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We have analyzed the effects of vaccinia virus (VV) on gamma interferon (IFN-y) signal transduction.
Infection of cells with VV 1 to 2 h prior to treatment with IFN-y inhibits phosphorylation and nuclear
translocation of Statl and consequently blocks accumulation of mRNAs normally induced by IFN-y. While
phosphorylation of other proteins in the IFN-y pathway was not affected, activation of Statl by other ligand-
receptor systems was also blocked by VV. This block of Stat1 activation was dose dependent, and although viral
protein synthesis was not required, entry and uncoating of viral cores appear to be needed to block the
accumulation of phosphorylated Statl. These results suggest that a virion component is responsible for the
effect. VV virions contain a phosphatase (VH1) that is sensitive to the phosphatase inhibitor Na;VO, but not
to okadaic acid. Addition of Na;VO, but not okadaic acid restored normal Statl phosphorylation levels in
VV-infected cells. Moreover, virions containing reduced levels of VH1 were unable to block the IFN-y signaling
pathway. In vitro studies show that the phosphatase can bind and dephosphorylate Statl, indicating that this
transcription factor can be a substrate for VH1. Our results reveal a novel mechanism by which VV interferes
with the onset of host immune responses by blocking the IFN-y signal cascade through the dephosphorylating

activity of the viral phosphatase VHI.

Gamma interferon (IFN-v) plays a key role in host defense
(67). It regulates the adaptive immune response by enhancing
major histocompatibility complex (MHC) class I expression in
most cells and inducing MHC class II expression in antigen-
presenting cells and endothelial cells. It is also the major phys-
iological activating factor of macrophages and is responsible
for induction of nonspecific immune responses. IFN-y acts
synergistically with tumor necrosis factor (cytotoxic activity/
inflammatory response) and IFNa/B (antiviral activity). IFNs
are essential and functionally nonredundant in successful host
responses to certain viruses (48).

IFN-y exerts its action through its ability to bind to the
IFN-vy receptor (IFN-yR) and induce dimerization of receptor
o and B subunit pairs to form a heterotetramer (18, 19). The
IFN-yR « and B chains associate with Janus protein kinases
Jakl and Jak2, respectively (34, 37, 47, 65). Ligand-induced
association of the receptor subunits allows these kinases to
phosphorylate the IFN-yRa. The phosphorylated tyrosine (P-
Tyr) and adjacent residues constitute a docking site for the sh2
domain of Statl (p91) (16, 22), which is present in the cyto-
plasm as a latent transcription factor. Once bound to the re-
ceptor-Jak complex, Statl is phosphorylated (p91-P) (57) and
subsequently dissociates from the receptor and homodimer-
izes, by a process that is not fully understood, to form the
IFN-vy activation factor GAF. The IFN-vy activation factor is
translocated to the nucleus, where it is able to bind to the
IFN-y activation sequence—GAS—in the promoters of genes
whose expression is induced by IFN-y (57), including IFN-y
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itself and Stat1 (11, 24, 50). Maximal transcriptional activity of
Statl requires both tyrosine and serine phosphorylation (66).

Termination of the signaling induced by IFN-y has been
reported to be mediated at least in part by internalization and
degradation of receptor-ligand complexes (15, 17) and by ubig-
uitination and proteosomal degradation of phosphorylated
Statl (36). The role of phosphatases in the downregulation of
IFN-vy-stimulated gene expression has also been demonstrated
by studies in which Statl phosphorylation was induced and/or
prolonged in the presence of phosphatase inhibitors (10, 28).
Thus, dephosphorylation may act by competing with the path-
way that leads to Statl phosphorylation or by turning off an
established Statl signal (13, 28, 38).

Vaccinia virus (VV), which belongs to the Poxviridae family,
is characterized by its complexity and ability to replicate in the
cytoplasm of host cells. It has a genome composed of a single
200-kbp, linear double-stranded DNA (dsDNA) molecule with
hairpin termini and a complex virion that, in addition to the
structural polypeptides, contains multiple virus-encoded en-
zymes. These include RNA polymerase and enzymes needed to
produce polyadenylated, capped, and methylated mRNAs, two
DNA-dependent ATPases, a DNA topoisomerase I, two pro-
tein kinases, and a phosphatase.

In the early steps of VV infection, the virus undergoes un-
coating in a two-step process (31) which releases viral cores,
and later viral DNA, into the cytoplasm (7, 35). Primary un-
coating occurs after fusion of the virion with the plasma mem-
brane, and synthesis of early mRNAs can be detected 20 min
after initiation of synchronous infection (14). These mRNAs
encode early proteins that act as growth factors, immune de-
fense molecules, and enzymes and factors required for DNA
replication and intermediate transcription. A second uncoating
step results in the removal of core proteins and release of viral
DNA from the virion. This step is blocked by inhibitors of
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protein synthesis (32). Uncoating allows replication of the viral
genome and transcription of the intermediate mRNAs in dis-
crete areas of the cytoplasm known as viral factories.

In the course of evolution, poxviruses have developed dif-
ferent mechanisms to overcome host defense systems (61). VV
has evolved mechanisms to neutralize the activity of several
host cytokines, including IFN (51, 58, 59). VV open reading
frames (ORFs) E3L and K3L encode intracellular proteins
that block the IFN-induced inhibition of protein synthesis by
inhibiting the activation and/or action of the dsRNA-activated
kinase PKR (6, 8). The activity of IFNs is also blocked by
release of VV-encoded, soluble receptor analogues for the
IFN-a/B receptor, BI8R (9, 40), and the IFN-y receptor, BSR
(1, 46). These molecules inhibit binding of the ligand to cell
surface receptors and block IFN action.

The VV H1 gene product (VH1) was the first protein iden-
tified as a dual-specificity protein tyrosine phosphatase (DS-
PTPase) (23). In VV the H1L gene is localized in the central
region of the viral genome (ORF H1), a region that is highly
conserved among poxviruses and within which many of the
proteins essential for virus survival are clustered. The inability
to segregate null mutants for VV H1L or myxoma virus 1L
phosphatases indicates that the phosphatase is essential for
virus viability in tissue culture (42, 45). VH1 is characterized by
its resistance to okadaic acid (OA) and its sensitivity to sodium
vanadate (23). It is expressed late in the virus life cycle and is
packaged within the virion at about 200 molecules per viral
particle (42). Analysis of the localization of the encapsidated
VHI1 showed that after permeabilization of the viral particles,
half of the activity remains core associated, and the other half
is released to the supernatant fluid. Virus-encoded phospha-
tases are likely to be involved in the life cycle of the virus by
mediating processes obligatory for replication and propagation
but may also be involved in nonessential events that influence
host range and virulence.

The results presented here provide strong evidence that the
VHI1 phosphatase acts to block IFN-vy signaling, providing an-
other mechanism by which VV can evade host defenses.

MATERIALS AND METHODS

Tissue culture, IFN and antibodies. HeLa cells were grown in minimal essen-
tial medium (MEM), 4 g of glucose per liter, supplemented with 10% neonatal
calf serum (NCS). HeLa spinner cells (HeLa-S3) were grown in suspension using
modified MEM for suspension cultures (S-MEM), 1 g of glucose per liter, and
10% NCS. All culture media were supplemented with antibiotics (penicillin, 5 X
10° U/liter, and streptomycin, 100 mg/liter). The cells were replated after trypsin-
EDTA treatment twice per week for a maximum of 14 passages. Human recom-
binant IFN-y was purchased from Boehringer Mannheim and titrated to 100
1U/pl. Monoclonal antibodies (MAbs) anti-Stat1, anti-Jak1, anti-Jak2, and anti-
P-Tyr (PY20) were from Transduction Laboratories, Lexington, Ky. Early VV
protein 13 was detected using a polyclonal rabbit antiserum. Indirect immuno-
fluorescence was detected using tetramethylrhodamine isothiocyanate (TRITC)-
conjugated goat anti-mouse or goat anti-rabbit immunoglobulin (IgG) from
Jackson Immuno Research Lab, Inc.

Viruses. The Western Reserve (WR) strain of VV was propagated in HeLa-S;
cells and purified according to Joklik (30). Radioactive labeled virus was pre-
pared similarly except that [*H]thymidine (40 to 60 Ci/mmol) was added after
adsorption at a final concentration of 1 pCi/ml. Stocks of the VHI inducible
mutant VV strain (vindH1) were prepared as described previously (42) by growth
in the presence or absence of IPTG (isopropylthiogalactopyranoside). Titration
of viral stocks was performed as described previously (40).

Virus was adsorbed to cells by incubation on ice for 1 h while agitating
occasionally. At time zero postinfection (p.i), unbound virus was washed away
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with phosphate-buffered saline (PBS), low-serum medium (MEM with 2% NCS)
was added to the cells, and infection was continued at 37°C.

Purified virus was UV-irradiated using a germicidal lamp as described by
Bablanian et al. (4). Briefly, virus stock was diluted in PBS, and 1-ml aliquots
were placed into 35-mm petri dishes. Incident energy was monitored with a UV
meter (Blak-Ray; Ultraviolet Products, San Gabriel, Calif.). During irradiation,
samples were placed on ice and gently agitated on an orbital shaker.

Determination of viral uncoating. After adsorption and infection of HeLa cells
with [*H]thymidine-labeled virus, cells were scraped into cold hypotonic buffer
(10 mM KClI, 10 mM Tris-HCI [pH 7.4], 1.5 mM MgCl,). Samples were freeze-
thawed once to facilitate membrane rupture and then Dounce homogenized
until >90% of cells were disrupted. Samples were incubated with DNase I (EC
3.1.21.1; Sigma) at 200 pg/ml and 10 mM magnesium at 37°C for 30 min. After
precipitation with 10% trichloroacetic acid (TCA), insoluble material was col-
lected on glass fiber filters, which were washed with 5% TCA, ethanol, and
acetone and dried. Precipitable radioactivity was measured using Betafluor scin-
tillation fluid.

Immunoprecipitation and Western blot analysis. HeLa cells on 10-cm dishes
(90% confluence) were treated as described, washed with ice-cold PBS, and
scraped into 0.25 ml of lysis buffer (1% [vol/vol] Nonidet P-40 [NP-40], 150 mM
NaCl, 50 mM Tris-HCI [pH 8.0], 2 mM phenylmethylsulfony fluoride [PMSF], 2
U of aprotinin per ml, 1 mM Na;VO,, 10 mM NaF). Lysates were centrifuged at
10,000 X g for 2 min at 4°C, and the supernatants were used either for Western
blot analysis or immunoprecipitation. Proteins were immunoprecipitated by mix-
ing equivalent amounts of extract protein, determined according to Bradford (5),
with 0.5 pg of antibody per mg of protein. Following incubation overnight on a
rotary shaker at 4°C, 8 pg of rabbit anti-mouse Ig was added, and incubation was
continued for 1 h. Immune complexes were recovered by adding 50 pl of a 50%
slurry of protein A-Sepharose per sample and incubating at 4°C for 2 h. After
washing extensively (150 mM NaCl, 50 mM Tris-HCI [pH 8.0], 5 mM EDTA,
0.25% [vol/vol] Triton X-100, 1 mg of ovalbumin per ml, 2 mM PMSF, 2 U of
aprotinin per ml, 1 mM Na;VO,, 10 mM NaF), immunoprecipitated proteins
were released by boiling in 50 pl of loading buffer and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5%).

Proteins were transferred to nitrocellulose membranes using a wet transfer
apparatus (Bio-Rad) in 10 mM Sodium borate at room temperature for 2 h at 45
mA. Membranes were blocked in 5% (wt/vol) nonfat dry milk (Blotto), 1%
(wt/vol) bovine serum albumin (BSA), 1% (vol/vol) goat serum when using Stat1,
Jak2, Jakl, or 1-3 (rabbit polyclonal) as primary Abs or with 3% BSA and 1%
goat serum to probe with PY20. Primary Ab incubation was performed overnight
at 4°C with the above Abs diluted 1:1,000 (1:400 for anti-1-3) in their corre-
sponding blocking buffer. Membranes were washed in Tris-buffered saline (20
mM Tris-HCI [pH 7.4], 137 mM NaCl)-0.1% Tween 20 for 1 h, incubated with
peroxidase-labeled anti-mouse Ig Ab (1:5,000) or anti-rabbit Ig Ab (1:1,000)
diluted in blocking buffer for 1 h at 20°C, washed as before, and developed using
the enhanced chemiluminescence detection system (Amersham) as directed by
the manufacturer. Membranes were reprobed with a different Ab after stripping
by incubation in 60 mM Tris-HCI (pH 6.7)-2% SDS-0.1 M B-mercaptoethanol
for 45 min at 42°C.

Densitometric analysis of the blots for quantitation was done with an LKB
ultroscan XL enhanced laser densitometer (LKB, Bromma, Sweden).

Immunofluorescence. Cells were grown on glass coverslips until 70% conflu-
ent. After the appropriate treatment, cells were rinsed in ice-cold Dulbecco’s
phosphate-buffered saline (D-PBS), fixed with cold methanol for 20 min at 20°C,
and incubated with blocking buffer (1% BSA and 5% goat serum in D-PBS)
overnight at 4°C. Incubation with primary Ab was performed at a 1:100 dilution
for 2 h at 20°C. After rinsing thoroughly with D-PBS, rhodamine-conjugated
anti-mouse Ig (1:200) was added to the coverslips, which were incubated and
washed with blocking buffer. Coverslips were mounted on a drop of 90% glycerol
in 0.1X PBS, overlaid with a clean coverslip, and observed in an epifluorescence
microscope (Zeiss, Munich, Germany).

Expression of VH1 phosphatase. Plasmids for the expression of His-tagged
wild-type VH1 (pET14b-VH1) and its catalytically inactive mutant form,
VHI1M (pET14b-VH1<!19) (42), were introduced into the Escherichia coli
host BL21(lysS). Expression was induced in the presence of 1 mM IPTG as
described before (62), and cultures expressing VH1 were incubated at 20°C to
maximize VH1 solubility. VH1¢"% was expressed at 37°C. The proteins were
purified by Ni?* affinity chromatography as described in the pET system manual
(Novagen Inc.).

In vitro dephosphorylation of Statl-P with purified VHI. Lysates containing
equal amounts of protein from IFN-y-treated HeLa cells were immunoprecipi-
tated with anti-Stat] MAb and resolved by SDS-PAGE in replicate. Phosphor-
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FIG. 1. VV inhibits the IFN-y signal transduction pathway. (a) Western blot of HeLa cells infected with VV at different MOIs for 1 h before
treatment with IFN-y (200 U/ml) for 30 min. Extracts were immunoprecipitated (IP) with MAD against Stat1, and Western blots (WB) were probed
with either anti-Statl (top) or anti-P-Tyr (bottom). Cells in lane 7 were treated with CHX (50 wg/ml) throughout. (b) Western blot of
immunoprecipitates from HeLa cells infected for different times with VV (10 PFU/cell) before addition of IFN-y for 30 min. (¢) Immunofluo-
rescent localization of Statl in HeLa cells. (A) Control cells; (B) cells treated with IFN-y for 30 min; (C) cells infected with VV for 60 min before
treatment with IFN-y; (D) cells infected with VV for 60 min in the presence of CHX before treatment with IFN-y. (d) Western blots of
immunoprecipitates from HeLa cells infected with VV and treated with IFN-y as indicated. Extracts were immunoprecipitated with either Jak2
(top) or Jakl (bottom), and blots were developed with anti-Jak1 or -Jak2 (left) or with anti-P-Tyr (right). Sizes are shown in kilodaltons in this

and all subsequent figures.

ylated Statl was transferred to a nitrocellulose membrane, which was then cut
into separate lanes containing equal amounts of the protein and incubated in
phosphatase buffer (50 mM imidazole [pH 7.5], 0.1% B-mercaptoethanol) with
or without purified VH1 at a final concentration of 15 wg/ml at 22°C for 1 h.
Membranes were washed in TBS-T, reprobed for P-Tyr levels, and quantitated
by densitometry.

Substrate trapping using affinity support. Affinity trapping was performed as
described by Todd et al. (63). Purified catalytically inactive VH1 (VH1<195) was
coupled to Affigel 10 from Bio-Rad as described (63). As a control for nonspe-
cific binding, the same procedure was followed without added protein. After
blocking reactive sites, the gel was then transferred to a column and equilibrated
with 50 mM Tris-HCI (pH 6.5)-50 mM NaCl (binding buffer). HeLa cells (90%
confluent) in 150-mm plates were treated with IFN-y (200 TU/ml) for 30 min.
Cells were collected in lysis buffer (50 mM Tris-HCI [pH 6.5], 15 mM NaCl, 1%
Nonidet P-40, 1 mM PMSF, 5 pg of aprotinin per ml), lysed by sonication (30 s
on ice) and Dounce homogenization, and centrifuged at 15,000 rpm in an SS-34
rotor at 4°C for 10 min. Half of the supernatant was loaded on the Affigel 10
column coupled to VH1!1% and the other half was loaded on the Affigel 10
blank column. Columns were washed with 2 ml of binding buffer, and retained
phosphoproteins were eluted with 7 ml of 0.2 mM sodium arsenate. Collected
fractions were pooled, concentrated in a Speed-Vac, and analyzed for P-Tyr and
Statl content by Western blotting.

RESULTS

VV inhibits IFN-y-induced phosphorylation and nuclear
translocation of Statl rapidly and in a dose-dependent man-
ner. To determine whether viral infection directly affected the
IFN-y signal transduction pathway, we analyzed the phosphor-
ylation levels of Statl after treatment with IFN-y in cells that
had been infected with VV at different multiplicities of infec-
tion (MOI). HeLa cell monolayers were synchronously in-
fected with VV WR for 1 h and then treated with IFN-y at 200
IU/ml for 30 min. Lysates were prepared and analyzed by
Western blotting with Statl MAb and anti-P-Tyr MAb PY20.
In control cells, IFN-y induced phosphorylation of Statl within
30 min (Fig. 1a, lane 2). The phosphorylated species (p91-P)
migrates more slowly than the native Statl (p91) (55, 57)
permitting its detection by direct Western blot analysis of ly-
sates. Statl phosphorylation decreased in a dose-dependent
manner in cells infected with VV and was completely blocked
above an MOI of 10 PFU/cell (Fig. 1a, lane 6).



3188 NAJARRO ET AL.

This blockage of Statl phosphorylation during VV infection
was also observed in other cell lines, such as A431 and 293
cells. The IFN-v signal transduction pathway can be activated
in the presence of protein synthesis inhibitors because the
components of the signaling cascade are latent cytoplasmic
transcription factors (56) (data not shown). When protein syn-
thesis was inhibited by adding cycloheximide (CHX, 50 png/ml)
to the medium of VV-infected cells, the band corresponding to
p91-P was as strong as in control samples (Fig. la, lane 7).
Similar results were obtained with other protein synthesis in-
hibitors, emetine, anisomycin, and puromycin (data not
shown). Time course studies, in which infection was permitted
for different times before IFN-y treatment, showed that Statl
phosphorylation is reduced as early as 20 min after infection
and almost completely inhibited when cells are infected with
VYV for 40 min or more (Fig. 1b). The results suggested that a
virion component is responsible for the inhibition of Stat-1
phosphorylation.

Activation of Statl requires that it bind to the IFN-yR and
be phosphorylated at the membrane before translocation to
the nucleus. To determine if Statl nuclear translocation was
blocked during VV infection, HeLa cells were grown on cov-
erslips and then infected with VV at an MOI of 25 for 1 h.
IFN-y was then added to the cells, and after incubation for 30
min, localization of Statl was performed by indirect immuno-
fluorescence. Addition of IFN-y caused virtually all fluorescent
signal, dispersed over the cytoplasm in control cells, to accu-
mulate in the nucleus (Fig. 1c, A and B). VV-infected cells
showed some rounding as a consequence of the VV-induced
cytopathic effect, which is associated with viral protein synthe-
sis (3). Nuclei of infected cells stained very weakly after addi-
tion of IFN-v, indicating that translocation of Statl to the
nucleus was inhibited (Fig. 1c, C). Inhibition of protein syn-
thesis with CHX allowed nuclear translocation of Statl to take
place during infection with VV (Fig. 1c, D), suggesting, as seen
previously for the p91-P levels, that host and/or viral protein
synthesis was required for VV to exert its inhibitory effect on
the IFN-y signaling pathway.

The ability of other viruses such as Influenza virus (ortho-
myxovirus), vesicular stomatitis virus (VSV) (rhabdovirus),
and mengovirus (picornavirus) to modulate Statl phosphory-
lation was analyzed. None of these viruses affected the phos-
phorylation levels or nuclear translocation of Statl after the
infected cells were treated with IFN-y. However, the highly
modifed VV Ankara (MVA) had the same effect on Statl
activation as the WR strain (data not shown). The MVA strain
has multiple deletions and substitutions in its genome that
alter, among others, viral anti-host defense proteins, including
the VV IFN-yR antagonist.

Phosphorylation of other signaling molecules in the IFN-y
pathway is not affected by VV. We next analyzed other com-
ponents of the phosphorylation cascade during IFN-y signaling
to see if they too were affected by VV. Jakl and Jak2 associate
with the IFN-yR o and B chains, respectively, and are rapidly
phosphorylated upon IFN binding (54). The IFN-yRa chain is
also phosphorylated upon ligand binding and constitutes a
docking site for the binding of Statl (22). HeLa cells were
treated for 20 min with IFN-y (500 IU/ml) after being infected
with VV for 30 min, and lysates were immunoprecipitated with
anti-Jak2, anti-Jakl, or anti-IFN-yRa chain MAbs. Jakl and
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Jak2 proteins were detected on Western blots of the immuno-
precipitates with the corresponding MAbs, and P-Tyr was de-
tected with anti-P-Tyr (PY20) MAb. Phosphorylation of Jak2
and Jakl was only observed after treatment with IFN-y and
was unaffected by VV infection with or without CHX (Fig. 1d).
A similar result was obtained for IFN-yRa chain (data not
shown). Analysis of the same extracts for Statl showed that VV
infection had blocked phosphorylation of Statl (not shown).
These results indicate that the inhibition seen for Statl phos-
phorylation is selective and that upstream phosphorylation is
not affected during VV infection.

VV blocks induction of IFN-y-responsive genes. We rea-
soned that VV-mediated blockage of Statl phosphorylation
and nuclear translocation would inhibit the accumulation of
IFN-induced mRNAs. In order to test this point, we performed
Northern blot analyses to determine the mRNA levels of genes
whose transcription is induced by IFN-y. To facilitate the in-
terpretation of the results, we avoided the inhibitory effect of
VV on cellular mRNA levels (49, 52) by blocking VV protein
synthesis with adenosine N;-oxide (ANO). It has been shown
previously that in BHK cells treated with ANO, early viral
mRNAs are produced but VV early polypeptides are not syn-
thesized due to selective incorporation of the adenosine ana-
logue into viral mRNA (33). To ensure that ANO inhibits
synthesis of VV proteins in HeLa cells in the same way previ-
ously reported for BHK cells, Western blot analysis of an early
protein, 13, was performed with cells treated with various doses
of ANO. After a 5-h treatment with the drug, cells were in-
fected with VV (10 PFU/cell), and lysates were prepared at 1
and 2 h p.i. Western analysis showed the presence of 13, a
protein that is not encapsidated (53), in cells as early as 1 h p.i.
and strongly at 2 h p.i. (Fig. 2a). In cells treated with as little as
5 ng of ANO per ml, I3 was undetectable at both 1 and 2 h p.i.
(Fig. 2a), showing that viral early protein synthesis was blocked
by the drug. Experiments in which HeLa cells treated for 5 to
10 h with ANO (20 pg/ml) were labeled with [**S]methionine
for 30 min showed that the drug had no effect qualitatively
(SDS-PAGE analysis) or quantitatively (TCA-insoluble counts)
on host protein synthesis (data not shown). As expected, ANO
prevented the appearance of virus-specific proteins in [*>S]me-
thionine-labeled, VV-infected cells, showing that this drug se-
lectively inhibits viral protein synthesis in HeLa cells.

HeLa cells were grown to 75% confluency and incubated
with or without ANO at 20 pg/ml for 5 h. VV was then ad-
sorbed to the cells (MOI of 10), and at 30 min p.i., the inoc-
ulum was removed and IFN-y (500 IU/ml) was added for 2 or
4 h, as indicated. Northern blot analysis of total mRNA is
shown in Fig. 2b. In control cells, both Statl (50) and the
guanylate binding protein (GBP) (11) mRNA levels increased
substantially after exposure to IFN-y for 2 h and were further
augmented at 4 h (Fig. 2b, lanes 1 to 3). Under the same
conditions, actin mRNA levels remained constant. During VV
infection, the levels of actin mRNA were strongly reduced
(lanes 4 to 6) unless ANO was present (lanes 9 and 10). No
induction of GBP or Statl mRNAs was detected in cells in-
fected with VV prior to IFN-y treatment, while a strong re-
duction in actin mRNA steady-state levels was observed (lanes
7 and 8). Preincubation with ANO alone did not alter cellular
mRNA levels (lanes 9 and 10) and had no effect on the induc-
tion of GBP or Statl mRNA by IFN-vy (not shown). When cells
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FIG. 2. VV blocks induction of mRNA transcription by IFN-y. (a)
ANO blocks early viral protein synthesis in HeLa cells. Cells were
treated with ANO for 5 h at the concentrations indicated, VV was
adsorbed at 4°C (10 PFU/cell), and after addition of growth medium,
infection was allowed to proceed for 2 h in the presence of ANO at the
concentration shown. Lysates were analyzed by Western blotting with
antiserum against early protein I3. (b) Northern blot analysis of total
cell RNA from control and VV-infected HeLa cells. Cells were treated
with ANO (20 pg/ml) for 5 h or not and then mock infected or infected
with VV (10 PFU/cell). After 30 min of infection, cells were treated
with IFN-y (200 U/ml) in the absence or presence of ANO for 0, 2, or
4 h. Times shown indicate time p.i. RNA was isolated and analyzed by
Northern blotting using probes for GBP, Statl, and actin. (c) Quanti-
tation of densitometric signals for selected treatments (4.5 h). Treat-
ment with ANO had no effect on induction by IFN-y (not shown).
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were infected with VV in the presence of ANO, treatment with
IFN-y failed to cause induction of Statl and GBP mRNAs
even though the basal levels of housekeeping genes were un-
affected (lanes 13 and 14). Quantitation of the data obtained
for cells in the presence of ANO is shown in Fig. 2c and
indicate that the sevenfold induction of GBP levels was com-
pletely abolished in VV-infected cells when viral cytopathic
effects were blocked by treatment with ANO.

Viral protein synthesis not required for VV to interfere with
IFN-vy signaling pathway. As described earlier, inhibiting pro-
tein synthesis with CHX blocked the effect of VV on IFN-y-
mediated Statl phosphorylation. To determine whether viral
or host protein synthesis was required, we selectively blocked
viral translation by use of the VV-specific protein synthesis
inhibitor ANO (see above). Levels of phosphorylated Statl
after treatment with IFN-y were analyzed by immunoprecipi-
tation in cells infected with VV with or without ANO. As
shown in Fig. 3a, ANO alone had no effect on IFN-vy-induced
Statl activation (lane 9) or on the ability of V'V to block Statl
phosphorylation (lane 8). Thus, the synthesis of viral proteins
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is apparently not required for VV to block Statl phosphoryla-
tion.

Synthesis of VV proteins is also blocked when cells are
infected with UV-irradiated virus (4). In vivo studies demon-
strated that increases in the UV dose caused a progressive
reduction in the ability of VV to synthesize RNA (4). Infection
of HeLa cells with VV irradiated with low doses of UV (up to
9,000 erg/mm?) in the absence of CHX (Fig. 3a and b, lanes 4
and 5) caused a reduction in p91-P levels identical to that seen
with untreated virus (Fig. 3a and b, lane 3). CHX reversed this
effect for both untreated virus and VV irradiated with UV
from 1,300 to 5,100 erg/mm? (Fig. 3a, lanes 6 and 7). Western
blot analysis showed that synthesis of the early VV protein I3
was strongly inhbited when virus was exposed to a UV dose of
2,400 erg/mm? and undetectable in virus irradiated at 5,100 or
9,000 erg/mm? (Fig. 3c). When total protein synthesis was
blocked with CHX, the reduction in p91-P levels was very weak
(Fig. 3a, lanes 6 and 7). These results suggest that a labile or de
novo-synthesized cellular protein is required for VV to exert its
inhibitory effect on IFN-vy signal transduction.

Viral uncoating required for VV blockage of Statl phos-
phorylation. The rapid effect of VV on IFN-y-induced Statl
phosphorylation, the dose dependency, and the lack of a need
for viral protein synthesis suggested that a virion component
was responsible. In order to affect Statl phosphorylation, such
a component must likely be delivered to the cytoplasm. This
hypothesis would explain the need for cellular protein synthe-
sis, which has previously been shown to be required for virus
uncoating (32).

After binding and internalization, VV virions undergo un-
coating in two steps (31, 32). The first uncoating step occurs
shortly after penetration, permitting expression of immediate-
early genes. A second uncoating step permits replication of
viral DNA. VV uncoating requires protein synthesis and, while
unaffected by low-dose UV, is blocked by high (>9,200 erg/
mm?) doses of UV irradiation (4). To determine whether the
ability of VV to inhibit IFN-y signaling was dependent on
uncoating, HeLa cells were infected with VV that had been
irradiated with UV at low or high doses, and the effect on Stat1
phosphorylation was examined. As shown earlier, lowdose UV
irradiation had no effect on the ability of virus to block IFN-
v-induced Stat-1 phosphorylation (Fig. 3b, lanes 2 to 5). How-
ever, VV irradiated at doses over 9,000 erg/mm?* were unable
to block IFN-y-induced phosphorylation of Statl (Fig. 3b, lane
6), as was also seen for untreated virus in the presence of CHX
(lane 7). The same results were obtained in three independent
experiments.

To determine whether there was a correlation between the
ability to block Stat-1 phosphorylation and virion uncoating,
we also monitored the sensitivity of viral DNA to DNase (49).
Cells were infected with UV-irradiated [PHJVV (low dose,
3,000 erg/mm?; high dose, 27,000 erg/mm?) or with untreated
[PH]VV in the presence of CHX. Untreated virus is uncoated
during infection, leading to an average sensitivity to DNase
treatment of 42% (Fig. 3d). Low-dose UV irradiation did not
significantly affect the uncoating of VV. However, virus ex-
posed to doses of UV of 27,000 erg/mm?* exhibited 92.2%
resistance to DNase treatment, indicating that uncoating of the
virions was blocked. Similarly, when infection was carried out
in the presence of CHX, more than 98% of DNA remained
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FIG. 3. CHX and UV irradiation of virus prevent the block of IFN-y signal transduction. (a) Western blot (WB) analysis of Statl phosphor-
ylation in HeLa cells treated with IFN-y after infection with VV irradiated with various doses of UV without (lanes 4 and 5) or with (lanes 6 and
7) CHX (50 pg/ml) or with ANO (lanes 8 and 9). (b) Western blot analysis of Statl phosphorylation in HeLa cells treated with IFN-vy after infection
with untreated VV (lanes 3 and 7) or VV irradiated with a low (lanes 4 and 5) or high (lane 6) dose of UV. (c) Western blot analysis of early protein
13 production in cells infected (10 PFU/cell) for 2 h with untreated VV (=) or VV irradiated with UV at 2,400 or 9,000 erg/mm?. (d) Uncoating
of VV analyzed by DNase sensitivity of internalized, [*H-]thymidine-labeled virions. Cells were harvested at 2 h p.i., lysates were treated with
DNase, and acid-insoluble material was determined in a liquid scintillation counter.

TCA precipitable. These results are in accord with the idea
that uncoating of virions is required for VV to block IFN-y
signaling.

Dephosphorylation kinetics of activated Statl in VV-in-
fected cells. Statl phosphorylation can be detected as early 15
min after binding of IFN-y and remains detectable for more
than 2 h (57; unpublished observations). Termination of the
response seems to be caused by dephosphorylation (25), al-
though ubiquitination and protein degradation may also play a
role (36). In order to determine whether VV infection causes
dephosphorylation of existing, activated Statl, we examined
p91-P levels in cells treated with IFN-y and then infected with
VV in the presence or absence of the viral protein synthesis
inhibitor ANO. Cells were collected at different times p.i., and
Statl phosphorylation was determined by P-Tyr blotting and
quantitated by densitometry (Fig. 4). Dephosphorylation rates
relative to the control (0 min p.i.) are shown in Fig. 4b. More
than 70% of phosphorylated Statl in uninfected cells remained
after 120 min (Fig. 4a, lane 12). Within 40 min of infection with
VV, there was a significant decrease in p91-P levels compared
to noninfected cells. The apparent ¢, , of phosphorylated Statl
decreased from ~80 min in uninfected cells to ~25 min in
VV-infected cells (Fig. 4b). This enhancement of the rate of
dephosphorylation of Statl did not require viral protein syn-
thesis, since cells treated with ANO showed a similar loss of
p91-P. Differences between control and infected cells were

maximal at 60 min p.i.,, when only 5% of the initial p91-P
remained in infected cells, compared to 70% in control cells
(Fig. 4b). In contrast, infection with VV had no effect on the
steady-state level of Statl whether cells were treated with
IFN-vy or not (Fig. 4c), eliminating the possibility that VV acts
by causing degradation of Statl. These results indicated an
increased dephosphorylation activity associated with the early
steps of VV infection. Thus, the effect of VV on the IFN-y
signaling pathway is most likely due to a dephosphorylation
event.

Effect of phosphatase inhibitors on Statl phosphorylation
in cells infected with VV. Our data strongly suggested that a
virion component was responsible for the impairment of IFN-y
signaling. Given the results described in the previous section,
this component is likely to be a virion-associated phosphatase.
VV ORF HI1 encodes a dual-specificity, soluble phosphatase
VHI1 (23) that is packaged in the viral particles at about 200
molecules per virion. This enzyme is essential for viral tran-
scription in vitro and in vivo (42). Sodium orthovanadate
(Na;VO,) specifically blocks its activity, while OA does not
(23). To determine whether the viral phosphatase was the
virion component that caused a decrease in Statl phosphory-
lation, we tested the effect of Na;VO, and OA on responses to
IFN-v (Fig. 5a).

Phosphorylation of Statl was not detected in cells incubated
with Na;VO, or OA alone (Fig. 5a, lanes 1 and 2). Addition of
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FIG. 4. Enhanced dephosporylation of Stat1-P in cells treated with

IFN-v and then infected with VV. (a) Western blot (WB) analysis of Stat1

phosphorylation in HeLa cells treated with IFN-y for 30 min and then infected with V'V for various times in the absence or presence of ANO. After
treatment with IFN-y (200 IU/ml) for 30 min, cells were washed to remove excess IFN and then mock infected (—VV) or infected with VV at 10
PFU/cell (+VV). The cells were harvested at various times after infection, and equal amounts of cell protein were immunoprecipitated (IP) with
an antibody against Statl followed by Western blotting with anti-P-Tyr. The migration position of p91-P is shown at the right. Control uninfected
cells, untreated (lane 1) or treated with IFN-y (lane 2) and harvested at time zero are shown for comparison. A parallel batch of cells was processed
identically except they were treated with ANO (20 pg/ml) for 5 h and maintained in the presence of this drug throughout (+VV/ANO). (b)
Quantitation of data shown in panel a as a percentage of levels in uninfected cells after treatment with IFN-y for 30 min. (c) Western blot analysis
of Statl levels in HeLa cells infected with VV. (Upper panel) Cells were mock infected or infected with VV (10 PFU/cell) and cultured for the
times indicated. (Lower panel): Mock-infected or VV-infected cells (10 PFU/cell) were incubated for the times shown before addition of IFN-y
(200 U/ml) for 30 min. Extracts were analyzed by SDS-10% PAGE so that the phosphorylated and unphosphorylated proteins were not separated,

allowing total Statl levels to be discerned.

IFN-v in the presence of phosphatase inhibitors induced the
same levels of p91-P as with IFN-y alone (compare lanes 5 and
6 with lane 3). Statl phosphorylation was inhibited in VV-
infected cells (lane 4), but addition of Na;VO, overcame the
ability of VV to block Statl phosphorylation (lane 7). In con-
trast, OA had no effect on the ability of VV to inhibit IFN-y
signal transduction (lane 8). Similar results were obtained
when the effects of Na;VO, and OA on Statl nuclear local-
ization were examined (data not shown).

VV deficient in VH1 is unable to prevent Statl phosphory-
lation. To provide further evidence that VHLI is responsible for
blocking the IFN-v signaling pathway, we used VH1-deficient
VV mutants. VHI is essential for VV replication, since at-
tempts to generate null mutants for the phosphatase were
unsuccessful (42). Using an inducible mutant (vindH1) in
which H1 expression is under the control of the lac repressor-
operator system, Liu et al. showed that VH1 is required for the
infectivity and transcriptional competence of nascent virions
(42). Virions containing low levels of VH1 are defective in the
early steps of infection, including early transcription and hence
viral protein synthesis (42). Virions generated in the presence
(H1") or absence (H17) of the Lac inducer IPTG contained

16.7 and 2.4%, respectively, of the level of VH1 encapsidated
in wild-type (wt) virions (42). We infected HeLa cells with wt,
H17, and H1™ virions, applying the same number of particles
per cell (500 particles/cell; equivalent to 10 PFU of wt virus/
cell). Virus entry is not compromised in these mutants (42).
Cells were then washed, and infection was continued for 30
min prior to the addition of IFN-y for an additional 30 min.
Western blot analysis of the cell lysates (Fig. 5b) showed that
neither H1™* nor H1~ virions were able to inhibit Statl phos-
phorylation to the extent that wt virus did. Moreover, the levels
of p91-P after infection with H1~ and H1" viruses showed an
inverse correlation with the amount of VH1 included in the
virions. These results strongly reinforce the hypothesis that
VHI1 phosphatase is required to block the IFN-y signal path-
way in the early phase of VV infection.

Phosphorylated Statl is a substrate for VH1 in vitro. To
examine the possibility that phosphorylated Stat1 is a substrate
for VH1, we tested the ability of purified, recombinant VH1 to
dephosphorylate p91-P. HeLa cells were treated with IFN-y,
and cell lysates were immunoprecipitated with anti-Statl.
Equal amounts of the recovered proteins were analyzed by
Western blotting with anti-P-Tyr Ab (Fig. 6a, upper panel).
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FIG. 5. VV VHI1 phosphatase activity correlates with the virus-
induced block in IFN-y signal transduction. (a) Western blot (WB)
analysis showing effect of phosphatase inhibitors sodium vanadate
(NaVa) and OA on Statl phosphorylation. HeLa cells were incubated
with NaVO, (lanes 1, 5, and 7) or OA (lanes 2, 6, and 8) and either
infected with VV (lanes 4, 7, and 8) or left uninfected (lanes 1, 2, 3, 5,
and 6). After treatment with IFN-vy for 30 min, extracts were prepared,
and immunoprecipitates (IP) were analyzed by SDS-PAGE and trans-
ferred to a membrane. After being probed for Statl (top panel), the
blot was stripped and reprobed for P-Tyr (lower panel). (b) Western
blot analysis of Statl phosphorylation in cells infected with VHI vari-
ant virus. HeLa cells were infected with equivalent numbers of parti-
cles (500 per cell) of wt WR strain or VH1 mutant strain produced in
the presence (H1") or absence (H1") of IPTG. After treatment with
IFN-y (200 U/ml) for 30 min, extracts were immunoprecipitated, and
blots were probed for P-Tyr (left panel) or Statl (right panel). Quan-
titation of the P-Tyr blot is shown below.

After detection, the membrane was stripped and cut in half.
The left lane was incubated with buffer alone, and the right
lane was incubated with buffer containing recombinant VHI at
a final concentration of 15 wg/ml. The membranes were then
reprobed for P-Tyr levels. We consistently observed a strong
reduction (>80%) in the p91-P levels in samples incubated
with VH1 compared to the control. Densitometric quantitation
of five independent experiments is shown in Fig. 6b. Together,
these data indicated that, at least in vitro, Statl is a bona fide
substrate of VH1.

Mutations in the catalytic site of phosphatases have been
used to generate stable enzyme-substrate complexes that per-
mit the identification of putative substrates of these enzymes
(21). We used catalytically inactive VH1 (VH1<""%8) coupled
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FIG. 6. Phosphorylated Statl serves as a substrate for VH1 phos-
phatase in vitro. (a) Sensitivity of denatured p91-P to VH1 shown by
incubating Western blots (WB) containing immunoprecipitated (IP)
p91-P from IFN-y-treated HeLa cells (upper panels) without (bottom
left) or with (bottom right) recombinant VH1 phosphatase, followed
by reprobing with anti-P-Tyr MAb. (b) Quantitation of the data from
panel a (mean * standard deviation of five experiments). (c) Substrate
trapping identifies p91-P as a substrate for VH1 phosphatase. Extracts
of IFN-vy-treated HeLa cells were applied to uncoupled (control) or
VHI1"% mutant, recombinant VH1-coupled (VH1¢!%S) Affigel col-
umns. After washing, bound proteins were eluted with 0.2 mM sodium
arsenate and analyzed by Western blotting (WB) for P-Tyr (left panel)
and, after stripping, reprobed for Statl (right panel).

to Affigel—10. Equal amounts of protein from extracts of IFN-
y-treated HeLa cells were loaded on the VH1<"% and control
columns. Bound proteins (Fig. 6b) were eluted with the com-
petitive inhibitor sodium arsenate, which displaces only phos-
phorylated proteins associated with VH1<''%S, Eluates from
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the VH1"'% column (Fig. 6¢, lane 2) contained several pro-
teins containing P-Tyr that were not retained or bound only
weakly to the control column (Fig. 6b, lane 1). One of the
phosphorylated proteins specifically retained was identified as
Statl by reprobing the membrane with anti-Statl Ab (Fig. 6c,
lanes 3 and 4). As predicted from previous studies (23), VH1
can interact with a broad range of substrate proteins contain-
ing P-Tyr. Our results suggest that Statl is among these pro-
teins.

DISCUSSION

IFN-v is a key cytokine involved in protection against viral
infection. IFN produced in response to virus infection induces
IFN-responsive cells to create an antiviral state that efficiently
prevents the spread of the virus. Knockout mice deficient for
IFN-yR (26, 48) show increased susceptibility to infection by
VV but not to VSV or Semliki Forest virus. Viruses have
evolved a series of strategies to counteract this host defense
mechanism. In particular, VV has several genes encoding pro-
teins that interfere with responses to IFNs. The products of
VV genes E3L and K3L inhibit the activation and/or activity of
PKR (6, 8). Moreover, the VV analog of the IFN-yR encoded
by gene BSR competes with and blocks the binding of IFN-y to
its natural receptor (46, 59). We demonstrate here that VV can
block IFN-y responses by another mechanism, inhibiting the
IFN-v signal transduction pathway. The data presented here
strongly support a role for the virion-associated VH1 phospha-
tase in this effect.

VV blocks IFN-vy signal transduction. Statl phosphorylation
and nuclear translocation were found to be blocked only dur-
ing infection with poxviruses (VV strains WR and MVA),
while infection with viruses as diverse as an orthomyxovirus
(influenza virus), picornavirus (mengovirus), and rhabdovirus
(VSV) did not affect the pathway. This specificity eliminates
the possibility that nonspecific consequences of viral infection
(e.g., virus entry, viral mRNA transcription, or host shut-off)
were responsible for the effect. Moreover, since the MVA
variant also blocked Statl phosphorylation, we can rule out the
possibility that the response is due to neutralization of IFN-y
by the IFN-yR homologue, which is deleted in this strain (2).
Further evidence that the effect is not due to incapacitation of
IFN-v is provided by the fact that while Statl phosphorylation
is blocked by VV, the phosphorylation uf Jak 1 and 2 and the
IFN-yR still occurs in response to IFN-y in VV-infected cells.

IFN-v signaling leads to the enhancement of several mRNA
species, and some of them have been directly implicated in the
antiviral responses induced by this cytokine (61). Under con-
ditions in which viral protein synthesis is inhibited while host
transcript levels are essentially unchanged, treatment with
IFN-vy failed to induce the accumulation of GBP or Statl
mRNA. Since this effect does not appear to be due to a re-
duction in mRNA half-lives by VV, it is most likely a conse-
quence of the block of the IFN-y signaling pathway during
early VV infection. The IFN system is able to impair different
steps of viral replication, and it is not surprising that VV has
evolved various apparently redundant mechanisms to counter-
act these effects. The lack of mRNA stimulation by IFN-y in
virus-infected cells observed in this study demonstrates an ad-
ditional viral strategy acting at a step prior to those interfering

VV INHIBITS IFN-y SIGNAL TRANSDUCTION 3193

with PKR or oligo-2,5A synthetase functions. Blocking the
signal transduction pathway is a strategically effective way of
preventing IFN from activating an antiviral response in cells
that are already infected.

The activation of Statl after ligand binding is preceded by a
series of kinase activities at the cell membrane. None of the
kinase responses examined (Jakl, Jak2, and IFN-yRa) were
affected during VV infection, indicating that the reduced level
of phosphorylated Statl was specific and not due to a general
inhibitory effect of VV on protein tyrosine phosphorylation.
This was true for both IFN-y and epidermal growth factor
(EGF) (data not shown) stimulation of infected cells.

Blockage of the IFN-y signaling pathway requires a virion
component. Inhibition of Statl phosphorylation occurs very
rapidly after VV infection, even in the presence of ANO,
suggesting that translation of early, intermediate, or late VV
mRNAs is not needed. Complete inhibition of Statl phosphor-
ylation occurred at MOIs above 10, at which level more than
90% of the cells are infected. Other cell lines infected with VV
showed the same response. In the epitheloid carcinoma cell
line A431, complete inhibition of Statl phosphorylation after
IFN-vy treatment was achieved at 10PFU/cell, as also was phos-
phorylation of Statl induced by EGF (data not shown).

Although IFN-vy induced translocation of Stat-1 is unaf-
fected by protein synthesis inhibitors for up to 4 h, the presence
of CHX in the incubation medium during VV infection
blocked the effect of VV on Statl phosphorylation levels and
nuclear translocation. This suggests a need for ongoing protein
synthesis, a virus-induced cellular cofactor, or a newly synthe-
sized viral protein. We excluded a need for viral protein syn-
thesis by using a specific inhibitor of viral protein synthesis
(ANO) or by infection with low-dose UV-irradiated virus. As
we have shown, synthesis of a characteristic early protein, I3, is
blocked under each of these conditions, indicating that both
ANO and low-dose UV irradiation prevent the synthesis of
early viral proteins in general. The effect of CHX therefore
seems unlikely to be due to a blockage of viral protein synthe-
sis. Several other protein synthesis inhibitors (emetine, aniso-
mycin, and puromycin) had the same effect, and the dose
response for each correlated with that needed to block protein
synthesis. It is thus unlikely that the response to CHX can be
ascribed to secondary effects rather than to inhibition of pro-
tein synthesis.

Since our data suggest that a virion component is responsi-
ble for the effect of VV on Statl activation, a likely explanation
for the effect of protein synthesis inhibitors is the dependence
of viral uncoating on host protein synthesis (32). Two ap-
proaches have been taken to analyze viral uncoating of
[*H]thymidine-labeled VV. One is based on the production of
TCA-precipitable material with characteristic sedimentation
rates (whole virus, cores, and viral DNA) as the infection
progresses (4, 32, 43, 55). Cores accumulate in the presence of
actinomycin D (43) or when the inoculum is treated with UV
intensities over 9,200 erg/mm? (4). The other approach relies
on the increased DNase sensitivity of the viral genome as
uncoating progresses; whole virus and cores are DNase resis-
tant until the second uncoating step takes place, rendering
50% of the labeled DNA acid soluble. Both approaches show
that secondary uncoating requires both RNA and protein syn-
thesis. Our data confirm that secondary uncoating is blocked
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by high but not low doses of UV exposure. Similarly, low UV
doses had no effect on the inhibition of Statl phosphorylation,
while high UV doses prevented this block. This finding
strengthens the idea that a viral core component is responsible
for the inhibitory effect and that uncoating of virions is needed
to release this viral factor into the cytoplasm. High-dose UV
irradiation increases the sedimentation rate of viral DNA,
which correlates with the cross-linking of proteins to viral
DNA (4). It is thus possible that the normal phosphorylation
levels detected in IFN-y-treated cells infected with high-dose
UV-irradiated VV result from the sequestering of an inhibi-
tory activity present within the uncoated cores. Although it is
widely accepted that secondary uncoating requires protein syn-
thesis, the factor responsible for viral uncoating (49) remains
to be identified. Thus, it is likely that the normal phosphory-
lation levels obtained in the presence of protein synthesis in-
hibitors such as CHX are due to the inhibition of the secondary
uncoating step needed for release of a virion component into
the cytoplasm. The importance of the initial steps in the VV
infectious cycle is underscored by studies showing that pre-
treatment of cells with IFN-o/p blocks uncoating of VV in
chicken embryo fibroblasts, leading to an accumulation of
cores (44), as seen when infection is carried out in the presence
of CHX.

Virion component responsible for the effect is a phosphatase
(VH1). Statl protein has a half-life of about 24 h (39). During
its activation after IFN-y treatment, it can undergo several
cycles of phosphorylation and dephosphorylation, and the es-
timated half-life of an activated p91-P molecule is 15 min (25).
The fact that VV blocks Statl phosphorylation prompted us to
compare the decay of Statl activation in uninfected cells and
cells infected with VV in which a pool of active Stat1 molecules
had been accumulated by IFN-y stimulation. The strong re-
duction in p91-P steady-state half-life after infection with VV
suggested that the lack of phosphorylation detected in previous
experiments was indeed the result of a virion-associated phos-
phatase activity. Statl phosphorylation levels were greatly re-
duced after 40 min of virus infection in IFN-y-treated cells (¢, ,
of p91-P was reduced to 30% of control values in uninfected
cells), even when viral protein synthesis was inhibited. While
the levels of phosphorylated Statl declined markedly during
VV infection, there was no alteration in the steady-state level
of p91 whether the cells were treated with IFN-y or not. This
rules out the possibility that VV promotes degradation of Statl
by proteolysis, as has been observed with another class of virus
(20). Our data thus support a role for a viral phosphatase in
blocking signal transduction by IFN-y.

The importance of protein tyrosine phosphatases in IFN-vy-
stimulated gene expression has been documented by studies in
which Statl phosphorylation was induced and/or prolonged in
the presence of phosphatase inhibitors (10, 28). Phosphatases
may play a role by turning off the Statl signal or by repressing
the pathway that leads to its phosphorylation (13, 27, 38). Since
no inhibition of Jakl, Jak2, or IFN-yR phosphorylation was
observed, it is likely that VV acts to dephosphorylate p91-P
specifically.

Analysis of virus-associated phosphatase activity (VH1) af-
ter detergent permeabilization of VV shows that part of VH1
remains core associated and part is released to the supernatant
fluid (42). VH1 was a good candidate for the mediator of
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VV-induced blockage of IFN-vy signaling. We took advantage
of its differential sensitivity to phosphatase inhibitors to impli-
cate VHI in Statl dephosphorylation. As predicted from the
known sensitivity of purified VH1 to drugs, OA did not inhibit
the blockage of the IFN-y signaling pathway, while sodium
vanadate did. Restoration of p91-P levels by sodium vanadate
was similar to that observed in the presence of the protein
synthesis inhibitor CHX.

Strong evidence supporting a role for this viral phosphatase
was obtained by infecting HelLa cells with a VV mutant in
which expression of VHI1 can be regulated. Levels of Statl-P
were inversely proportional to the amount of VH1 present in
the infecting virions, indicating a clear correlation between the
enzymatic activity and the suppression of an IFN-y response.
An alternative explanation might be that these virions are
structurally defective. However, previous studies have shown
that vindH1 virions produced by cells in the absence of IPTG
show no aberrant characteristics other than the decreased level
of VH1 (42). Analysis of purified virions by SDS-PAGE and
silver staining revealed no alterations in protein composition,
and at least one core-associated protein, F18, was present in
equal amounts in wt, H1", and H1~ virions (42). Entry of
H1-deficient virions into cells is unaffected (42). Moreover,
under conditions similar to those used here, synthesis of early
transcripts is unaffected in cells infected with H1™ virions,
suggesting that the cores are not grossly defective (42). Thus, it
seems unlikely that release of VH1 from the cores would be
affected, although we cannot rule this out formally. The H1*
virions, which contain substantially less VH1 than wt virus, are
able to infect productively, showing that they do undergo un-
coating. Nonetheless, their ability to block Statl activation is
impaired. Given that dephosphorylation of Statl is greatly
enhanced in VV-infected cells and that NaVO, is able to block
the effect, the most likely explanation for our observations is
that VHI is responsible.

We were unable to detect a decrease in Statl phosphoryla-
tion by incubating purified VH1 with immunoprecipitated
p91-P (data not shown), possibly owing to inaccessibility of the
P-Tyr residues as a result of steric hindrance in preformed
dimers. However, incubation of denatured p91-P with purified
VHI1 phosphatase resulted in dephosphorylation, indicating
that, in vitro, Statl is a bona fide substrate for VV phospha-
tase. Several reports have identified viral substrates for the
DS-PTPase VH1 (12, 41, 64), including the products of the
Al4 and A17 genes. Our present observations identify Statl as
the first known cellular substrate for this viral enzyme.

Analysis of the catalytic mechanism employed by DS-PT-
Pases showed that mutation of a critical Cys residue (21) could
be used to produce catalytically inert DS-PTPs that retain their
ability to bind to their substrates. We performed affinity chro-
matography in order to adsorb putative substrates to catalyti-
cally inactive mutants of VH1 coupled to a solid support. This
approach permits the analysis of phosphoproteins that interact
with the phosphatase (63). Using this method, we have iden-
tified Statl among the P-Tyr-containing proteins that specifi-
cally interacted with VHI, as determined by elution of
VH1'1%.bound proteins with the strong competitive inhibitor
arsenate. These findings also indicate that VH1<"'%S can in-
teract with various cellular phosphoproteins.

In summary, we describe an interference mechanism by
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which VV inhibits the normal signaling pathway of IFN-y to
the nucleus. The results strongly suggest that VV phosphatase
VHI1 is the causative agent of this effect. These findings pro-
vide yet another example of the diverse mechanisms which VV,
and viruses in general, have evolved to avoid immunosurveil-
lance and establish persistence. Understanding the mecha-
nisms by which viruses evade host defenses is essential for
developing new strategies for the treatment of viral diseases
and in the design of vaccines.
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