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Cells respond to contact with human cytomegalovirus (HCMYV) virions by initiating intracellular signaling
and gene expression characteristic of the interferon (IFN)-responsive pathway. Herein, we demonstrate that a
principal mechanism of HCMV-induced signal transduction is via an interaction of the primary viral ligand,
glycoprotein B (gB), with its cellular receptor. Cells incubated with a purified, soluble form of gB resulted in
the transcriptional upregulation of IFN-responsive genes OAS and ISG54 (encoding 2'-5' oligoadenylate
synthetase and an IFN-stimulated gene product of 54 kDa) to a comparable level as virions or IFN. Gene
induction was an immediate and direct response to gB which did not require de novo protein synthesis. Neither
the initial virus attachment site, heparan sulfate proteoglycans, nor the IFN-a/3 or IFN-y receptors are
involved in the response. Pleotropic protein phosphorylation was required for cellular gene induction, and the
mitogen-activated protein kinases ERK1 and ERK2 were activated in response to the ligand. Together these
data indicate that a principal means by which cytomegalovirus induces intracellular signaling and activation
of the interferon-responsive pathway is via an interaction of gB with an as yet unidentified, likely novel cellular
receptor that interfaces with the IFN signaling pathway.

Transmembrane receptors enable cells to respond to ligands
by altering cellular metabolism. A consequence of binding of
extracellular signaling proteins, such as growth factors, hor-
mones, and cytokines, to their cognate receptors is transcrip-
tional activation of previously quiescent genes. Interferons
(IFNs) are cytokines that induce a well-characterized signal
transduction pathway. The IFN-mediated signaling response
begins with a ligand-receptor interaction and concludes with
activated gene expression of family of genes known as the
IFN-stimulated genes (ISGs) (reviewed in references 24 and
32). Type 1 IFN (IFN-«/B) activates gene expression by en-
gaging a common cellular receptor complex, whereas type II
IFN (IFN-y) engages a distinct receptor (27, 29). Signaling
requires tyrosine phosphorylation, but the receptor subunits
themselves lack intrinsic tyrosine kinase activity. IFN receptors
become rapidly phosphorylated by members of the Janus fam-
ily of kinases (Jaks) which are associated with their cytoplasmic
domains (24). Subsequently latent cytoplasmic transcription
factors (STATS) are recruited, phosphorylated, and multimer-
ized into functionally active transcriptional transactivators
which traffic to the nucleus and induce gene expression by
binding to particular cis-acting regulatory regions. In general,
genes that respond to IFN-a contain a highly conserved up-
stream element termed the IFN-stimulated response element,
whereas IFN-vy-responsive genes contain a IFN-y activation
site (24, 32). Unique and distinguishing complements of the
Jak/STAT members along with a DNA binding protein known
as p48 are responsible for the induction specificity (30, 42, 43).
Although the IFN response pathway is the best characterized,
it is now clear that a variety of membrane receptors respond to
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extracellular signaling molecules by activating combinations of
Jak and STAT proteins, resulting in gene induction.

Infection of permissive cells with human cytomegalovirus
(HCMV), a herpesvirus, results in the progression of a sequen-
tially ordered set of physiological responses similar to growth
factor- or cytokine-induced cellular activation. Cellular activa-
tion involves a rapid and measurable induction of a number of
immediate-early signaling mediators that begins with mem-
brane-associated events such as activation of phospholipase C
and phospholipase A2 (2, 3, 72). Transient accumulations of
activated cellular transcription factors such as NF-«B (9, 40,
58, 76), Spl (77), AP-1, and CRE/B (9, 58) are also detectable
with rapid kinetics. Recently, differential display analysis was
used to investigate the cellular changes that occur in response
to HCMYV infection (78). This study demonstrated that HCMV
infection had a profound effect on host cell gene expression, as
evidenced by the accumulation of a number of in HCMV-
infected fibroblasts cytomegalovirus-inducible gene mRNAs
compared to mock-infected cells. Interestingly, all of the cel-
lular cytomegalovirus-inducible genes (15 independent mR-
NAs) were determined to be known or novel ISGs that were
also induced by IFN-a. Activation of transcription factors and
induction of the ISGs was independent of viral gene expression
in that the response was as robust with UV-inactivated virus as
with replication-competent virus. This fact indicates that a
constituent of the virus particle mediates the induction. Virion
components that could potentially mediate the gene induction
are envelope proteins or tegument proteins that when deliv-
ered to cells after successful virus entry are known to activate
transcription (44, 75).

Envelope proteins mediate the early events in infection such
as attachment and penetration. HCMV entry into host cells is
a complex process involving sequential viral glycoprotein-host
cell receptor interactions (21, 23). Virus attachment is initiated
by binding to cell surface heparan sulfate proteoglycans (HSPGs)
(23, 52). This initial binding is easily dissociable but rapidly
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converts to a more stable binding state thought to be mediated
by engagement of a second receptor (21, 23). After virus-cell
contact, fusion is initiated presumably involving rearrange-
ments or conformational changes of fusogenic glycoproteins.
The virion envelope fuses with the plasma membrane, resulting
in localized deposits of envelope glycoproteins and delivery of
virion contents including the tegument proteins, an amor-
phous, protein-dense material that includes transcriptional trans-
activators, as well as the DNA-containing capsid (22, 44). Glyco-
protein B (gB) of HCMYV is the most abundant component of the
envelope, a target of neutralizing antibodies (14, 28, 35, 53) and
an essential replication component (11a). Protein binding exper-
iments with a purified, soluble form of gB (gB-S) revealed that gB
serves as the primary viral ligand capable of interacting with two
independent binding sites (11). A proportion of the binding ac-
tivity was attributable to HSPGs, but the majority of gB’s bind-
ing was to an independent saturable binding site. Here we
report that a consequence of the interaction of gB with the
non-heparin receptor is the initiation of intracellular signaling
and activation of the IFN-responsive pathway.

MATERIALS AND METHODS

Cell lines, virus, and reagents. Human fibroblasts (HF cells) were cultured in
Dulbecco’s minimal essential medium (DMEM; BioWhittaker, Walkersville,
Md.) supplemented with 5% fetal bovine serum (FBS; HyClone, Logan, Utah),
1.0% penicillin-streptomycin-amphotericin B (Fungizone) (PSF; BioWhittaker),
0.3% L-glutamine (BioWhittaker), and 100 g of Geneticin (Gibco BRL, Gaith-
ersburg, Md.) per ml as described previously (20). Adherent cultures of Tricho-
plusia ni (TN-5) insect cells (15) were cultured in ExCell 401 medium (JRH
Biosciences, Lenexa, Kans.) supplemented with 5% FBS and PSF. HCMV
AD169 was grown and titered in HF cells as previously described (23). A
recombinant strain of Autographa californica nuclear polyhedrosis virus encoding
amino acids 1 to 692 of the gB homologue from the AD169 strain of HCMV was
grown and titered as previously described (15). Recombinant gB-S was produced
and purified as previously described (11). Recombinant human IFN-y and IFN-«
were purchased from Genzyme (Cambridge, Mass.).

Stimulation with signaling ligands. Subconfluent monolayers of HF cells were
incubated with the indicated stimuli for the time period specified for each
experiment, generally 6 h. Cells were incubated with one of the following ligands:
DMEM without FBS (mock treatment), gB-S (500 pg/ml), IFN-y (100 U/ml),
IFN-a (1,000 U/ml), CMV (10 PFU/ml), or bovine serum albumin (BSA; 500
pg/ml). Cellular RNA was isolated and processed for reverse transcriptase (RT)-
mediated PCR (RT-PCR) analysis. To determine the conformational structure
required to induce signaling, gB-S (200 pg/ml) was treated by one of the follow-
ing methods: 70 or 94°C for 15 min, dithiothreitol (DTT; 100 pg/ml; Sigma, St.
Louis, Mo.) for 30 min at 37°C, or trypsin (1 wg/ml; Sigma) for 60 min at 37°C.
For some experiments, fibroblasts were treated with heparinase (2 U/ml; Sigma)
for 60 min at 37°C, washed, stimulated for 60 min at 37°C, washed, and harvested
6 h poststimulation. In separate experiments, cycloheximide (100 pg/ml; Sigma)
was added 2 h prior to stimulation and remained present during the subsequent
6-h stimulation regimen, whereas actinomycin D (20 pg/ml; Sigma) was added
concurrently with the inducing ligand and incubated for 6 h prior to harvesting.
To assay for mitogen-activated protein kinase (MAPK) activation, fibroblast mono-
layers were serum starved for 18 to 24 h and incubated with stimuli for 10 to 30 min,
and the cellular cytoplasmic fraction was isolated as previously described (10).

RNA isolation and mRNA-dependent cDNA synthesis. Total cellular RNA was
isolated by using RNA STAT-60 (Tel Test “B”; Friendswood, Tex.) as recom-
mended by the manufacturer. Briefly, cells were lysed by addition of phenol-
guanidinium thiocyanate and then chloroform extracted, and RNA was isopro-
panol precipitated. To eliminate DNA contamination, samples were treated with
75.4 U of DNase (Gibco BRL) for 1 h at 37°C in the presence of 3.75 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, 1 mM DTT, and 100 U of Prime RNase
inhibitor (5'-3'; Boulder, Colo.), after which time the samples were reextracted
and reprecipitated. On average, a 100-mm-diameter tissue culture plate of fi-
broblast cells yielded 15 to 20 pg of total RNA. Ten micrograms of total RNA
was reverse transcribed into mRNA-dependent cDNA by using Moloney murine
leukemia virus RT (200 U/ml; Gibco BRL), 0.1 mg of oligo(dT) primer (Gibco
BRL), 4 mM deoxynucleoside triphosphates (dANTPs; Pharmacia, Milwaukee,
Wis.), Prime RNase inhibitor (1 U/ml), and 10 mM DTT. RNA was denatured
at 65°C for 5 min and equilibrated at 37°C for 2 min, the RT mixture was added,
and samples were allowed to incubate at 37°C for 1 h, after which time the reaction
was terminated by heating at 95°C for 5 min followed by immediate cooling to 4°C.
Equivalent amounts of cDNA were then subjected to PCR analysis.

PCR conditions and cycling parameters. Each sample was analyzed by PCR in
a final reaction volume of 50 pl under similar reaction conditions including 50
mM KCI, 10 mM Tris-HCI (pH 8.3), 2.5 mM dNTPs, 500 mM primers, and 2.5
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U of Tag polymerase (Perkin-Elmer, Branchburg, N.J.). Amplifications were
performed in Perkin-Elmer 4800 thermocycler. The primers for 2'-5" oligoad-
enylate synthetase and the ISG encoding a product of 54 kDa (OAS and ISG54)
were designed with the Oligo 4.0 Macintosh program (National Biosciences, Inc.,
Plymouth, Minn.), B-Actin primers were purchased and used as instructed by the
manufacturer (Stratagene, La Jolla, Calif.); the c-fos primers and reaction con-
ditions have been previously described (57). The OAS primers (sense [5" AAA
GTGCCGGTAAAAGTCAT 3'] and antisense [5" CTGTAGTGCAAGGGTT
CTCA 3']) amplified a 902-bp fragment in the presence of 2.5 mM MgCl,. The
ISG54 primers (sense [5' AGAAATCAAGGGAGAAAGAA 3] and antisense
[5" AAGGTGACTAAGCAAATGGT 3']) amplified a 506-bp fragment in the
presence of 3.0 mM MgCl,. Identical amplification conditions were used for both
sets of primers: 10-min denaturation step at 94°C followed by 30 cycles of 94°C
for 1 min, 53°C for 1 min, and 72°C for 2 min, followed by 72°C for 10 min to
allow for complete extension. PCR products were electrophoresed on 1% aga-
rose (FMC, Rockland, Maine) stained with ethidium bromide for visualization.

Treatment of cells with protein kinase C (PKC) and protein tyrosine kinase
(PTK) inhibitors. Genistein, tyrphostin A25, calphostin C, H7 {[1-(5-isoquinolinyl-
sulfonyl)-2-methylpiperazine]} and H8 {[(N-2-methylamino)ethyl]-5-isoquin-
olinesulfonamide} were purchased from Calbiochem (La Jolla, Calif.) and dis-
solved in dimethyl sulfoxide at concentrations of 74.0 mM (20.0 mg/ml), 49.4 mM
(10.0 mg/ml), 50.0 uM (40.0 wg/ml), 27.5 mM (10.0 mg/ml), and 29.6 mM (10.0
mg/ml) respectively. Fibroblasts were incubated with dimethyl sulfoxide (solvent
control), genistein (185.0 uM [50.0 pg/ml]), tyrphostin A25 (49.4 puM [10.0
wg/ml]), H7 (27.5 pM [10.0 pg/ml]), and H8 (29.6 pM [10.0 pwg/ml]) for 2 h at
37°C; cells treated with calphostin C (50.0 nM [40.0 ng/ml]) were left for 2 h in
the presence of light to activate the drug (33). Signaling ligands were added, and
total cellular RNA was harvested 6 h posstimulation. The final concentrations of
the inhibitors were chosen on the basis of the 50% inhibitory dose for enzyme
inhibition and doses conventionally used in the literature (1, 31, 33, 39, 67). After
8 h of treatment, cell viability was determined by trypan blue exclusion to
monitor toxicity.

Ligand binding assay. Ligand binding assays were performed essentially as
previously described (11). HF cells were chilled at 4°C and treated with ovalbu-
min (5 mg/ml) diluted in phosphate-buffered saline-1% FBS-0.1 mM CaCl,
(PBS-GC) for 30 min to block nonspecific binding. Purified, [**S]methionine-
labeled gB-S protein was diluted in PBS-GC, added to the cell monolayers, and
incubated for 90 min at 4°C in the presence or absence of IFN-y or IFN-a.
Unbound gB-S was removed; the cells were washed twice with PBS-GC and
subsequently lysed in 1% sodium dodecyl sulfate (SDS)-1% Triton X-100. Both
unbound and bound fractions were subjected to scintillation counting. All data
points were performed in duplicate or triplicate.

SDS-PAGE analysis and immunoblotting. Cytoplasmic fractions from fibro-
blasts stimulated for MAPK activation were separated by SDS-polyacrylamide
gel electrophoresis (PAGE) in the presence of reducing agents. Resolved pro-
teins were transferred to nitrocellulose membranes (Millipore, Bedford, Mass.)
and probed with antibodies directed toward the dually phosphorylated form of
ERK1/2 (extracellular signal-regulated kinase 1/2) (0.5 pg anti-ACTIVE anti-
body; Promega, Madison, Wis.) or 5.0 ug of a pan anti-ERK1/2 (Upstate Bio-
technology Inc., Lake Placid, N.Y.) polyclonal antibody. Primary antibodies were
detected by incubation with horseradish peroxidase (HRP)-conjugated goat anti-
rabbit antibodies (Pierce, Rockford, Ill.) and the LumiGLO HRP substrate kit
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.).

RESULTS

Upregulation of cellular gene expression by HCMV gB. The
HCMYV gB protein is a major constituent of the virion enve-
lope that possesses conventional ligand properties and is in-
volved in virus-cell interactions (11, 49, 71). To examine the
involvement of a defined virion component in the reported
HCMV-induced cellular activation, fibroblast cells were stim-
ulated with a recombinant soluble version of gB known to
retain structural and functional features of the viral protein.
Cells stimulated with gB, HCMYV, or IFN were assayed for the
upregulation of ISGs. OAS and ISG54, both of which were
previously identified by differential display analysis as cellular
mRNAs upregulated by HCMV infection (78), were selected
as representative ISGs. As shown in Fig. 1A, gB was a potent
inducer of cellular gene expression. Incubation of fibroblasts
with gB or HCMYV resulted in the upregulation of OAS and
ISG54 mRNAs in a manner comparable to that for the IFNs.
The gB-mediated signal transduction was dependent on the
concentration of input ligand, since incubation with increasing
amounts of gB resulted in a dose-dependent gene induction
(Fig. 1B). These results are in agreement with previous data
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FIG. 1. gB-mediated upregulation of cellular mRNA. (A) HF cells were
incubated with medium alone (mock), gB-S (500 wg/ml), IFN-a (1,000 U/ml),
IFN-y (100 U/ml), or HCMV (10 PFU/ml). After 6 h of stimulation, total cellular
RNA was isolated and RT-PCR analysis was performed with oligo(dT)-primed
RNA and three pairs of PCR primers (OAS, ISG54, B-actin). PCR-amplified
products were separated on a 1% agarose gel by electrophoresis and visualized
by ethidium bromide staining. (B) HF cells were incubated with increasing
concentrations of gB-S (0.05 to 500 pg/ml) for 6 h and subjected to RT-PCR
analysis as for panel A.

demonstrating that gB binding to fibroblasts was dose depen-
dent (11). The protein concentration used for the remaining
experiments (500 pg/ml, equivalent to 2.5 nM) was in the linear
range of the binding curve and near the reported K, (5 uM).

Viral and recombinant gB protein assembles into a dimer
shortly after translation and is proteolytically processed dur-
ing intracellular transport into disulfide-linked fragments. The
data in Fig. 2A demonstrate that the structural integrity of gB
was important for signaling activity. Disruption of gB by pro-
teolytic digestion or heat denaturation significantly reduced or
abolished the response (Fig. 2A). The corresponding protein
profiles show that the dimeric form of gB was lost upon heat
treatment (Fig. 2B). Surprisingly, OAS and ISG54 mRNA levels
were unaffected when the gB subunits were separated by di-
sulfide bond reduction, suggesting that the oligomeric struc-
ture was not essential for signaling. Furthermore, mRNA up-
regulation did not occur with BSA treatment, suggesting that
nonspecific protein-cell interactions were not responsible for
signaling. We conclude that a defined component of the virus,
gB, that can trigger intracellular signaling resulting and acti-
vation of the IFN-responsive genes OAS and ISG54.

To investigate the kinetic regulation of the IFN-responsive
gene induction by the viral ligands, two IFN-responsive genes
with different induction kinetics were examined. c-fos, a mem-
ber of the AP-1 transcription factor family, exhibits rapid and
transient activation upon stimulation (8), whereas ISG54 re-
quires a prolonged period prior to gene induction (78). Time
course analysis demonstrated that stimulation of cells with
either gB or IFN-a resulted in rapid induction of c-fos mRNA
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FIG. 2. gB-mediated signaling requires native structure. Prior to cell stimu-
lation, gB (200 pg/ml) was denatured by heating to 70 or 94°C for 15 min,
reduced by the presence of DTT (100 pg/ml) for 30 min at 37°C, or proteolytic-
ally digested with trypsin for 60 min at 37°C. As a control, cells were stimulated
with BSA (500 pg/ml) under identical conditions. (B) The protein profiles for the
heat-denatured and DTT-treated samples were determined by SDS-PAGE and
immunoblotting with an antibody specific for an epitope on the carboxy-terminal
domain. The positions of the dimeric (gB-D), monomeric (gB-M), carboxy-terminal
(gB-C) fragments and the heat-induced aggregate (heat agg.) are indicated.
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FIG. 3. Kinetic analysis of gene expression. HF cells were incubated with
gB-S, HCMYV, or IFN-a and harvested for nRNA-dependent RT-PCR analysis
at increasing time intervals as indicated in minutes. PCR primer pairs for c-fos
and ISG54 were used to assess upregulation of IFN-responsive genes; the B-actin
gene was used as a housekeeping control gene.

levels (Fig. 3). The gB-treated cells exhibited with maximum
levels after 30 min of stimulation which declined over time.
The activation response to IFN-a was very similar except that
the induction lingered slightly longer, to 60 min. HCMV treat-
ment appeared to induce c-fos gene expression in a biphasic
manner; the first wave of induction occurred approximately 30
min poststimulation and the second occurred at 4 to 6 h postin-
fection, correlating with viral gene expression. For ISG54, gB
and HCMV-induced mRNA upregulation was delayed by ca.
2 h relative to the natural cytokine. OAS gene expression by
HCMYV and gB proceeded at similar times as ISG54 induction
(data not shown). These findings suggest that the signaling
pathway initiated by HCMV via gB may not be identical to the
IFNs themselves.

¢B mediates signaling through its cellular receptor. We next
questioned whether the gB-mediated signaling was initiated via
an interaction with its cellular receptors. This hypothesis posits
that protein synthesis is not required for the signal transduc-
tion response. To test this hypothesis, the signaling assay was
conducted in the presence of cycloheximide. As shown in Fig.
4, fibroblasts incubated with gB, HCMV, or IFN in combina-
tion with cycloheximide treatment demonstrated no apprecia-
ble decrease in gene expression. The superinduction of c-fos
mRNA levels by cycloheximide treatment was not unexpected,
as this effect has been reported for serum- or growth factor-
stimulated cells (34). These data confirm that neither viral
replication nor IFN synthesis in infected cells was required for
HCMV-induced gene expression. Most significantly, the result
indicates that gB-mediated signaling was a direct response to
the ligand which activated existing pools of cellular transcrip-
tion factors. The cycloheximide conditions were determined to
be effective since parallel experiments using identical concen-
trations of cycloheximide inhibited protein synthesis by 96%,
as measured by the incorporation of [**S]methionine into tri-
chloroacetic acid-precipitable material, and HCMV IE gene
expression was completely blocked, as assayed by Western blot

Mock gB-S IFN HCMV
- CX ActD = CX ActD - CX ActD = CX ActD
-- '- - OAS
ISG 54
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FIG. 4. gB-mediated signaling is a direct response requiring transcription.
Cycloheximide (CX; 100 wg/ml) was added to HF cells for 2 h before and during
the 6-h stimulation period, while actinomycin D (ActD; 20 pwg/ml) was present
during the 6-h stimulation period. RNA was harvested at 6 h poststimulation and
subjected to RT-PCR as for Fig. 1 and 3.
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FIG. 5. (A) HSPGs are not required for gB-mediated signaling. Fibroblasts
were either mock treated (serum-free medium) or incubated with heparinase (2
U/ml) for 60 min at 37°C. The cells were washed, incubated with the signaling
ligand for 60 min at 37°C, washed, and harvested for total RNA 6 h poststimu-
lation. (B) Fibroblasts were incubated with IFN-a or IFN-y for 30 min at 4°C
prior to the addition of 3*S-labeled gB. Homologous cold competition blocked
¢B binding by greater than 95% (not shown).

analysis (data not shown). To confirm that the induction of
gene expression was at the level of transcription, cells were
treated during stimulation with actinomycin D, a potent inhib-
itor of DNA-dependent RNA synthesis and elongation. Acti-
nomycin D treatment had a profound effect on gene induction
by all ligands such that levels were reduced to an undetectable
basal level (Fig. 4). Thus, the data suggest that signal trans-
duction triggered by gB was a direct response regulated at the
level of receptor engagement.

HSPGs serve as the initial interaction between virus and
host cell (23, 52). Typical of the functional redundancy ob-
served with herpesvirus envelope glycoproteins, twvo HCMV
envelope glycoprotein complexes, glycoprotein complex I and
gB, have heparin binding ability (11, 23, 38). To investigate the
role of HSPGs in gB gene induction, fibroblasts were treated
with heparinase at a concentration known to render the cell
void of cell surface heparin molecules (11, 23, 38). As shown in
Fig. 5A, gB induced OAS and ISG54 mRNA expression to
similar levels in the presence or absence of enzyme. Compa-
rably, loss of HSPGs did not result in a significant reduction in
HCMYV- or IFN-mediated signaling. Parallel virus entry assays
were performed under identical conditions, and virus infection
of heparinase-treated fibroblasts was reduced by 95% com-
pared to untreated controls (data not shown). These data sug-
gest that interaction of HCMYV via gB to cell surface heparin
did not mediate the observed signaling, but rather that subse-
quent binding to the as yet unidentified gB receptor is the
crucial signaling interaction. To determine whether gB en-
gaged either of the IFN receptors, ligand competition experi-
ments were performed. Neither IFN-y or IFN-a competed
with gB binding to cells (Fig. 5B). We have also observed that
gB does not activate the Tyk2 Jak kinase, which is associated
with the IFN-a receptor (19), nor does expression of the IFN-y
receptor in HCMV-entry defective L cells confer virus entry
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FIG. 6. Protein kinase activation is involved in gB signaling. (A) OAS and
ISG54 mRNA levels were assessed in fibroblasts that were treated 2 h before and
during stimulation with medium alone (Mo), ligand in the absence of inhibitor
(None), solvent (Sol.), 50 nM calphostin C (CalC), 27.5 pM H7, or 29.5 n.M HS.
Quantitation of the relative yields of PCR product was determined with a Gel
Documentation device (Bio-Rad). Extrapolation of the mean pixel density in
each band to the relative percent volume allowed comparisons within an indi-
vidual PCR. Each value was graphed as percent volume control relative to the
untreated PCR product (None). (B) Fibroblasts were incubated with medium
alone (Mo), ligand in absence of inhibitor (None), solvent (Sol.), 185 uM
genistein (Gen), or 49.4 pM tyrphostin A25 (Tyr) 2 h before and during stimu-
lation. RT-PCR analysis was performed to assess the effects of these inhibitors
on cellular gene expression. Quantitation of the relative yields of the PCR
products was determined as described for panel A. V, HCMV.

(data not shown). These data suggest that the gB-induced
signaling is mediated through its non-heparin receptor which is
not either of the known IFN receptors.

Involvement of protein kinases in gB signal transduction.
Protein phosphorylation represents one of the most important
molecular mechanisms by which extracellular signals produce
their biological responses in cells, while protein kinase stimu-
lation is considered to be the most common activation mech-
anism in signal transduction systems. Although the protein
kinases can be divided into two subsets, based on phosphate
acceptors (serine/threonine or tyrosine residues), many sub-
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FIG. 7. Incubation with gB stimulated the MAPK pathway. Fibroblasts were
serum starved for 18 h prior to ligand stimulation. Cells were incubated in
medium alone (M) or stimulated with FBS, IFN-y (I-y) or IFN-a (I-a) for 10
min. Cells were stimulated (Stim.) with gB or HCMV for 5-, 15-, or 30-min
intervals. The cytoplasmic fraction was isolated and subjected to SDS-PAGE and
immunoblotting. Reciprocol blots were probed with the anti-ACTIVE ERK1/2
polyclonal or pan ERK1/2 polyclonal antibody and detected with a secondary
goat anti-rabbit HRP-conjugated antibody in conjunction with a chemilumines-
cent substrate.

strates are known to undergo phosphorylation by multiple pro-
tein kinases. Fortunately, both activators and inhibitors of var-
ious branches of the protein kinase activation pathways have
been identified, and their substrate specificities and mecha-
nisms of action have been delineated. To assess the role of
PKC activation, cells were treated before and during stimula-
tion with one of three PKC inhibitors, calphostin C, H7, or HS.
As shown in Fig. 6A, cells stimulated with gB in the presence
of calphostin C, a highly specific and irreversible inhibitor of all
PKC isoforms, no longer exhibited OAS and ISG54 gene in-
duction. Incubation with H7, a broad-based serine/threonine
kinase inhibitor, also reduced the ability of gB to elevate OAS
(90% reduction) and ISG54 (70% reduction) mRNA levels,
whereas H8 (inhibitor of cyclic AMP-dependent protein ki-
nases) had differential effects on OAS and ISG54 mRNA ex-
pression. HCMV-stimulated cells retained the capacity to up-
regulate OAS mRNA in the presence of all three PKC
inhibitors, albeit less effectively. ISG54 mRNA upregulation by
HCMV involved the activation of serine/threonine protein ki-
nases since calphostin C and H7 treatment lessened the level of
gene induction, while H8-treated cells continued to elicit cell
signaling. Therefore, gB-mediated signaling is dependent on a
functional PKC pathway whereas HCMV was able to retain
most signaling in the presence of the inhibitors, perhaps due to
titration of the inhibitor by synthesis of viral transcriptional
transactivators. PTK involvement was also investigated by
treating cells with genistein or tyrphostin A25 before and dur-
ing ligand stimulation (Fig. 6B). gB failed to induce OAS and
ISG54 mRNA levels in cells treated with genistein, whereas
tyrphostin A25 had no inhibitory effect on mRNA upregula-
tion. Likewise, stimulation by intact virus demonstrated a sim-
ilar pattern of sensitivity to the PTK inhibitors, suggesting that
a conserved tyrosine kinase cascade(s), likely at the receptor
level, may be utilized by gB and virions to stimulate ISGs.
Finally, we examined potential activation of the MAPKs.
The MAPKSs comprise a group of protein serine/threonine
kinases which are activated in response to extracellular stimuli
through dual phosphorylation at conserved threonine and ty-
rosine residues (18, 59). This prominent pathway is utilized by
a diverse array of biological ligands to regulate and modify the
intracellular environment, including IFN-o/B (25). To address
if HCMV and/or gB could activate the MAPK cascade, cyto-
plasmic fractions were isolated from ligand-stimulated cells
and tested in immunoblotting experiments using polyclonal
antibodies specific for the dually phosphorylated form of the
terminal phosphate acceptor, ERK1/2. As shown in Fig. 7, the
MAPK pathway is functional in HF cells, as demonstrated by
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the FBS-induced dual phosphorylation of ERK1/2 when probed
with the anti-ACTIVE ERK1/2 antibodies. ERK1/2 phosphor-
ylation in response to FBS stimulation was comparable to that
observed with epidermal growth factor stimulation (data not
shown). Similarly, incubation of fibroblasts with gB or HCMV
resulted in the activation of the MAPKinase pathway. The
accumulation of active ERK1/2 was a function of time. gB-treated
cells exhibited maximum activation after 15 min of stimulation,
whereas the virus activated ERK1/2 with faster kinetics. We also
observed that both IFNs activated ERK1/2.

DISCUSSION

gB of HCMYV is the viral structural component responsible
for intracellular signaling and gene induction. Signal trans-
duction is a common process used by an extensive array of
biological ligands to modulate various host cell processes such
as growth, differentiation, and proliferation. It is well docu-
mented that cells respond to cytomegalovirus by invoking a
cascade of biological and physiological responses resulting in
signal transduction and upregulation of cellular gene expres-
sion, including induction of genes in the IFN-responsive fam-
ily. The majority of cellular activation is an early-phase re-
sponse that does not require viral gene expression, leading to
the conclusion that a viral structural element is responsible for
these effects. Using purified, recombinant viral ligand, we ob-
served efficient and robust activation of immediate-response
genes such as c-fos and c-jun as well as IFN-responsive genes
OAS and ISG54. Gene induction was independent of cellular
protein synthesis but required active transcription. Native li-
gand structure and the input dose were also influential in
signaling activity. Thus, we reason that a primary mechanism
by which HCMYV initiates intracellular signaling is via an in-
teraction of its principal ligand, gB, with a cellular receptor.

Epstein-Barr virus (EBV), a B-cell-tropic herpesvirus, also
initiates intracellular signaling via an engagement of its ligand,
gp350/220, with its cellular receptor, CR2 (45, 56, 66). Protein
phosphorylation in response to the EBV ligand is required for
early events in internalization and early viral gene expression
(16, 56). The human immunodeficiency virus (HIV) envelope
protein, gp120/41, initiates signaling via an interaction between
its primary receptor CD4 and its fusion coreceptor (7, 12), but
signal transduction was not required for fusion and entry (73).
HCMV, like HIV, penetrates via a direct fusion event at the
cell surface, whereas EBV undergoes receptor-mediated en-
docytosis (22, 51, 64). It will be of great interest to determine
the consequences of lack of signaling activity in HCMV infec-
tion. Specifically, a future goal of our research will be to de-
termine if gB-induced signaling is an essential component of
virus entry and the initiation of productive infection.

The gB signaling receptor is likely a novel cellular protein
that interfaces with the IFN-responsive pathways. HSPGs,
broadly distributed cell surface molecules, are the initial at-
tachment site for HCMYV (23, 52). Virus attachment absolutely
requires this initial interaction with HSPGs, but the binding
step is transient and rapidly converts to stable adherence. Re-
combinant, soluble gB also has a biphasic Scatchard plot and
can bind to HSPGs; however, the interaction of gB with its
second binding site is independent and does not require the
HSPG binding step (11). This is in contrast to many growth
factors, such as basic fibroblast growth factor, which sequen-
tially interacts with HSPGs and a high-affinity protein receptor,
but similar to other herpesviruses which are known to encode
functional redundancy for the heparin binding step (54, 63).
Cells lacking HSPGs were equally responsive to gB and HCMV
in intracellular signaling (Fig. 5A), suggesting that it is the
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nonheparin receptor mediating the response. HCMV has a
broad cellular tropism in vivo and is capable of infecting cells
of distinct and divergent developmental lineages. Both the type
1 and type 2 IFN receptors are distributed on cell types in-
fected by the virus. Several lines of evidence argue against
utilization of either of these receptors by HCMYV via gB. First,
cells treated with relatively high concentrations of IFN-a or
IFN-vy exhibited wild-type levels of gB binding (Fig. 5B), and
monoclonal antibodies to the IFN-y receptor also had no gB or
HCMYV blocking activity (data not shown). Similarly, entry-
defective L cells stably transfected with the IFN-y receptor
components remained refractory to HCMV entry (data not
shown). HCMV is known to disrupt, not activate, the Jakl
kinase (47), and we determined that the Tyk2 Jak kinase as-
sociated with the IFN-o/B receptor was not activated by the gB
ligand (18a). Confirming the original report by Zhu et al. (78),
it was recently reported that HCMV induces expression of
ISG54 (50). These authors found that HCMYV infection did not
result in the assembly of STATI1, STAT2, and p48 into the
IFN-a-inducible ISGF3 transcription factor. Instead HCMV
virions induced the formation of a novel transcription complex
composed of, in part, the recently identified interferon-regu-
latory factor of unknown cellular function (IRF3 [5]) and
CRE/B binding protein but not STAT1 or STAT?2 (50). Taken
together, the data suggest that the gB signaling receptor is a
novel cellular receptor that activates IFN gene induction
through a unique transcriptional activation complex.

Why would a virus activate an antiviral response: clever ploy
or fatal flow? IFNs, which were named for their ability to
interfere with virus replication, are considered the major con-
tributors to the first line of antiviral defense. OAS produced in
response to IFN and HCMYV is an integral component of the
classical antiviral pathway that targets double-stranded RNAs
produced in infection by RNA viruses (6, 17, 55). For DNA
viruses, however, the antiviral activity of IFNs is less clear.
Both IFN-y and combinations of IFNs in the presence or
absence of other cytokines such as tumor necrosis factor alpha
are reported to have anti-HCMV activity (26, 70, 74). Yet,
HCMV is an ancient, ubiquitous virus that persists in its hu-
man host for life. A majority of HCMV-associated disease is
the result of spread of reactivated latent virus during condi-
tions of immunosuppression (4, 13). Perhaps not the exclusive
site of latency, but certainly a predominant cell type harboring
latent HCMV, is monocytes (48, 68, 69). Reactivation and
HCMYV replication in latently infected monocytes requires dif-
ferentiation and activation of the cells into macrophages, and
administration of IFN-y to latently infected monocytes is suf-
ficient to activate cellular differentiation and HCMV replica-
tion (37, 41, 60-62). The IE proteins of HCMV are promiscu-
ous transcriptional transactivators of viral and cellular genes,
and they play a critical role in the progression of the virus
replication cycle (reviewed in references 46 and 65). Recently
it was discovered the IE proteins undergo phosphorylation by
the ERK2 MAPK, and the phosphorylated IE protein had
increased transcriptional activity (36). We found that ERK2
was activated as a consequence of the gB-receptor interaction
(Fig. 7). Thus, it appears that HCMV has uniquely adapted a
cellular signaling and gene activation pathway for its own ben-
efit, ensuring its survival in the human host.
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