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The innate immune response is critical for defense against
invading viruses. In response to virus infection, a number of signal
transduction pathways are activated, including activation of genes
that encode type I interferons (IFNs), such as IFN-␣ and IFN-␤.
These IFNs inhibit VZV replication in vitro (4, 15). VZV infection of human skin xenografts in SCID mice results in downregulation of IFN-␣ in infected cells and increased expression of
IFN-␣ in the surrounding uninfected epidermal cells, which may
delay the appearance of skin lesions (33, 34). These findings
indicate that IFN-␣ plays an important role in VZV pathogenesis.
Previously, we reported the generation of a recombinant
VZV in which over 90% of both copies of ORF63 were deleted
(7). The ORF63 deletion mutant was impaired for replication
in human melanoma cells and for establishment of latency in
rodents. Here, we report that the ORF63 deletion mutant is
hypersensitive to human IFN-␣ compared to parental virus or
other VZV deletion mutants that are impaired for replication
in human melanoma cells. IFN-␣ confers cellular resistance
against virus infection by at least two cellular proteins, doublestranded RNA-activated protein kinase (PKR) and 2⬘-5⬘oligoadenylate synthetase. Activated PKR phosphorylates the ␣ subunit
of eukaryotic initiation factor 2 (eIF-2␣), thereby preventing initiation of translation. We demonstrate that cells infected with
the VZV ORF63 deletion mutant have increased levels of
phosphorylated eIF-2␣ (eIF-2␣-P) compared to those infected with parental virus, suggesting that expression of the
ORF63 protein is necessary to overcome virus-induced
phosphorylation of eIF-2␣. Finally, we show that transient
expression of IE63 diminishes basal levels of eIF-2␣-P.
These studies indicate that VZV ORF63 has a major role in
the ability of VZV to overcome the innate immune response
to the virus.

Varicella-zoster virus (VZV) is a neurotropic alphaherpesvirus. Primary VZV infection begins with inoculation of the
respiratory mucosa, followed by cell-associated viremia and the
rash of chickenpox. During primary infection, the virus establishes latency in sensory ganglia and can subsequently reactivate to cause shingles. At least six VZV open reading frames
(ORFs), ORF4, -21, -29, -62, -63, and -66, are expressed during
latency (11–13, 29, 38). ORF63 is the most prevalent and
abundant VZV transcript expressed in latently infected human
ganglia (11, 13).
VZV ORF63 encodes a 278-amino-acid protein, which is
located in the tegument of virions (32) and is expressed as an
immediate-early (IE) protein (14). IE63 is extensively modified
in infected cells as a 45-kDa protein (14) that is phosphorylated by the VZV ORF47 kinase (30) and cellular casein kinases (5). IE63 binds to IE62, the major transactivator protein
of VZV, and up-regulates expression of the VZV glycoprotein
I (gI) promoter (36). IE63 has been reported to act as a
transcriptional repressor for a number of VZV and heterologous viral and cellular promoters (5, 17). IE63 promotes the
survival of cultured primary human neuronal cells (22). Point
mutations in phosphorylation sites prior to the last 70 amino
acids of IE63 result in mutant viruses impaired for replication
(3, 8) and for establishment of latent infection in rodents (8).
During lytic replication in vitro, IE63 is located predominantly
in the nucleus; however, during latency, the protein is detected
in the cytoplasm of sensory neurons (18, 35, 37).
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Varicella-zoster virus (VZV) open reading frame 63 (ORF63) is the most abundant transcript expressed
during latency in human sensory ganglia. VZV with ORF63 deleted is impaired for replication in melanoma
cells and fibroblasts and for latency in rodents. We found that replication of the ORF63 deletion mutant is fully
complemented in U2OS cells, which have been shown to complement the growth of herpes simplex virus type
1 (HSV-1) ICP0 mutants. Since HSV-1 ICP0 mutants are hypersensitive to alpha interferon (IFN-␣), we
examined the effect of IFN-␣ on VZV replication. Replication of the ORF63 mutant in melanoma cells was
severely inhibited in the presence of IFN-␣, in contrast to other VZV mutants that were similarly impaired for
replication or to parental virus. The VZV ORF63 mutant was not hypersensitive to IFN-␥. IFN-␣ inhibited
viral-gene expression in cells infected with the ORF63 mutant at a posttranscriptional level. Since IFN-␣
stimulates gene products that can phosphorylate the ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣) and
inhibit translation, we determined whether cells infected with the ORF63 mutant had increased phosphorylation of eIF-2␣ compared with cells infected with parental virus. While phosphorylated eIF-2␣ was undetectable in uninfected cells or cells infected with parental virus, it was present in cells infected with the ORF63
mutant. Conversely, expression of IE63 (encoded by ORF63) in the absence of other viral proteins inhibited
phosphorylation of eIF-2␣. Since IFN-␣ has been shown to limit VZV replication in human skin xenografts, the
ability of VZV IE63 to block the effects of the cytokine may play a critical role in VZV pathogenesis.
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RESULTS
VZV with ORF63 deleted grows to titers equivalent to those
of the parental virus in U2OS cells. VZV ROka63D, which has

FIG. 1. (A) Immunofluorescent foci of ROka and ROka63D in
MeWo, U2OS, and Saos-2 cells. Cells infected with ROka or
ROka63D were stained with anti-VZV gE mouse monoclonal antibody, followed by fluorescein isothiocyanate-labeled goat anti-mouse
immunoglobulin G antibody. (B) Growth of ROka and ROka63D in
U2OS and Saos-2 cells. U2OS and Saos-2 cells were inoculated with
VZV-infected MeWo cells. Cells were harvested on days 1 to 6 after
infection, and virus titers were determined by plating on MeWo cells.
The virus titer on day zero represents the titer of the input inoculum.

ORF63 deleted, is markedly impaired for growth in melanoma
cells. U2OS osteosarcoma cells can fully complement the
growth of herpes simplex virus type 1 (HSV-1) ICP0 null mutants and HSV-1 VP16 mutants (47, 48) and partially complement the growth of VZV ORF61 deletion mutants (10). To
determine whether U2OS cells can complement the growth of
ROka63D, MeWo and U2OS cells were infected with ROka or
ROka63D, and 7 days postinfection, the cells were fixed and
stained with antibody to VZV gE in an immunofluorescentfocus assay (Fig. 1A). Infection of MeWo cells with ROka63D
resulted in fluorescent foci smaller (367,000 ⫾ 71,800 units of
surface area) than those observed in cells infected with ROka
(822,000 ⫾ 171,000 units of surface area) (P ⬍ 0.0001; Wilcoxon test). However, fluorescent foci in U2OS cells infected
with ROka63D (117,000 ⫾ 21,200 units per surface area) were
similar in size to those infected with ROka (120,000 ⫾ 14,600
units per surface area) (P ⫽ 0.476; Wilcoxon test). Infection of
Saos-2 osteosarcoma cells with VZV ROka resulted in fluorescent foci (109,000 ⫾ 18,600 units per surface area); however, no foci were observed in these cells infected with
ROka63D.
To corroborate these observations, we determined the titers

Downloaded from http://jvi.asm.org/ on February 28, 2021 by guest

Cells and viruses. MeWo human melanoma cells were provided by Charles
Grose, and U2OS and Saos-2 osteosarcoma cells and Cos cells were obtained
from the American Type Culture Collection (Manassas, VA). Recombinant Oka
VZV (ROka) was obtained from cosmid clones derived from the attenuated Oka
strain of VZV. VZV ROka63D, ROka61D, and ROka67D have ORF63, -61,
and -67 deleted (7, 9, 10). Recombinant adenovirus Ad63 expressing VZV IE63
and green fluorescent protein and recombinant adenovirus Adblank expressing
green fluorescent protein alone were described previously (23).
Immunoblots and Northern blots. For detection of VZV proteins, cells were
lysed in CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} buffer (1% CHAPS [T. J. Baker, Phillipsburg, NJ] in Tris-buffered saline
[19.98 mM Tris, 136 mM NaCl, pH 7.4]) supplemented with Complete protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN) for 30 min on ice.
For detection of eIF-2␣, cells were lysed in 1⫻ sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer, followed by sonication and boiling.
To induce eIF-2␣ phosphorylation, cells were treated with 1 M thapsigargin
(Sigma-Aldrich, St. Louis, MO) for 30 min. Proteins were separated on 4 to 20%
Tris-glycine sodium dodecyl sulfate-polyacrylamide gels (Invitrogen, Carlsbad,
CA) and transferred to nitrocellulose membranes. Rabbit polyclonal antibodies
to VZV ORF61 protein (42), IE62 (42), IE63 (42), thymidine kinase (TK) (a gift
from Christine Talarico), ORF4 protein (39), phosphorylated eIF-2␣ (Biosource
International, Camarillo, CA), and mouse monoclonal antibodies to VZV glycoprotein E (gE) (Chemicon, Temecula, CA), cellular ␤-actin (Sigma-Aldrich),
and eIF-2␣ (Biosource International) were used as primary antibodies. Horseradish peroxidase-conjugated goat anti-mouse antibodies (Pierce, Rockford, IL)
and horseradish peroxidase-conjugated goat anti-rabbit antibodies (Pierce) were
used as secondary antibodies.
Total RNA extracted from MeWo cells using the RNeasy mini kit (QIAGEN,
Valencia, CA) was electrophoresed on 1% agarose gels containing 6.7% formaldehyde, blotted onto nylon membranes, and hybridized with [32P]dCTP probes.
Gene-specific probes were generated by PCR from HeLa cell cDNA (Stratagene,
La Jolla, CA) or VZV cosmids using 5⬘-GTGGGGCGCCCCAGGCACCA-3⬘
and 5⬘-CTCCTTAATGTCACGCACGATTTC-3⬘ for human ␤-actin, 5⬘-CACC
CAATCGCCTCAACTAT-3⬘ and 5⬘-TGTCCTGAACGGCATTAACA-3⬘ for
VZV TK, 5⬘-GCAGTAACTCCTCAACCAAG-3⬘ and 5⬘-ATCGTAGAAGTG
GTGACGTT-3⬘ for VZV gE, and 5⬘-TCTCCAAAACCACCGATGAACG-3⬘
and 5⬘-CGACGAGGAAGAGGATGAAGACG-3⬘ for VZV ORF62. Membranes were washed, exposed to phosphorimager screens, and scanned using a
STORM 860 PhosphorImager, and bands were quantified using the Image
Quant program (Molecular Dynamics, Sunnyvale, CA).
Plaque reduction and immunofluorescence assays. Monolayers of MeWo and
U2OS cells grown in six-well-plates were either not treated or treated for 18 h
with 1,000 U per ml of recombinant human IFN-␣-2b (Intron A; Shering Corporation, Kenilworth, NJ) or recombinant human IFN-␥-1b (Actimmune; Intermune Inc., Brisbane, CA). In order to determine the effects of IFN on VZV
plaquing efficiency, the cells were infected with serial dilutions of ROka,
ROka63D, ROka61D, or ROka67D and incubated at 34°C. Seven (for ROka) or
10 (for VZV mutants) days after infection, the cells were stained with crystal
violet and the plaques were counted. To determine the effects of IFN-␣ on VZV
replication in U2OS and MeWo cells, the cells were pretreated with IFN-␣ for
18 h and infected with ROka or ROka63D at a ratio of 1:200 (infected to
uninfected cells). Four days after infection, virus titers were determined by
plating on MeWo cells.
VZV-infected cells were grown on glass coverslips, fixed in methanol-acetone
(1:1 [vol/vol]), air dried, incubated with mouse monoclonal antibodies to VZV
gE (Chemicon) or IE62 (Chemicon) followed by fluorescein isothiocyanateconjugated goat anti-mouse antibody and DAPI (4⬘, 6⬘-diamidino-2-phenylindole) (1 g/ml), and examined by fluorescence microscopy. The surface areas of
immunofluorescent foci were measured using Image J software (http://rsb.info
.nih.gov/ij/).
Transient-transfection assays. Monolayers of Cos cells grown in six-well plates
were transfected with control plasmid (pCI) or plasmid expressing VZV IE63
(pCI-63) using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. The total amount of plasmid DNA used was 3.2 g for each transfection. Two days after transfection, the cells were harvested, lysed, and subjected to immunoblotting.
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of ROka and ROka63D in MeWo, U2OS, and Saos-2 cells
each day for 6 days. As reported previously, ROka63D titers
were lower than those of ROka in MeWo cells (data not
shown). In contrast, ROka63D grew to titers similar to those of
ROka in U2OS cells (Fig. 1B). ROka63D replication was not
complemented by growth in Saos-2 cells, as expected, based on
the immunofluorescent-focus assay.

Growth of VZV with ORF63 deleted is severely impaired in
the presence of IFN-␣. Previous studies by Mossman et al. (40)
showed that the growth of HSV-1 ICP0 mutants is fully complemented in U2OS cells and that these HSV-1 mutants are
hypersensitive to IFN-␣. Since the growth of ROka is fully
complemented in U2OS cells, we determined if ROka63D is
also exquisitely sensitive to IFN-␣ in a plaque reduction assay.
MeWo cells pretreated with human IFN-␣ showed a 1.3-fold
reduction in the number of plaques produced by ROka compared to cells treated with culture media alone (Fig. 2A). In
contrast, pretreatment of MeWo cells with IFN-␣ reduced the
number of plaques produced by ROka63D by 135-fold. To
determine if IFN-␣ hypersensitivity of ROka63D is a direct
consequence of the impaired growth of ROka63D, we tested
the effect of IFN-␣ on the growth of two other small-plaque
mutants of VZV, ROka61D and ROka67D. Pretreatment of
MeWo cells with IFN-␣ reduced ROka61D and ROka67D
plaques only by 1.8- and 1.4-fold, respectively, compared with
culture media alone.
To determine whether ROka63D is also hypersensitive to
human IFN-␥, we performed plaque reduction assays using
MeWo cells pretreated with IFN-␥. IFN-␥ inhibited the plaque
formation of ROka63D in MeWo cells to the same extent as
that of ROka (Fig. 2B). Taken together, these results demonstrate that VZV ROka63D is hypersensitive to IFN-␣, but not
to IFN-␥.
To investigate whether exogenous IE63 allows ROka63D to
overcome the effect of IFN-␣, we infected MeWo cells with a
replication-defective adenovirus expressing VZV IE63 (Ad63)
or control replication-defective adenovirus (Adblank) for 5 h,
treated the cells with IFN-␣ for 18 h, and then infected them
with ROka63D. Seven days after infection, plaques were observed in cells treated with IFN-␣ and infected with Ad63 and
ROka63D; however, no plaques were noted in cells treated
with IFN-␣ and infected with Adblank and ROka63D (Fig. 3).
Plaques were observed in cells not treated with IFN-␣ and
infected with ROka63D (Fig. 3) and in cells treated with IFN-␣

FIG. 3. VZV IE63 expressed in trans overcomes the effect of IFN-␣ in ROka63D-infected cells. MeWo cells were infected with control
adenovirus (Adblank) or adenovirus expressing VZV IE63 protein (Ad63) for 5 h and treated with IFN-␣ (1,000 IU/ml) for 18 h. The cells were
then infected with serial dilutions of ROka63D, and 10 days after infection, the monolayers were stained with crystal violet.
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FIG. 2. Effect of IFN-␣ (A) and IFN-␥ (B) on plaque formation by
ROka and VZV deletion mutants in MeWo cells. MeWo cells were
untreated or pretreated with IFN-␣ (1,000 IU/ml) or IFN-␥ (1,000
IU/ml) for 18 h and infected with ROka, ROka63D, ROka61D, or
ROka67D. Plaques were counted 6 days (for ROka) or 10 days (for
deletion mutants) after infection. The efficacy of IFN treatment was
measured by the ratio of the number of plaques in IFN-untreated wells
to the number of plaques in IFN-treated wells. The results from three
experiments were analyzed by one-way analysis of variance, and the
Welch modified t test was used to calculate P values. The error bars
represent standard deviations.
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and infected with ROka and Adblank or Ad63 (data not
shown).
VZV with ORF63 deleted is also hypersensitive to IFN-␣ in
U2OS cells. While HSV-1 ICP0 null mutants are hypersensitive to IFN-␣ compared to wild-type virus in Vero cells, they
show the same level of sensitivity to IFN-␣ as wild-type virus in
U2OS cells (40). Therefore, we looked at the replication of
ROka and ROka63D in U2OS cells pretreated (or not treated)
with IFN-␣ and determined virus titers on MeWo cells. IFN-␣
reduced the titer of ROka63D in U2OS cells 42-fold and reduced the titer of ROka 4-fold (Fig. 4A). Similarly, IFN-␣
treatment reduced the titer of ROka63D in MeWo cells 162fold and reduced the titers of ROka 1.5-fold (Fig. 4B).
IFN-␣ impairs viral-gene expression in cells infected with
ROka63D at a posttranscriptional level. To determine the
effect of IFN-␣ on VZV gene expression, we performed immunofluorescent-focus assays using antibodies to VZV gE or
IE62. Treatment of MeWo cells with or without IFN-␣, followed by infection with ROka, ROka63D, ROka61D, or
ROka67D, showed that expression of gE was severely impaired
only in cells treated with IFN-␣ and infected with ROka63D
(Fig. 5A). The level of expression of VZV IE62 was also
severely reduced in cells treated with IFN-␣ and infected with
ROka63D compared to cells treated with IFN-␣ and infected
with ROka (Fig. 5B).
To confirm the immunofluorescence data, immunoblots
were performed using lysates of MeWo cells pretreated or not
treated with IFN-␣ and infected with ROka, ROka63D, or
ROka61D for 2 days (Fig. 6A). In the absence of IFN-␣,

ROka-infected cells expressed the highest levels of IE62, VZV
TK (a putative early protein), and gE (a late protein), while
cells infected with ROka63D and ROka61D expressed similar
levels of these proteins. In cells treated with IFN-␣, levels of
the three viral proteins in ROka61D-infected cells were comparable to those in cells treated with IFN-␣ and infected with
ROka. However, cells infected with ROka63D showed markedly reduced levels of each of the three viral proteins compared with ROka or ROka61D. Quantification of the proteins
in cells treated with IFN-␣ showed that the levels of IE62, TK,
ORF61 protein, and gE were 7.2-fold, 3.9-fold, 9.4-fold, and
25.2-fold lower in cells infected with ROka63D than in those
infected with ROka (Fig. 6B). Antibody to IE63 and ORF61
protein confirmed that cells infected with ROka63D and
ROka61D did not express these proteins. Thus, there was a
marked reduction in the expression of all three kinetic classes
of viral proteins in ROka63D-infected cells pretreated with
IFN-␣ compared with ROka or ROka61D-infected cells pretreated with IFN-␣.
To determine whether the effect of IFN-␣ on ROka63D
gene expression occurs at the level of virus gene transcription,
Northern blots were performed, and the levels of IE62, TK,
gE, and ␤-actin transcripts were quantified. The quantities of
transcripts were similar for all three kinetic classes of viral
genes in cells infected with ROka, ROka63D, and ROka61D
(Fig. 7). Thus, IFN-␣ inhibits viral-gene expression in ROka63Dinfected cells at a posttranscriptional level.
VZV IE63 is required to inhibit phosphorylation of eIF-2␣
by the host cell in response to virus infection. IFN-␣ induces a
variety of IFN-stimulated genes, including PKR. Activated
PKR phosphorylates eIF-2␣, resulting in inhibition of translation and therefore inhibition of virus replication (26, 28, 31).
Since many viruses encode proteins that inhibit or reverse
phosphorylation of eIF-2␣, we measured the level of eIF-2␣-P
in ROka and ROka63D-infected cells (Fig. 8). Thapsigargin, a
potent inducer of eIF-2␣-P (45), was used as a positive control.
eIF-2␣-P was undetectable in MeWo cells infected with ROka
or ROka61D or in uninfected cells. eIF-2␣-P was detected in
ROka63D-infected cells or cells treated with thapsigargin. The
levels of total eIF-2␣ were similar for virus-infected cells and
uninfected cells. These results indicate that VZV IE63 is required to overcome phosphorylation of eIF-2␣, which is induced by virus infection.
VZV IE63 inhibits phosphorylation of eIF-2␣ in the absence
of other viral proteins. To determine whether VZV IE63 is
sufficient to overcome phosphorylation of eIF-2␣, we transfected Cos cells with a plasmid encoding VZV IE63 (pCI-63)
or empty vector (pCI). Two days later, the amounts of phosphorylated and total eIF2 were assessed in transfected cells by
immunoblotting and quantified by densitometry (Fig. 9). Cells
transfected with pCI-63 showed an eightfold reduction in the
amount of eIF-2␣-P compared to cells transfected with pCI.
These results suggest that VZV IE63 is sufficient to inhibit
eIF-2␣ phosphorylation.
DISCUSSION
We have shown that growth of VZV with ORF63 deleted can
be fully complemented by U2OS cells and that the mutant virus is
markedly impaired for growth in the presence of IFN-␣. Further-
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FIG. 4. Effects of IFN-␣ on replication of ROka and ROka63D in
U2OS and MeWo cells. Monolayers of U2OS and MeWo cells were
untreated or pretreated with IFN-␣ (1,000 IU/ml) for 18 h. The cells
were then infected with ROka or ROka63D. Four days after infection,
the cells were harvested and the titer of each virus was determined on
MeWo cells. The efficacy of IFN-␣ treatment was measured as described in the legend to Fig. 3. The error bars represent standard
deviations.
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more, we found that IE63 inhibits phosphorylation of eIF-2␣
expressed in the absence or presence of other viral proteins.
These results indicate that IE63 plays a critical role in inhibiting
the innate immune response to VZV by the host.
While VZV with ORF63 deleted is impaired for growth in
melanoma and Saos-2 cells and human diploid fibroblasts (7,
23), the mutant was fully complemented in U2OS cells. U2OS
cells complement the growth of a number of virus mutants,
including HSV-1 mutants in ICP0 (48) and VP16 (47) and
VZV mutants in ORF61 (10) and ORF63. Each of these herpesvirus mutant proteins is important for regulating gene expression. Yao and Shaffer (48) postulated that U2OS cells may
encode a cellular factor that activates viral-gene expression
and reduces the need for a viral transactivator. More recently,
Hancock et al. (19), using somatic cell hybrids formed between
U2OS cells and human fibroblasts, suggested that U2OS cells

are defective either for chromatin-dependent nuclear repression or for a signal transduction pathway that activates nuclear
repression in response to virus infection. Thus, at present it is
uncertain how U2OS cells complement the growth of HSV and
VZV mutants.
Since HSV-1 ICP0 mutants are fully complemented in
U2OS cells and are hypersensitive to IFN-␣ (20, 40), we postulated that a VZV ORF63 deletion mutant might also be
markedly impaired for growth in the presence of IFN-␣. The
ORF63 deletion mutant was hypersensitive to IFN-␣ while
other mutants, like ROka63D, that are impaired for growth in
melanoma cells were not hypersensitive to IFN-␣. While both
HSV ICP0 and ROka63D are hypersensitive to IFN-␣, there
are several differences in their responses to the cytokine. First,
HSV ICP0 mutants are resistant to IFN-␣ in U2OS cells, while
the VZV ORF63 mutant remained hypersensitive to IFN-␣ in
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FIG. 5. Immunofluorescence staining with antibodies to VZV gE and IE62 of VZV-infected, IFN-␣-untreated, or IFN-␣-pretreated MeWo
cells. MeWo cells treated with human IFN-␣ (1,000 IU/ml) or untreated were infected with ROka, ROka63D, ROka61D, or ROka67D. On the
indicated days after infection, the cells were fixed and stained with antibodies to VZV gE (A) or VZV IE62 (B) or with DAPI (A, bottom). The
data are representative of one of two independent experiments.
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U2OS cells. There was however, a slight reduction in hypersensitivity of the ORF63 deletion mutant in IFN-␣-treated
U2OS cells compared with melanoma cells (plaquing efficiencies were reduced 42-fold versus 162-fold, respectively). Second, HSV ICP0 mutants are hypersensitive to IFN-␥ (20),
while VZV with ORF63 deleted is little affected by IFN-␥.
Harle et al. (20) reported that IFN-␥ reduced the plaquing
efficiency of an HSV ICP0 mutant by 45-fold but reduced
plaque formation by wild-type HSV by only 3-fold. In contrast,
IFN-␥ reduced the plaquing efficiency of the VZV ORF63
deletion mutant by only 2.5-fold and that of the parental virus
by 1.2-fold. Third, the effect of IFN-␣ on HSV-1 ICP0 mutants

occurs at the transcriptional level, while the effect on the VZV
ORF63 mutant occurred at a posttranscriptional level. Mossman et al. (40) demonstrated that accumulation of IE and early
viral transcripts was severely impaired in IFN-␣-treated Vero
cells infected with HSV-1 ICP0 mutants and that expression of
the corresponding IE and early viral proteins was also reduced
in those cells. In contrast, IFN-␣ had little or no effect on VZV
transcripts of different kinetic classes in ORF63 mutant-infected cells. However, there was a marked reduction in viral
proteins in IFN-␣-treated cells infected with the ORF63 deletion mutant compared with parental VZV, especially in the
expression of a late VZV protein. These observations suggest

FIG. 7. Northern blots of VZV IE, putative early, and late transcripts in MeWo cells in the presence (⫹) or absence (⫺) of IFN-␣. (A) MeWo
cells untreated or pretreated with human IFN-␣ (1,000 IU/ml) were infected with ROka, ROka63D, or ROka61D. Total RNA was isolated 2 days
after infection, and Northern blots were performed using radiolabeled DNA probes specific for VZV IE62, TK, gE, and cellular ␤-actin. (B) Bands
were quantified using a densitometer, and each band was normalized to the area of the corresponding ␤-actin band. Reduction (n-fold) in mRNA
expression due to IFN-␣ treatment was calculated as the ratio of densitometry values from IFN-␣-untreated cells to that from IFN-␣-treated cells.
The data are representative of one of two independent experiments.
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FIG. 6. Immunoblots of VZV IE, putative early, and late proteins in MeWo cells untreated (⫺) or pretreated (⫹) with IFN-␣. (A) MeWo cells
untreated or pretreated with IFN-␣ (1,000 IU/ml) were infected with ROka, ROka63D, or ROka61D. Cell lysates were prepared 2 days after
infection and immunoblotted with antibodies to VZV IE62, TK, gE, IE63, ORF61 protein, or cellular ␤-actin. (B) The VZV protein bands were
quantified using a densitometer and normalized to the corresponding ␤-actin band. The reduction (n-fold) in protein expression due to IFN-␣
treatment was determined as the ratio of normalized densitometry values from IFN-␣-untreated cells to that from IFN-␣-treated cells. The data
are representative of one of two independent experiments.
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that VZV IE63 and ICP0 use different mechanisms to overcome the antiviral effects of IFN-␣.
Type I IFNs exert their effects in target cells by inducing
expression of a large number of IFN-stimulated genes (27).
These genes encode proteins that include PKR, 2⬘-5⬘oligoadenylate synthetase, and the Mx proteins that interfere with
viral transcription and translation processes. PKR is activated
in response to double-stranded RNA molecules generated during virus infection and phosphorylates eIF-2␣. In mammals,
eIF-2 delivers Met-tRNAi to the ribosome in a GTP-dependent manner to initiate protein synthesis. The inactive eIF-2–
GDP complex is released from the ribosome and is rapidly
converted to active eIF-2–GTP by eIF-2B (16). Phosphorylation of eIF-2␣ increases the affinity of eIF2 for eIF2B up to
100-fold, leading to competitive inhibition of eIF-2B. Since
eIF-2B is present in limited amounts in the cells, a small
increase in eIF-2␣ phosphorylation leads to a marked decrease
in protein synthesis.
Viruses have evolved several mechanisms to interfere with
eIF-2␣ phosphorylation and prevent an inhibition of protein
synthesis in infected cells (46). HSV-1 encodes two gene products, ␥34.5 and Us11, which prevent accumulation of eIF-2␣-P.
While ␥34.5 mediates dephosphorylation of eIF-2␣ (21), Us11
binds to and inhibits the activation of PKR and its ability to
phosphorylate eIF-2␣ (6, 44). These two HSV proteins exert
their functions at distinct phases of viral replication (41). Cells
infected with HSV-1 mutants lacking either of the two proteins
show increased levels of eIF-2␣-P compared to wild-type virus
(41). Since melanoma cells infected with a VZV ORF63 deletion mutant have increased levels of eIF-2␣-P compared to
those infected with parental VZV, these findings indicate that
IE63 is required to overcome virus-induced phosphorylation of
eIF-2␣. The observation that transient expression of IE63 in
cells reduces the level of eIF-2␣-P indicates that IE63 alone is
sufficient for modulating the phosphorylation of eIF-2␣.
At present, it is uncertain how VZV induces phosphoryla-

FIG. 9. Immunoblot of phosphorylated and total eIF-2␣ in Cos
cells expressing VZV ORF63. Cos cells were transfected with the
indicated plasmids, and 2 days later, cell lysates were prepared and
immunoblotted with antibodies to phosphorylated or total eIF-2␣. The
numbers below the bands indicate signal intensities relative to that of
untransfected cells. The data are representative of one of three independent experiments.

tion of eIF-2␣ in the absence of IE63. Desloges et al. (15)
demonstrated that the levels of phosphorylated and total PKR
were not significantly affected in VZV-infected melanoma cells
compared with uninfected cells. Thus, PKR may not contribute
to phosphorylation of eIF-2␣ in VZV-infected cells. In addition to PKR, three other kinases, PERK, GCN2, and HRI,
phosphorylate eIF-2␣ (1). Several different viruses, including
human cytomegalovirus (24), bovine viral diarrhea virus (25),
and hepatitis C virus (43), activate PERK.
The observations that VZV IE63 reduces the level of eIF2␣-P and that VZV with ORF63 deleted is markedly impaired
for growth in the presence of IFN-␣ have important implications for VZV pathogenesis. IE63 is expressed both during
lytic infection and during latency. The effect of IE63 on IFN-␣
may be important during acute infection with VZV. The increase in IFN-␣ expression in uninfected epidermal cells adjacent to VZV-infected cells in human skin xenografts in mice
suggests that IFN-␣ may be partly responsible for the long
incubation period of varicella (33). SCID mice infused with
antibody to the IFN-␣/␤ receptor had 10-fold-higher titers of
virus in VZV-infected human skin xenografts and larger skin
lesions than animals that received no antibody. The importance of IFN-␣ is also reflected by the observation that treatment of immunocompromised children with IFN-␣ reduces the
severity of varicella (2). IE63 is also expressed during latency in
neurons, and the viral protein may protect virus-infected neurons from the effects of IFN-␣ during latency and/or reactivation. Thus, the ability of VZV IE63 to inhibit IFN-␣ antiviral
activity may be important for blocking the innate immune
response to the virus during primary infection and reactivation
from latency.
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FIG. 8. Immunoblot of eIF-2␣ phosphorylation in ROka,
ROka63D, or ROka61D-infected MeWo cells. Mewo cells were infected with ROka, ROka63D, or ROka61D; cell lysates were prepared
2 days after infection; and immunoblots were performed using antibodies to phosphorylated or total eIF-2␣, VZV ORF4, or gE. Lysates
from thapsigargin (Tgn)-treated MeWo cells were used as a positive
control, and lysates from uninfected or dimethyl sulfoxide (DMSO)treated cells were negative controls for eIF-2␣-P. The data are representative of one of three independent experiments.
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