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The murine gammaherpesvirus 68 (MHV-68 or YHV-68) model provides many advantages for studying
virus-host interactions involved in gammaherpesvirus replication, including the role of cellular responses to
infection. We examined the effects of cellular cyclooxygenase-2 (COX-2) and its by-product prostaglandin E,
(PGE,) on MHV-68 gene expression and protein production following de novo infection of cultured cells.
Western blot analyses revealed an induction of COX-2 protein in MHV-68-infected cells but not in cells infected
with UV-irradiated MHV-68. Luciferase reporter assays demonstrated activation of the COX-2 promoter
during MHV-68 replication. Two nonsteroidal anti-inflammatory drugs, a COX-2-specific inhibitor (NS-398)
and a COX-1-COX-2 inhibitor (indomethacin), substantially reduced MHV-68 protein production in infected
cells. Inhibition of viral protein expression and virion production by NS-398 was reversed in the presence of
exogenous PGE,. Global gene expression analysis using an MHV-68 DNA array showed that PGE, increased
production of multiple viral gene products, and NS-398 inhibited production of many of the same genes. These
studies suggest that COX-2 activity and PGE, production may play significant roles during MHV-68 de novo

infection.

The gamma subfamily of herpesviruses, including Epstein-
Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus
(KSHV) or human herpesvirus 8§ (HHV-8), are associated with
tumors and lymphoproliferative disorders (29, 43). Murine
gammaherpesvirus 68 (MHV-68) is phylogenetically related to
EBV and KSHYV and provides major research advantages by
forming plaques on cell monolayers and establishing produc-
tive lytic and latent infections in mice (10, 64—66). Unlike EBV
and KSHV, MHV-68 readily establishes productive infections
in many cell culture systems and thus facilitates the examina-
tion of gammaherpesvirus replication and de novo infection
(66, 75, 76). This provides an opportunity to examine cellular
responses to de novo infection and their role in regulating
gammaherpesvirus activity.

Prostaglandins (PGs) are potent immunoregulatory lipid
mediators generated by arachidonic acid metabolism via two
cellular cyclooxygenases, constitutive COX-1 and inducible
COX-2 (21, 22, 26, 61). PGs are formed by most cell types and
exert a variety of actions in various tissues and cells via PG
receptors (2, 16, 19, 33, 47). PGE, is an important proinflam-
matory prostanoid that mediates many symptoms of inflamma-
tion (41, 53, 56, 70). Production of PGE, is catalyzed by
COX-2, which is induced in response to factors such as bacte-
rial lipopolysaccharides, mitogens, and cytokines (17, 31, 57,

* Corresponding author. Mailing address: Department of Molecular
and Medical Pharmacology, University of California at Los Angeles,
Los Angeles, CA 90095-1735. Phone: (310) 794-5557. Fax: (310) 825-
6267. E-mail: rsun@mednet.ucla.edu.

T Present address: Department of Biological Sciences, Mount St.
Mary’s College, Los Angeles, CA 90049.

61). However, it is unknown what role the COX-2-PGE, path-
way might play in responding to gammaherpesvirus de novo
infection.

Many viruses have been linked to the modulation of COX-2
expression and PG production (9, 11, 25, 44, 46, 52, 60, 63,
77-79). COX-2 is responsible for the exaggerated biosynthesis
of PGs under acute inflammatory conditions and in a diverse
group of tumors (14, 23, 32, 67). The COX-1 and COX-2
isozymes are the pharmacologic targets of nonsteroidal anti-
inflammatory drugs (NSAIDs) (26, 50, 61, 71), and NSAIDs
that block COX activity and PG production have been recog-
nized as potentially effective antiviral therapeutics (4, 6-8, 51,
62, 73, 79). However, the effect of COX inhibitors on de novo
infection of a gammaherpesvirus has not been previously ex-
amined. MHV-68 has been used as a model to study the effi-
cacy of other antiviral compounds (3, 48, 49, 68), and we used
this system to address the effects of COX-2 inhibition on gam-
maherpesvirus replication and infection.

To enhance our understanding of virus-host cell interactions
involved in the replication and pathogenesis of gammaherpes-
viruses, we examined MHV-68 de novo infection of NIH 3T3
and BHK-21 cells as a model for analyzing the role of PG
production and COX-2 activity. We compared the effects of
MHV-68 and UV-irradiated MHV-68 infection on COX-2
protein expression and COX-2 promoter activation. COX in-
hibitors {NS-398 [N-(2-cyclohexyloxy-4-nitrophenyl)-methane-
sulfonamide] and indomethacin} were tested for their ability to
suppress MHV-68 protein expression during de novo infection.
Inhibition of protein expression and virion production by NS-
398 was relieved in the presence of exogenous PGE,, a product
of COX-2 activity. The effects of PGE, and NS-398 on
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MHV-68 gene expression were surveyed using MHV-68 DNA
arrays. Our results indicate that COX-2 activity and PG pro-
duction (e.g., PGE,) can significantly influence the transcrip-
tion program of MHV-68 in de novo infection of cultured cells.

MATERIALS AND METHODS

Virus stocks, cell lines, plaque assays, and reagents. Viral stocks of wild-type
(wt) MHV-68 (ATCC VR1465) and enhanced green fluorescent protein
(EGFP)-MHV-68 were prepared as previously described (76). Recombinant
EGFP-MHV-68 (tw25) was constructed by insertion of the human cytomegalo-
virus (HCMV) immediate-early promoter-driven EGFP cassette at the left end
of the MHV-68 genome (75). Cell lines were grown at 37°C in the presence of
5% CO,. NIH 3T3 (murine embryonic fibroblasts) and BHK-21 (baby hamster
kidney fibroblasts) cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with penicillin (50 U/ml), streptomycin (50 pg/ml), and 10% fetal
bovine serum (FBS). As specified, some assays were carried out in low-serum
conditions by seeding cells into 0.5% FBS 12 to 18 h before the experiment. Viral
titer was determined by plaque assays, using BHK-21 monolayers overlaid with
medium containing 1% methylcellulose as previously described (76). UV-irradi-
ated virus was prepared by treating wt MHV-68 stocks with multiple doses of UV
irradiation (9 mJ) using a Stratalinker (Stratagene, La Jolla, Calif.) (40). NS-398
(BIOMOL, Plymouth Meeting, Pa.) was reconstituted in dimethyl sulfoxide
(DMSO), indomethacin (Calbiochem, La Jolla, Calif.) was reconstituted in eth-
anol, and PGE, (Cayman Chemical, Ann Arbor, Mich.) was reconstituted in
phosphate-buffered saline.

Western blot analysis. NIH 3T3 or BHK-21 monolayers were infected with
viral inoculum for 1 h, and then the inoculum was replaced with fresh medium.
Cells were lysed in 1X passive lysis buffer (Promega, Madison, Wis.), and the
total protein concentration of each cell extract was determined using a Bradford
assay (Bio-Rad, Hercules, Calif.). Cell extracts were boiled in Laemmli buffer, as
described in reference 76, for 5 min and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Broad-range prestained protein standards
(Bio-Rad) were included as molecular weight markers. Proteins were electro-
transferred (Bio-Rad) to nitrocellulose membranes (Amersham Pharmacia Bio-
tech, Arlington Heights, Ill.) and blocked in phosphate-buffered saline with 0.1%
Tween 20 and 5% nonfat milk. Western blots of COX-2 expression were incu-
bated with a COX-2 polyclonal antibody (Cayman Chemical) at a dilution of
1:1,000. Western blots of MHV-68 protein expression were incubated with rabbit
hyperimmune serum against MHV-68-infected rabbit cells (65) (anti-MHV-68
serum), rabbit serum for the recombinant MHV-68 open reading frame (ORF)
26 (capsid) protein, or rabbit serum for the recombinant MHV-68 M9-ORF 65
(capsid) protein (75). As a loading control, membranes were incubated with
monoclonal antibody to actin (Sigma Chemical, St. Louis, Mo.). Proteins were
visualized using a chemiluminescent detection ECL+PLUS system (Amersham
Pharmacia Biotech) and a STORM imaging system (Molecular Dynamics,
Sunnyvale, Calif.).

Luciferase reporter assays. Activation of the COX-2 promoter was measured
using the Dual Luciferase kit according to the manufacturer’s protocol (Pro-
mega). NIH 3T3 cells (0.8 X 10° to 1 X 10°/well) were seeded in low-serum
Dulbecco’s modified Eagle’s medium (0.5% FBS) in a 24-well tissue culture plate
12 to 18 h before transfection. Low-serum conditions were maintained during the
course of the experiment. First, cells were transfected with 0.4 ug of a COX-2
promoter-firefly luciferase construct (74) and 4 ng of pRL-SV40 (Promega) as a
transfection efficiency control using Lipofectamine Plus reagent (Gibco). DNA
used for transfection was prepared endotoxin-free (Qiagen, Valencia, Calif.).
The next day, transfected cells were infected with wt MHV-68 at a multiplicity of
infection of 2 PFU/cell (MOI = 2) or mock infected. Cell extracts were harvested
at 3, 8, 12, and 24 h postinfection in 1X passive lysis buffer, and luciferase
activities were measured using an LMAX luminometer (Molecular Devices,
Sunnyvale, Calif.). Firefly luciferase activities (transfected or infected) for each
time point were normalized to parallel transfected or mock-infected controls for
each time point.

MHYV-68 DNA array. PCR primers were designed to amplify array elements of
the 83 regions of the MHV-68 genome representing 73 known and predicted
ORFs (38, 72). The individual PCR products were cloned into pCRII (Strat-
agene), PCR amplified using primer sequences on the vector, isopropanol pre-
cipitated, and resuspended in water to a concentration of 100 ng/ml. The array
elements were spotted onto Hybond nylon membranes using the Nunc Replica-
tion system (Nalge Nunc International, Naperville, IIl.). The spotted DNA was
denatured (0.5 M NaOH, 1.5 M NaCl) and neutralized (0.5 M Tris [pH 7.5], 1.5
M NaCl) and then UV cross-linked to the membranes using a UV Stratalinker
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(Stratagene). The membranes were stored in the dark at room temperature.
BHK-21 cells (6 X 10°) were seeded in 60-mm-diameter dishes 12 to 18 h before
a 15-min pretreatment in medium containing 1 pM PGE, (see Fig. 6) or 5 pM
NS-398 (see Fig. 7). Untreated and treated cells were infected for 1 h with wt
MHV-68 at an MOI of 5 (Fig. 6) or 1 (Fig. 7) and then incubated for 8 h before
RNA isolation using Tri-Reagent (MRC, Cincinnati, Ohio). Cells were main-
tained in medium containing 1 uM PGE, (Fig. 6) or 5 uM NS-398 (Fig. 7) during
the infection and postinfection incubations. Total RNA (2 pg) was used in a
reverse transcription reaction primed with oligo(dT) primers. [a-*?P]dATP-la-
beled cDNA was prepared using a Strip-EZ kit (Ambion, Austin, Tex.). The
arrays were preincubated for 5 h at 65°C before hybridization to the labeled
c¢DNA for 15 h at 65°C. The gene arrays were washed, and the signal intensity
was quantitated using a STORM imaging system and ImageQuant software
(Molecular Dynamics). Each array element was represented by four individual
spots, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) array ele-
ments were spotted in each corner of the DNA array. Local background values
were subtracted from the signal intensity values for each spot. For each array
element, the average of the two median values was normalized to the calculated
average GAPDH value for the blot. To calculate fold difference, the normalized
value for each array element from treated membranes was divided by the nor-
malized value for each array element from the untreated membranes. Changes in
gene expression were quantified by a paired ¢ test on four replicate spots for each
OREF in untreated samples versus those treated with PGE, or NS-398. Linear
regression and Pearson’s correlation coefficient were used to assess the relation-
ship between the magnitude of a gene’s induction by PGE, and its suppression
by NS-398.

RESULTS

Induction of COX-2 protein during MHV-68 de novo infec-
tion. COX-2 protein expression during MHV-68 infection was
examined by Western blot analysis using a COX-2 polyclonal
antibody. COX-2 protein levels were induced during a time
course assay of MHV-68 infection of fibroblast cells (Fig. 1A,
top panel). NIH 3T3 cells were uninfected (lane 6) or infected
with EGFP-MHV-68 (MOI = 2), and cell extracts were har-
vested at various times (1, 5, 9, and 24 h) following inoculation
(lanes 1 to 4). Recombinant EGFP-MHV-68 expresses EGFP
and exhibits wt kinetics of replication in tissue culture cells
(75). As a positive control for COX-2 induction, NIH 3T3 cells
grown in low-serum conditions were treated with a serum
shock for 5 h (lane 5).

It was possible that the virus inoculum contained nonviral
elements that induced COX-2 protein expression. To control
for this and to determine if viral transcription was required for
COX-2 induction during MHV-68 infection, additional exper-
iments were performed. Infection with UV-irradiated wt
MHV-68 induced COX-2 protein expression to levels just
above background levels, as determined by Western blot anal-
ysis using a COX-2 polyclonal antibody (Fig. 1B, top panel). wt
MHV-68 virions were inactivated by UV irradiation that
causes DNA damage and prevents viral gene transcription.
The UV-irradiated virus titer was 1.3 X 10° times lower than
the wt MHV-68 titer. NIH 3T3 cells in low-serum conditions
were infected with wt MHV-68 (MOI = 2) (WT, lanes 2 and
5), infected with an equal volume of UV-irradiated MHV-68
(UV, lanes 1 and 4), or mock infected (M, lanes 3 and 6), and
cell extracts were harvested at 24 and 42 h postinfection. In-
fection of cells with wt MHV-68 induced COX-2 protein; how-
ever, cells infected with UV-irradiated MHV-68 exhibited lev-
els of COX-2 protein slightly above the mock-infected
controls. Similar results were obtained at 8 and 32 h postin-
fection (data not shown). In the four time points tested, the
induction of cellular COX-2 protein levels by UV-irradiated
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FIG. 1. MHV-68 de novo infection increases COX-2 protein levels and requires viral transcription. (A) COX-2 protein expression was induced
during MHV-68 replication. NIH 3T3 cells in low-serum conditions were uninfected (lane 6) or infected with EGFP-MHV-68 (lanes 1 to 4). As
a positive control, uninfected NIH 3T3 cells were treated with a serum shock (lane 5). Cell extracts were harvested at 1, 5, 9, or 24 h postinfection
(PI) and analyzed by Western blotting using a COX-2 polyclonal antibody (top panel). Each lane contained 15 pg of total protein as determined
by Bradford assays. The membrane was reprobed with antiactin providing a loading control (bottom panel). (B) COX-2 protein expression was
not induced by UV-irradiated MHV-68 compared to wt MHV-68. NIH 3T3 cells in low-serum conditions were infected with wt MHV-68 (lanes
2 and 5), infected with an equal volume of UV-irradiated wt MHV-68 (lanes 1 and 4), or uninfected (lanes 3 and 6). Cell extracts were harvested
24 and 42 h postinfection for Western blot analysis using a COX-2 polyclonal antibody. Each lane contains 15 ug of total protein as determined
by Bradford assays. The membrane was reprobed with antiactin, providing a loading control (bottom panel).

MHV-68 infection was reduced to near-background levels, in
contrast to the prominent induction of cellular COX-2 during
wt MHV-68 infection performed in parallel. These results sug-
gest that MHV-68 infection induces COX-2 protein via mech-
anisms that depend on viral gene expression.

Induction of COX-2 promoter activity during MHV-68 de
novo infection. Luciferase reporter assays were used to analyze
COX-2 promoter activation during MHV-68 infection. Tran-
scription from the COX-2 promoter was activated during a
time course assay of MHV-68 infection of transiently trans-
fected cells (Fig. 2). NIH 3T3 cells were cotransfected with a
COX-2 promoter-luciferase construct (74) and a Renilla lucif-
erase plasmid control. Transfected cells were subsequently in-
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FIG. 2. MHV-68 replication activates the COX-2 promoter. NIH
3T3 cells were transfected with a COX-2 promoter-luciferase construct
(74) and a pRL-SV40 control plasmid. Transfected cells were infected
with wt MHV-68 or mock infected. Cell extracts were harvested at 3,
8, 12, and 24 h postinfection, and luciferase activities were measured
and normalized to control samples. Each data point represents four
separate experiments performed in duplicate.

fected with wt MHV-68 (MOI = 2), and cell extracts were
harvested at various times postinfection (3, 8, 12, and 24 h) for
analysis. Luciferase reporter assays consistently demonstrated
increasing activation of the COX-2 promoter up to fourfold
above background control levels at 24 h postinfection. As a
positive control, the same experiment was performed simulta-
neously with a MHV-68 ORF 57-luciferase construct in place
of the COX-2 promoter construct. The ORF 57 promoter is
known to be highly upregulated during MHV-68 replication
(36, 75), and the ORF 57 promoter showed strong induction
following MHV-68 infection of NIH 3T3 cells (data not
shown).

Inhibition of MHV-68 protein expression in NIH 3T3 cells
by NS-398 and indomethacin. The induction of COX-2 protein
expression (Fig. 1) and COX-2 promoter activity (Fig. 2) sug-
gests that COX-2 enzyme activity may play a role during
MHV-68 de novo infection. Western blot analyses were per-
formed to examine viral protein expression in the presence of
the COX-inhibiting NSAIDs NS-398 and indomethacin. NS-
398 is a preferential COX-2 inhibitor, while indomethacin is a
potent inhibitor of both COX-1 and COX-2 (35, 50). MHV-68
protein expression during infection of NIH 3T3 cells was in-
hibited by NS-398 and by indomethacin (Fig. 3). NIH 3T3 cells
were untreated (lanes 1 and 2) or pretreated with DMSO (lane
3) or 2 (lane 4), 10 (lane 5) or 50 (lane 6) nM NS-398. Simi-
larly, NIH 3T3 cells were pretreated with ethanol (lane 7) or
0.2 (lane 8), 1 (lane 9) or 5 (lane 10) wM indomethacin. Cells
were infected with wt MHV-68 (MOI = 5) (lanes 2 to 10) and
maintained in the appropriate diluent-drug concentrations un-
til cell extracts were harvested 8 h postinfection for Western
blot analyses using anti-MHV-68 serum (top panel) recogniz-
ing multiple viral lytic antigens (65) or an antibody to MHV-68
ORF 26 (center panel). Control cells were uninfected (lane 1)
or uninfected and treated with NS-398 (lane 11) or indometh-
acin (lane 12). NS-398 and indomethacin inhibited viral pro-
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FIG. 3. NS-398 and indomethacin suppress MHV-68 protein ex-
pression. NIH 3T3 cells were untreated (lanes 1 and 2) or pretreated
with DMSO (lane 3) or 2 (lane 4), 10 (lane 5), or 50 (lane 6) M
NS-398. Similarly, NIH 3T3 cells were pretreated with ethanol (EtOH)
only (lane 7) or 0.2 (lane 8), 1 (lane 9), or 5 (lane 10) wM indometh-
acin. Subsequently, cells were infected with wt MHV-68 (lanes 2 to 10)
and maintained in the appropriate diluent-drug concentrations. Cell
extracts were harvested 8 h postinfection for Western blot analyses
using anti-MHV-68 serum (top panel) or an antibody to MHV-68
ORF 26 (center panel). Control cells were uninfected (lane 1) or
uninfected and treated with NS-398 (lane 11) or indomethacin (lane
12). As a loading control, the blot was probed with antiactin (bottom
panel). Each lane contains 30 wg of total protein as determined by
Bradford assays.

tein expression at concentrations that did not affect cell viabil-
ity or proliferation as determined by trypan blue exclusion
assays (data not shown). Nontoxic concentrations of NS-398
(COX-2 inhibitor) and indomethacin (COX-1 and COX-2 in-
hibitor) inhibited MHV-68 protein expression in infected cells
compared to the no-drug (lane 2) and diluent-only controls
(lanes 3 and 7).

PGE, relieves NS-398 inhibition of MHV-68 protein expres-
sion. To determine whether reduced PGE, production medi-
ates the effects of COX-2 inhibitors on MHV-68 protein ex-
pression, we sought to reverse the effects of NS-398 by
supplementing cultures with exogenous PGE, (Fig. 4). NIH
3T3 cells were untreated (lanes 1 and 2) or pretreated with
DMSO (lane 3) or 5 (lanes 4 and 6) or 0.5 (lanes 5 and 7) uM
NS-398 for 30 min. Cells were then infected with wt MHV-68
(MOI = 2) (lanes 2 to 7) and maintained in the appropriate
DMSO-NS-398 concentrations. Subsequently, infected cells
treated with NS-398 were also treated with 1 uM PGE, (lanes
6 and 7), and cell extracts were harvested at 12 h postinfection.
Control cells were uninfected (lane 1) or infected with no
treatment (lane 2). Western blot analysis using an antibody to
MHV-68 M9-ORF 65 demonstrated that inhibition of M9-
ORF 65 expression by NS-398 was fully relieved in the pres-
ence of 1 (lanes 6 and 7) or 0.1 (data not shown) uM exoge-
nous PGE,. Thus, NSAID-induced changes in the COX-2
product PGE, are sufficient to account for the effect of NS-398
on MHV-68 protein expression.
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FIG. 4. NS-398 suppression of MHV-68 viral protein expression is
relieved in the presence of exogenous PGE,. NIH 3T3 cells were
untreated (lanes 1 and 2) or pretreated with DMSO (lane 3) or 5 (lanes
4 and 6) or 0.5 (lanes 5 and 7) wM NS-398. Cells were infected with wt
MHV-68 (lanes 2 to 7) and maintained in the appropriate DMSO-
NS-398 concentrations. Subsequently, infected cells treated with NS-
398 were also treated with 1 uM PGE, (lanes 6 and 7), and cell extracts
were harvested at 12 h postinfection for Western blot analysis using an
antibody to a late lytic gene product, MHV-68 M9-ORF 65 (upper
panel). Control cells were uninfected (lane 1) or infected with no
treatment (lane 2). As a loading control, the blot was probed with
antiactin (lower panel). Each lane contains 15 ug of total protein as
determined by Bradford assays.

Dose-dependent upregulation of MHV-68 protein expres-
sion by PGE,. To determine whether PGE, is a general acti-
vator of MHV-68 protein expression in de novo-infected cells
or affects only cells subject to COX-2 inhibition, we examined
the effect of exogenous PG using Western blot analyses. PGE,
treatment resulted in a dose-dependent enhancement of
MHV-68 protein expression (Fig. 5). NIH 3T3 cells were un-
infected (lane 1) or infected with wt MHV-68 (MOI = 2)
(lanes 2 to 6). Immediately following inoculation, cells were
treated with media containing increasing concentrations of
PGE,: 0.05 (lane 3), 0.25 (lane 4), 1.25 (lane 5), and 6.25 (lane
6) nM. Control cells were infected and untreated (lane 2). Cell
extracts were harvested 12 h postinfection, and protein expres-
sion was assayed using an antibody to MHV-68 M9-ORF 65
(top panel). The blot was stripped and reprobed with anti-
MHV-68 serum (center panel) that recognizes multiple viral
Iytic antigens. These studies revealed dose-dependent en-
hancement of M9-ORF 65 and MHV-68 protein expression in
the presence of increasing concentrations of exogenous PGE,.

DNA array analysis: PGE, enhances MHV-68 transcription
in BHK-21 cells. MHV-68 DNA array analysis was used to
examine the global effect of PGE, on MHV-68 gene expression
(Fig. 6). BHK-21 cells were infected with wt MHV-68 in the
absence or presence of 1 uM PGE, (Fig. 6A). Total RNA was
harvested 8 h postinfection, and labeled cDNA probe was
generated and hybridized to MHV-68 DNA arrays. Infected
cells treated with PGE, (right panel) exhibited a marked en-
hancement of MHV-68 gene expression compared to infected
untreated cells (left panel).

A STORM phosphorimager and ImageQuant software were
used to quantify signals from the array elements corresponding
to 73 known and predicted MHV-68 ORFs (38, 72). GAPDH-
normalized values from the array with PGE, were divided by
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FIG. 5. PGE, exhibits dose-dependent enhancement of MHV-68
viral protein expression. NIH 3T3 cells were uninfected (lane 1) or
infected for 1 h with wt MHV-68 (lanes 2 to 6). Immediately following
inoculation, cells were treated with increasing concentrations of PGE,:
0.05 (lane 3), 0.25 (lane 4), 1.25 (lane 5), and 6.25 (lane 6) wM. Control
cells were infected and untreated (lane 2). Cell extracts were harvested
12 h postinfection, and protein expression was assayed by Western blot
analysis using an antibody to MHV-68 M9-ORF 65 (top panel). The
blot was stripped and reprobed with anti-MHV-68 serum (center
panel). As a loading control, the blot was probed with antiactin (bot-
tom panel). Each lane contains 30 pg of total protein as determined by
Bradford assays.

the corresponding GAPDH-normalized values from the un-
treated array to derive the fold induction of gene expression
relative to the untreated level for each array element. These
values and their corresponding viral ORFs are represented in
a bar graph ordered by increasing fold induction (Fig. 6B).
Gene induction values ranged from 1.4-fold (ORF 34) to 58-
fold (M9-ORF 65). Strikingly, none of the 73 known and pre-
dicted ORFs on the MHV-68 DNA array was downregulated
in response to PGE.,.

PGE, elicited the most profound effect (>10-fold induction)
on a subset of 13 MHV-68 genes: M9-ORF 65 (capsid), ORF
39 (glycoprotein M), ORF 52, ORF 45, ORF 69, ORF 74
(GPCR), vtRNA, ORF 7 (transport protein), ORF 72 (v-cy-
clin), ORF 29a (packaging protein), ORF 75c (tegument), M7
(glycoprotein 150), and ORF 61 (ribonucleotide reductase,
large).

DNA array analysis: NS-398 inhibits MHV-68 transcription
in BHK-21 cells. We also used the MHV-68 DNA array to
examine the global effect of the COX-2 inhibitor NS-398 on
MHV-68 gene expression (Fig. 7). BHK-21 cells were infected
with wt MHV-68 in the absence or presence of 5 wM NS-398
(Fig. 7A). Total RNA was harvested 8 h postinfection, and
labeled ¢cDNA probe was generated and hybridized to
MHV-68 DNA arrays. Infected cells treated with NS-398 (right
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panel) showed a marked inhibition of viral gene expression
compared to infected untreated cells (left panel).

GAPDH-normalized signals from array elements correspond-
ing to each of the 73 known and predicted MHV-68 ORFs (38,
72) were analyzed as above to quantify fold change as a function
of NS-398 treatment. These analyses revealed consistent down-
regulation of MHV-68 genes, with fold of inhibition values rang-
ing from 5.6 (M3) to 1.3 (ORF 29b). These values and their
corresponding viral ORFs are represented in a bar graph ordered
by increasing fold inhibition of gene expression relative to the
untreated control (Fig. 7B). None of the 73 known and predicted
ORFs on the MHV-68 DNA array displayed upregulation of
gene expression in the presence of NS-398.

NS-398 elicited the most profound inhibitory effect (2.8- to
5.6-fold inhibition) on a subset of 13 MHV-68 genes: M3 (soluble
chemokine binding protein), M9-ORF 65 (capsid), ORF 52, ORF
45, ORF 74 (GPCR), ORF 69, ORF 7 (transport protein), ORF
18b, ORF 39 (glycoprotein M), ORF 61 (ribonucleotide reduc-
tase, large), ORF 75c (tegument), M7 (glycoprotein 150), and
OREF 19 (tegument). Consistent with the Western blot data in Fig.
3 and 4, global expression analysis revealed a suppression of
MHV-68 gene transcription by NS-398.

A comparison of the data from Fig. 6 and 7 was made (Fig.
8). Figure 8 compares the magnitude of change in each viral
gene product’s concentration across these two distinct manip-
ulations of PGE, signaling, exogenous PGE, treatment and
NS-398 treatment. This analysis revealed that viral genes that
were highly induced by exogenous PGE, also tended to be
those showing the greatest magnitude of suppression following
COX-2 inhibition by NS-398 treatment. The correlation value
of r = 0.6 shows that there is a statistically significant tendency
for genes that are heavily induced by exogenous PGE, to be
suppressed by NS-398 treatment.

PGE, relieves NS-398 inhibition of MHV-68 virion production.
To determine whether reduced PGE, production mediates the
effects of COX-2 inhibitors on MHV-68 infectious virion produc-
tion, we sought to reverse the effects of NS-398 by supplementing
infected cultures with exogenous PGE, (Fig. 9). NIH 3T3 cells
were pretreated for 30 to 45 min with DMSO (D) or NS-398 (0.5
or 5 pM) before infection with wt MHV-68 (MOI = 2) and were
maintained in the appropriate DMSO or NS-398 concentrations.
Subsequently, some NS-398-treated cells were treated with PGE,
(0.1 or 1 uM). Supernatants were harvested at 12 h postinfection,
and viral titer was quantitated using plaque assays on BHK-21
monolayers. The total number of plaques is shown relative to the
DMSO control (Fig. 9). The plaque assay results demonstrated
that inhibition of virion production (~35 to 42% inhibition) by
NS-398 was fully relieved in the presence of 0.1 or 1 puM PGE,.
Cells treated with both NS-398 and PGE, produced more virions
than DMSO-only treated controls. These data suggest that the
NSAID-induced changes in the levels of the COX-2 product
PGE, are sufficient to account for the effect of NS-398 on
MHV-68 virion production.

DISCUSSION

We used the MHV-68 model system to investigate the role
of PG production and COX-2 activity during de novo infection
by a gammaherpesvirus. Western blot analyses and luciferase
reporter assays demonstrated the induction of COX-2 protein
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FIG. 6. Upregulation of MHV-68 gene expression by PGE,. (A) BHK-21 cells were untreated (left panel) or pretreated with 1 wM PGE, (right
panel) before infection with wt MHV-68. Cells were maintained in medium containing 1 wM PGE, during the infection and postinfection
incubation (right panel). Total RNA was harvested 8 h postinfection, and labeled cDNA probe was generated for hybridization to MHV-68 DNA
arrays. The ORFs are printed below each array element. (B) A STORM phosphorimager and ImageQuant system were used to quantitate the
signal from the array elements corresponding to 73 known and predicted MHV-68 ORFs. GAPDH-normalized values from the array with PGE,
(A, right panel) were divided by the corresponding GAPDH-normalized values from the untreated array (A, left panel) to derive the fold induction
of gene expression relative to the untreated level for each array element. These values and their corresponding MHV-68 ORFs are ordered in the

bar graph based on increasing fold induction of gene expression relative to
was assessed by paired # test.

and activation of the COX-2 promoter during MHV-68 infec-
tion. UV-irradiated MHV-68 infection did not greatly induce
COX-2 protein levels compared to wt MHV-68 infection, sug-
gesting that viral transcription is required for this effect. In
addition to COX-2 induction by MHV-68, activity of the
COX-2 enzyme appears to play a role in supporting viral gene
expression. Production of a subset of MHV-68 proteins was
suppressed by treatment with a COX-2-specific inhibitor (NS-
398) or a COX-1-COX-2 inhibitor (indomethacin). Inhibition
of viral protein expression and infectious virion production by
NS-398 was relieved by addition of the COX-2 product PGE,.

the untreated level. Statistical significance of differences in expression

Exogenous PGE, enhanced MHV-68 protein production and
gene transcription even in the absence of COX-2 inhibitors.
Global viral transcription profiling using MHV-68 DNA ar-
rays was performed during two distinct manipulations of PGE,
signaling, treatment with NS-398 and treatment with PGE,.
Analyses using NS-398-treated infected cells showed a consis-
tent decrease in MHV-68 gene transcription. Analyses using
PGE,-treated infected cells showed a consistent increase in
MHV-68 gene transcription. However, all viral genes were not
uniformly induced to high levels. The most robust enhance-
ment of viral gene expression by PGE, was seen for a subset of
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FIG. 7. Downregulation of MHV-68 gene expression by NS-398. (A) BHK-21 cells were untreated (left panel) or pretreated with 5 uM NS-398
(right panel) before infection with wt MHV-68. Cells were maintained in medium containing 5 wM NS-398 during the infection and postinfection
incubations (right panel). Total RNA was harvested 8 h postinfection, and labeled cDNA probe was generated for hybridization to MHV-68 DNA
arrays. The ORFs are printed below each array element. (B) A STORM phosphorimager and ImageQuant system were used to quantitate the
signal from the array elements corresponding to 73 known and predicted MHV-68 ORFs. GAPDH-normalized values from the array with NS-398
(A, right panel) were divided by the corresponding GAPDH-normalized values from the untreated array (A, left panel) to derive the fold inhibition
of gene expression relative to the untreated level for each array element. These values and their corresponding MHV-68 ORFs are ordered in the
bar graph based on increasing fold inhibition of gene expression relative to the untreated level. Statistical significance of differences in expression

was assessed by paired ¢ test.

13 MHV-68 genes showing >10-fold induction, while other
viral genes showed inductions as low as 1.4-fold. In this report,
we demonstrate that PGE, induced protein production and
gene expression. We have also examined the effect of exoge-
nous PGE, on virus production in infected NIH 3T3 cells.
These studies revealed that increasing amounts of exogenously
added PGE, did not significantly increase infectious virion
production (data not shown). One possible explanation is that
an increase in the abundance of a subset of viral gene products
may not lead to upregulation of the assembly-export of infec-
tious virions from a cell.

We compared the results of the MHV-68 DNA arrays pre-

sented here and found a statistically significant tendency for
the genes that showed the greatest induction by PGE, to also
show the greatest repression following COX-2 inhibition by
NS-398 treatment (Fig. 8). As seen from the figure axes, the
inhibitor has less powerful effects (~5-fold suppression com-
pared to the 100-fold inductions for the PGE, treatment),
possibly because the basal level of PGE, produced by infected
cells in culture is much lower than the pharmacologic levels
achieved by exogenous addition of PGE,. The correlation
value of r = 0.6 likely reflects differences in the mechanism of
action and intensity of effect between the two treatments. If the
two treatments involved totally different mechanisms of action,
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FIG. 8. Relationship between MHV-68 gene induction in response
to PGE, and suppression in response to NS-398. Change in expression
of each ORF was quantified as described above (Fig. 6 and 7), and
magnitude of gene induction in response to PGE, (horizontal axis) was
compared with magnitude of gene suppression in response to NS-398
(vertical axis). Each point represents 1 of 73 assayed MHV-68 ORFs,
and the best-fit line was produced by linear regression. The strength of
relationship between a gene’s induction by PGE, and its suppression
by NS-398 was quantified by Pearson correlation coefficient (r).

then we would expect no correlation between their effects on
specific genes. We present the data in Fig. 8§ to make the point
that these two different manipulations of the PGE, pathway do
show more correspondence than we would expect by chance.

Here we demonstrate that NS-398 treatment suppressed
MHV-68 gene expression and, to some extent, virion produc-
tion. Inhibition of infectious virion production by NS-398 was
not dramatic (Fig. 9); however, inhibition was fully relieved
and viral titers were higher than controls when exogenous
PGE, was present. These results support our data which sug-
gest that a subset of viral genes, but not all, are greatly affected
by the PG pathway. These cultured cell experiments are con-
sistent with initial in vivo experiments (data not shown) in
which we saw no significant difference in MHV-68 titers in the
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FIG. 9. Inhibition of MHV-68 virion production by NS-398 is re-
versed by PGE,. NIH 3T3 cells were pretreated with DMSO (D) or
NS-398 (0.5 or 5 pM). Subsequently, cells were infected with wt
MHV-68 and maintained in the appropriate DMSO-NS-398 concen-
trations. Immediately after infection, NS-398-treated cells were also
treated with PGE, (0.1 or 1 uM). Supernatants were harvested at 12 h
postinfection, and viral titer was quantitated using plaque assays on
BHK-21 monolayers.
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lungs of intranasally infected mice that were simultaneously
treated with or without NS-398.

Several viruses and specific viral gene products are known to
upregulate cellular COX-2 expression and activity, including
HCMYV and its immediate-early proteins (62, 78, 79), hepatitis
B virus and the hepatitis B virus X protein (9, 34), human
T-cell leukemia virus type 1 (HTLV-1) and the HTLV-1 Tax
protein (44, 45), the EBV latent oncoprotein latent membrane
protein 1 (LMP1) (46), and HHV-6 and its immediate-early
protein 2 (25). Although COX-2-mediated biosynthesis of
PGE, plays a critical role in inflammatory responses to viral
infection, it may also be beneficial for certain viruses (42). In
the case of MHV-68, viral induction of COX-2 activity appears
to significantly enhance the efficiency of viral gene expression
following de novo infection. This signaling loop may represent
part of the mechanism that the virus utilizes for efficient lytic
replication.

The mechanism by which MHV-68 increases COX-2 expres-
sion is unknown. For the betaherpesvirus HCMYV, viral tran-
scription is not required for the upregulation of COX-2 mRNA
levels. A component of the virion particle is thus likely to drive
COX-2 upregulation during de novo infection of fibroblast
cells (79). In contrast, MHV-68 appears to utilize a different
mechanism for COX-2 upregulation during viral replication
because viral transcription is required. It is currently unknown
if a latent MHV-68 infection modulates COX-2 expression. In
the related gammaherpesvirus EBV, LMP-1 promotes COX-2
overexpression in LMP-1-positive nasopharyngeal carcinoma
cells during latency (46).

Two COX inhibitors, NS-398 and indomethacin, substan-
tially reduced the production of virally encoded proteins dur-
ing MHV-68 infection of NIH 3T3 cells. NS-398 inhibits
COX-2 enzyme activity in vitro and in vivo, and indomethacin
has been used clinically as an inhibitor of both COX-1 and
COX-2 (20,27, 35, 55,71). Studies of viruses including HCMV,
herpes simplex virus types 1 (HSV-1) and HSV-2, vesicular
stomatitis virus (VSV), and Japanese encephalitis virus have
suggested that NSAIDs that block COX activity and PG pro-
duction may be effective antiviral agents (4, 6, 8, 28, 62, 73, 79).
The data presented here suggest that gammaherpesvirus rep-
lication is also sensitive to drugs that block COX-2. Viral gene
and protein expression were inhibited using concentrations of
NS-398 and indomethacin that did not affect cell viability or
proliferation (data not shown). Cell viability is further sup-
ported by the results demonstrating that the effects of NS-398
were reversed by exogenous PGE, and led to the production of
viral proteins.

COX-2-mediated production of PGE, (5, 39) appears to be
responsible for the effects of COX-2 inhibitors on MHV-68
protein production (Fig. 4). Exogenous PGE, enhanced
MHV-68 gene and protein expression in the absence of COX-2
inhibitors, and it completely restored viral protein production
in the presence of NS-398. These effects are even more pro-
nounced than those seen in experiments showing that PGE,
can partially restore HCMYV replication in the presence of a
COX inhibitor (79).

Several viruses are sensitive to the antiviral activity of certain
PGs, such as the A type (59). Similarly, the proinflammatory
E-type PG (PGE,) was previously reported to decrease repli-
cation of adenoviruses and parainfluenza virus in vitro (37, 51)
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and hepatitis B virus in vivo (18, 24), as well as to inhibit CCRS
expression and human immunodeficiency virus type 1 (HIV-1)
infection (69). In contrast, PGE, treatment increased the viral
yield of HSV-1, an alphaherpesvirus (28); induced replication
of HTLV-1 in infected peripheral blood mononuclear cells
(45); and increased levels of bovine leukemia virus fax and pol
transcripts (54). Recently, PGE, treatment was shown to in-
crease viral replication of the betaherpesvirus HHV-6 in pe-
ripheral blood mononuclear cells (25). The data presented
here demonstrate PGE, dose-dependent upregulation of viral
protein expression and global induction of viral transcription
during MHV-68 infection. PGE, has been shown to enhance
activity of at least one member of each herpesvirus subfamily
(alphaherpesviruses, betaherpesviruses, and gammaherpesvi-
ruses) (58), suggesting that there may be a conserved role for
PGE, during herpesvirus evolution.

The mechanism by which PGE, modulates virus replication
is being examined. PGE, has been shown to activate several
viral promoters, including the HCMV major immediate-early
promoter (30), the HTLV-1 long terminal repeat (LTR) pro-
moter (45), and the HIV-1 LTR promoter (12, 13). Western
blots and DNA array analysis revealed an increase in M9-ORF
65 protein levels and enhanced transcription of multiple viral
genes following exposure to PGE,. PGE, enhanced activity of
MHV-68 in both NIH 3T3 cells (Fig. 5) and BHK-21 cells (Fig.
6), suggesting that its effects are not cell type specific.

DNA array analysis provides an efficient method for exam-
ining global changes in MHV-68 gene expression (1, 15, 38).
DNA array analyses showed that PGE, upregulates MHV-68
gene expression, with genes showing inductions ranging up to
58-fold. Genes that were most strongly induced by PGE, treat-
ment tended to be highly expressed genes, e.g., M9-ORF 65
encoding a capsid protein (58-fold activation) and glycoprotein
genes. The viral genes responding the least to PGE, treatment
tended to be less abundantly expressed genes, such as those
involved in DNA replication and nucleotide metabolism.
MHV-68 DNA array data also demonstrated that COX-2 in-
hibition produces a global inhibitory effect on MHV-68 gene
expression, and again, the most affected genes tended to be
highly expressed genes. A comparison was made between the
subset of MHV-68 genes most enhanced by PGE, and the
subset of MHV-68 genes most inhibited by NS-398. Strikingly,
10 of the 13 genes overlap: M9-ORF 65, ORF 39, ORF 52,
ORF 45, ORF 69, ORF 74, ORF 7, ORF 75c, M7, and ORF
61. Correspondence between PGE,-induced and NS-398-sup-
pressed genes suggests that this core set of MHV-68 genes may
be regulated by viral promoters that are particularly sensitive
to PG-mediated signal transduction pathways. The gene-regu-
latory pathway mediating the effects of PGE, on MHV-68
remains to be defined.

The present data show that de novo infection with MHV-68
induces the expression of COX-2 and that COX-2-mediated
production of PGE, in turn supports MHV-68 gene expres-
sion. In addition to identifying one cellular signaling pathway
that may be coopted by MHV-68 to support its replication,
these data also identify a potential target for antiviral therapy
of gammaherpesviruses using COX-2-inhibiting drugs. Block-
ing key interaction pathways in the virus-host relationship us-
ing widely used NSAIDs may help suppress gammaherpesvirus
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replication and infection, either alone or in combination with
other antiherpesvirus therapies.
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