IFIT1 to be undetectable following infection
with KOS or with a vas-null mutant (20) and that IFIT1 was
detectable only when ICP0, a major factor in the shutoff of IFN
expression and of ISGs by a proteasome-dependent mecha-
nism, was mutated (6). Consistent with our work, however, was
that IFIT1 induction by an ICPO gene-null virus was further
enhanced following deletion of vAs. Yet both vas-null viruses in
both studies were ICPO competent, used the KOS strain, em-
ployed similar MOIs, and were similar otherwise (37). It seems
unlikely therefore that different viruses or infection methods
can account for this discrepancy. It is possible that technical
variances such as primer optimization, assay sensitivity, and
quantification methods for RT-PCR contribute to the differ-
ence in IFIT1 results. In addition, the use of primary cells
(MEFs) in this study, compared with continuous cells (human
embryonic lung fibroblasts) in the previous studies, is likely to
have an impact, especially in light of recent data showing that
expression of IFIT1 in vivo is tissue specific (42). Ongoing
studies in our laboratory investigating the expression profiles
and phenotypes of vhs-deficient viruses in vivo are likely to
further define the impact of vhs on IFN and ISG expression.

A key issue in this study is the mechanism by which vhs
dampens the innate immune response to HSV. This mecha-
nism has been difficult to define in part because the pathways
by which HSV infection is recognized that lead to the antiviral
state are also poorly understood. Many potential mechanisms
exist, but it is known that efficient recognition of viral dsSRNA
and signal transduction are required to induce host gene ex-
pression. Data in this study suggest that vhs may be operating
on both of these requirements. First, vhs may serve to mini-
mize the accumulation of viral RNA throughout infection to
levels optimal for efficient viral replication but below the levels
detected by RNA sensing molecules such as RIG-I and below
those that trigger dsSRNA-inducible antiviral pathways such as
PKR and RNase L. Second, vhs may serve to reduce the
accumulation of RNA expressed by pivotal genes involved in
the antiviral state, such as IFN genes and ISGs, as evidenced by
the altered expression of IFN-B and IFIT1 in this study. vhs
also likely enhances, quantitatively or temporally, the expres-
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sion of the many viral genes involved in the countering of the
IFN response. This may occur in a selective or a nonselective
fashion, but either way represents a powerful general mecha-
nism by which HSV can serve to dampen many host response
pathways simultaneously. Together, all these activities of vhs
serve as a versatile and powerful counter to the various arms of
the host’s innate immune response. Current in vivo functional
genomic analysis ongoing in our laboratory using vhs mutants
will likely elucidate this possibility further.
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