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The Kaposi’s sarcoma-associated herpesvirus (KSHV) envelope glycoprotein gpK8.1 contributes to cellular
attachment through binding cell surface heparan sulfate proteoglycans. By using a soluble recombinant form of
gpK8.1, we discovered that a consequence of gpK8.1 interaction with human fibroblasts is the induction of an
antiviral response, as characterized by the activation of interferon regulatory factor 3 (IRF-3), production of
interferon beta (IFN-(3), and expression of interferon-stimulated antiviral genes. In contrast, neither IFN-f3 ex-
pression nor a functional antiviral response is observed in cells treated with KSHYV virions. The interferon response
induced by soluble gpK8.1 can be inhibited by simultaneous treatment with UV-inactivated virions, while the
induction of an indicator inflammatory cytokine, interleukin-6, was readily evident in the response to both gpK8.1
and KSHV. In addition, KSHYV virions abrogate gpK8.1-mediated activation of IRF-3, an early transcriptional
regulator for cellular antiviral responses. Although innate immune responses are initiated during contact between
gpK8.1 and cellular receptor(s), these results suggest that the virion contains one or more structural elements that
selectively repress an effective antiviral response while allowing cellular responses favorable to the KSHYV life cycle.

Epidemiological evidence indicates that Kaposi’s sarcoma-
associated herpesvirus (KSHV) is the causative agent of Ka-
posi’s sarcoma (KS), a subset of multicentric Castleman’s dis-
ease, and B-cell primary effusion lymphoma (PEL), also known
as body cavity lymphoma (37). One of the hallmarks of KS is
the abnormal modulation of cytokine levels. Cells associated
with KS lesions produce elevated levels of inflammatory cyto-
kines, including tumor necrosis factor alpha, gamma interferon
(IFN-v), interleukin-1B (IL-1B), interleukin-2, and interleu-
kin-6 (reviewed in reference 17). In particular, IL-6 plays a
significant role since the neoplasms associated with KSHV use
IL-6 as a growth factor (3, 28, 33). The importance of cytokines
to KSHV is highlighted by the fact that KSHV encodes homo-
logues of cellular cytokines, including viral IL-6 (vIL-6) (open
reading frame [ORF] K2), vCCL1 (ORF Kb6), vCCL2 (ORF
K4), and vCCL3 (ORF K4.1) (11). These viral cytokines pro-
mote the proliferation of B cells, production of angiogenic
factors, recruitment of infiltrating inflammatory cells, and ac-
tivation of endothelial cells to acquire the spindle cell pheno-
type observed in vitro (16). KSHV reactivation from latency
may also require the presence of a subset of inflammatory
cytokines, but the molecular mechanisms underlying this pro-
cess are unknown (36).

One group of cytokines critically important for combating
viral infection are the type I interferons (IFN-a/B). These
molecules represent the first line of defense by the innate
immune system and prepare cells for invading pathogens by
inducing the transcription of genes involved in cellular antiviral
responses and the activation of innate and adaptive immune
responses (21). IFN-a/B can be produced by nearly all cell
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types in response to viral infection; their expression is tightly
controlled at the level of transcription by interferon regulatory
factors (IRFs), primarily IRF-3 and IRF-7 (reviewed in refer-
ence 24). This regulation is biphasic, with the first phase re-
sulting in the activation of cytoplasmic IRF-3 by the phosphor-
ylation of its C terminus (62). The noncanonical IkB kinase
homologues IKKe and TANK-binding kinase 1 are required
for IRF-3 activation and can phosphorylate IRF-3 directly (18,
50). Phosphorylated IRF-3 homodimerizes and is rapidly
translocated to the nucleus (31), where it complexes with CBP/
p300 and acts directly as a transcriptional activator of both beta
interferon (IFN-B) and a subset of interferon-stimulated genes
(ISGs) (60). Recent work has identified IRF-7 as an essential
factor in the initial production of IFN-B in response to viral
infection (23), suggesting that IRF-7 heterodimerizes with
IRF-3 to activate the IFN-B promoter during the initial phase
of IFN-a/B production. In the second phase, nascent IFN-
feeds back in both autocrine and paracrine fashions to amplify
IRF-7 expression, resulting in amplified IFN-f production, the
upregulation of additional antiviral genes, including IFN-a
subtypes, the induction of apoptosis in infected cells, and the
priming of neighboring cells for IFN-a/B production in the
event of further infection (reviewed in reference 49). In addi-
tion to their antiviral effects, IFN-a/B also influence the ex-
pression and activity of other cytokines, such as IFN-y and
IL-6, and play roles in the adaptive immune response through
their effects on dendritic cells (27).

The mechanisms by which viruses activate the IFN pathway are
becoming increasingly diverse, and a growing body of evidence
suggests that viruses can initiate IFN responses during cell entry.
Specifically, viral envelope glycoproteins that mediate viral at-
tachment and/or entry have been demonstrated to elicit IFN-o/B
responses from cells. For example, both glycoprotein 120 of hu-
man immunodeficiency virus and glycoprotein M of transmissible
gastroenteritis virus induce IFN-a/B production in target cells (1,
7, 26). Similarly, studies using soluble versions of both glycopro-
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tein B of human cytomegalovirus (HCMYV) and glycoprotein D of
herpes simplex virus type 1 (HSV-1) have demonstrated that
these envelope components are important contributors to the
IFN-o/B response (2, 4, 5, 10, 53).

Like many viruses, members of the family Herpesviridae are
sensitive to the antiviral effects of IFN-o/B. For example, im-
mediate early gene expression of both HCMV and HSV is
restricted but not abolished by IFN-o/B (34, 44, 48, 55). To
minimalize antiviral responses activated during entry, herpes-
viruses have evolved various mechanisms to counter the cellu-
lar response. Both HCMV and HSV carry genes that rapidly
counter the cellular IFN-o/B response during infection. ICP0O
of HSV-1 is an immediate early regulatory gene that inhibits
the IFN pathway, as transcriptionally inactivated virions and
viral mutants lacking ICPO are hypersensitive to IFN-a/B in
vitro (39). Similarly, the overexpression of the HCMV imme-
diate early gene 2 in fibroblasts dramatically reduced amounts
of IFN-B in response to infection by UV-inactivated HCMV,
indicating that immediate early gene 2 contributes to inhibiting
the HCMV-induced antiviral response (56). The HCMV teg-
ument protein pp65 has been implicated as an additional
mechanism by which HCMV can downregulate the IFN re-
sponse since virions lacking pp65 induce a much stronger IFN-
o/B response than do wild-type virions (6). However, wild-type
virions still induce measurable IFN-«/B production during the
first hours of infection (4), indicating that pp65 protein deliv-
ered to the cell during infection is unable to confer complete
inhibition. More recently, it has been reported that rhesus
cytomegalovirus (RhCMV) employs an alternative strategy to
counter the cellular response as it fails to elicit a measurable
antiviral response during infection, even in the absence of viral
gene expression. Furthermore, RhCMV was able to inhibit
antiviral responses mediated by HCMV, suggesting that RhCMV
virions contain one or more factors that rapidly act to suppress
the IFN-o/B response (15).

Microarray analysis performed during early KSHV infection
revealed that several IFN-responsive genes were upregulated
with rapid kinetics (41). Additionally, upon chemical induction
of the KSHYV lytic cycle, some of the same ISGs are upregu-
lated in latently infected endothelial cells (45). However, the
mechanisms by which KSHV initiates IFN-o/f responses are
undefined. Since other viral glycoproteins are initiators of an-
tiviral responses, we examined the role of KSHV envelope
glycoprotein gpK8.1 in eliciting an IFN response from target
cells. gpK8.1, positionally conserved with Epstein-Barr virus
gp350/220 (43), is a type 1 membrane glycoprotein that accu-
mulates on the plasma membrane during lytic replication and
is incorporated into the viral envelope during KSHV egress
(29). Recent studies demonstrate that gpK8.1 can induce spe-
cific host cell signaling pathways, rapidly activating extracellu-
lar signal-regulated kinase 1 and 2 during primary infection,
but not phosphatidylinositol-3 kinase or focal adhesion kinase
(51, 52). Recombinant gpK8.1 is strongly recognized by KS
patient sera and may be used as a serological marker for
KSHYV infection (8, 29, 47), indicating that gpK8.1 is subject to
immune surveillance. Recombinant gpKS8.1 also binds cell sur-
face heparan sulfate, consistent with envelope-associated
gpK8.1 contributing to virus attachment to target cells (58), a
role similar to those of other viral glycoproteins shown to
activate IFN-o/B responses (4). We observed that cells respond
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to a soluble version of gpK8.1 by activating the IFN-o/B sig-
naling pathway, including IRF-3 activation, ISG expression,
IFN-B secretion, and the establishment of an antiviral state. In
contrast, a functional antiviral response was not detected in
cells challenged with KSHV virions, indicating that virions
contain a component that dampens this response. Consistent
with this hypothesis, virions were able to block gpK8.1-medi-
ated induction of the IFN-o/B pathway. Unlike the IFN-o/3
response, the expression of IL-6 was induced in response to
both gpK8.1 and KSHYV virions, indicating that virus-cell in-
teractions trigger the inductions of multiple cellular responses.
Our results indicate that, during the early events of infection,
KSHYV possesses mechanisms to differentially modulate the
expression of inflammatory cytokines.

MATERIALS AND METHODS

Cells and medium. Normal human dermal fibroblasts (NHDF; Clonetics, San
Diego, CA) were maintained in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum (FBS; HyClone), 1% glutamine, and 1%
penicillin-streptomycin-Fungizone (PSF; Gibco-BRL). BCBL-1 cells (obtained
through the AIDS Research and Reference Reagent Program) and green fluo-
rescent protein (GFP)-BCBL-1 cells (a gift from J. Vieira) (57) were maintained
in RPMI supplemented with 10% FBS, 1% PSF, and p-mercaptoethanol.
Trichoplusia ni (BTI-TN-5B1-4) insect cells were maintained in Express Five
SFM (Gibco-BRL) supplemented with 5% FBS and 1% PSF.

Construction and purification of recombinant gpK8.1 protein. Hydropathy
analysis of gpK8.1 revealed that the likely membrane-spanning domain lies from
amino acids (aa) 197 to 215. Therefore, the extracellular domain of gpK8.1
containing amino acids 1 to 196 was PCR amplified from a plasmid encoding the
full-length gpK8.1A ¢cDNA (gift from J. Jung, Harvard Medical School) (29) by
using the forward primer 5'-GGATCCGCCACCATGAGTTCCACACAGAT
TCG, with a BamHI site, and the reverse primer 5'-AAGCTTATTAATGATG
ATGATGATGATGGGTCC GTATTTC, with a six-His tag and a HindIII site.
The resulting fragment was cloned into a modified version of pTriEx1.1 (Nova-
gen) that had the Ncol site deleted to eliminate an additional start codon. To
generate recombinant baculovirus, pTriEx-gpK8.1-S was cotransfected with
BaculoGold DNA (BD Pharmingen) into BTI-TN-5B1-4 insect cells. Clones
were selected by monitoring gpK8.1 protein expression via Western blot analysis
with an anti-gpK8.1 rabbit polyclonal antibody (gift from J. Jung) and a goat
anti-rabbit horseradish peroxidase (HRP) secondary antibody.

To produce soluble gpK8.1 protein, BTI-TN-5B1-4 cells were infected at a
multiplicity of infection of 0.1 PFU/cell. At 24 h postinfection, cells were washed
twice with phosphate-buffered saline (PBS) (10 mM sodium phosphate, 150 mM
sodium chloride, pH 7.2) and covered with serum-free medium. The supernatant
was collected at 72 h and dialyzed for 16 h against PBS using dialysis tubing
(SpectraPor) with a molecular weight cutoff of 12,000 to 14,000. To purify
six-His-tagged soluble gpK8.1, imidazole was added to the dialyzed culture me-
dium to a final concentration of 10 mM. Nickel-nitrilotriacetic acid agarose beads
(QIAGEN) were added to the medium and incubated for approximately 16 h at
4°C. The slurry was placed in a column and washed sequentially with 10 bed
volumes of low-pH wash buffer (50 mM NaPO,, 10% glycerol, pH 6.0), followed
by imidazole wash buffer (50 mM NaPO,, 0.5 M NaCl, 10% glycerol, 20 mM
imidazole, pH 7.0). The protein was eluted with elution buffer (20 mM NaPO,,
0.5 M NaCl, 10% glycerol, 500 mM imidazole, pH 7.5) and dialyzed against PBS
by using dialysis tubing with a molecular weight cutoff of 12,000 to 14,000.
Glycerol was added to a final concentration of 10% prior to storage at —80°C.
The protein concentrations of stocks of a truncated “soluble” version of gpK8.1
(gpK8.1-S) were determined by a Bio-Rad protein assay (Bio-Rad, Hercules,
CA).

Virus production. To produce cell-free KSHV virions, BCBL-1 or GFP-
BCBL-1 cells were grown to a density of 2.5 X 10° cells/ml and induced with 20
ng/ml tetradecanoyl phorbol acetate. After 18 h, cells were pelleted and sus-
pended in medium without tetradecanoyl phorbol acetate. At 5 days postinduc-
tion, cells were pelleted and the supernatant was filtered through a 0.45-pm
filter. Virions were pelleted at 29,000 X g for 2 h and suspended in 1:100 of the
original induction volume in serum-free endothelial basal medium (Gibco). A
fluorescence-based PCR assay (TagMan-based system) was used to calculate the
number of virions present in KSHV stocks based upon genome copy number,
using primers specific for ORF25 and methods described previously (54). The
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KSHYV stocks used ranged in concentration from 8.0 X 10% to 1.2 X 10° genomes
per ml. The AD169 strain of HCMV was propagated, and titers were determined
as described previously (13). Unless otherwise indicated, experiments were per-
formed with KSHV and HCMV virions UV inactivated as previously described
(14). Briefly, virus was placed in a 24-well dish and irradiated in a Stratagene
2400 UV cross-linker for 4 min (9.9 X 10° pJ). This dose reduced viral gene
expression 200-fold, as monitored by GFP fluorescence in 293T cells infected
with UV-inactivated KSHV-GFP virions (57).

Dot blot analysis of gpK8.1 in KSVH virions. To measure the amounts of
gpK8.1 protein contained in virions and soluble preparations, serial dilutions of
KSHYV and gpK8.1-S stocks were aspirated in triplicate onto nitrocellulose mem-
branes by using a 96-well format apparatus in the presence of lysis buffer (50 mM
Tris, pH 7.4, 250 mM NaCl, 0.1% NP-40, 50 mM NaF, 5 mM EDTA). The
resulting blots were probed with monoclonal anti-gpK8.1A/B antibody (Ad-
vanced Biotechnologies, Columbia, MD), followed by goat anti-mouse HRP
secondary antibody (Pierce), enhanced chemiluminescence (PerkinElmer), and
exposure to film. Samples were quantified with ImageQuant (Molecular Dynam-
ics), and gpK8.1 content of KSHYV dilutions was determined by plotting along a
gpK8.1-S standard curve. From this analysis, we estimated that the amount of
KSHYV stock that contained 4.7 X 10% genome-positive particles contained ap-
proximately the same amount of immunoreactive gpK8.1 as did 1.7 pg of our
gpK8.1-S preparation.

Immunoblot analysis of IRF-3. To detect the various phosphorylated forms of
IRF-3, NHDF cells were treated with either UV-inactivated KSHV (6.7 X 10®
genomes/ml) or gpK8.1-S (10 wg/ml) for 6 h at 37°C in the presence of cyclo-
heximide (100 pg/ml), washed in PBS, and lysed in harvest buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 30 mM NaF, 5 mM EDTA, 10% glycerol, 40 mM
B-glycerophosphate, 1 mM Na,VOj3, 0.1 mM phenylmethylsulfonyl fluoride, 1%
NP-40). Proteins were resolved by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions, transferred to a nitro-
cellulose membrane filter, and blotted with anti-IRF-3 antibody (Santa Cruz
Biotechnology; catalog no. sc-9082), followed by goat anti-rabbit HRP secondary
antibody (Pierce). Proteins bound with antibody were visualized using enhanced
chemiluminescence (PerkinElmer).

Indirect immunofluorescence of IRF-3. To examine IRF-3 nuclear transloca-
tion, NHDF cells were seeded on glass coverslips and incubated with either
UV-inactivated KSHV (4 X 10°® genomes/ml) or gpK8.1-S (5 pg/ml) for 6 h at
37°C in the presence of cycloheximide (100 wg/ml). Cells were fixed in 3%
paraformaldehyde for 30 min, permeabilized in 0.1% Triton X-100 for 10 min,
and blocked in 20% purified goat serum (Pierce) for 1 h. Cells were washed and
incubated with IRF-3 antibody (1:50), followed by Alexa Fluor 594 goat anti-
rabbit secondary antibody (Molecular Probes). Nuclei were counterstained with
Hoechst dye, washed, and viewed under a fluorescence microscope.

RT-PCR analysis. NHDF cells were serum starved for 18 h and then incubated
with either UV-inactivated KSHV (6.7 X 10° genomes/ml) or gpK8.1-S (10
png/ml), and total cellular RNA was harvested 6 h posttreatment with RNA-
STATG60 (Tel-Test “B,” Inc., Friendswood, TX) as recommended by the manu-
facturer. Briefly, cells were lysed by the addition of phenol-guanidinium thiocy-
anate and chloroform extracted, and RNA was isopropanol precipitated.
Reverse transcription-PCR (RT-PCR) was performed on 100 ng of recovered
total cellular RNA using r7th DNA polymerase (Applied Biosystems). The
primer pairs used were as follows: for glyceraldehyde-3-phosphate dehydroge-
nase (GADPH}, sense was 5'-GAGCCAAAAGGGTCATC and antisense was
5'-GTGGTCATGAGTCCTTC; for beta interferon, sense was 5'-CACTACAG
CTCTTTCCATGA and antisense was 5'-AGGATTTCCACTCTGACTATG
GTCC (35 cycles); for IFN-stimulated gene 56 (ISG56), sense was 5'-CATCA
GGTCAAGGATAGTCTGGAGC and antisense was 5'-GGATTCAGGGTTT
TCAGGGTCC (35 cycles); for IL-6, sense was 5'-TGTGTGAAAGCAGCAA
AGAGGC and antisense was 5-TTGGGTCAGGGGTGGTTATTG (35
cycles). 2'-5" oligoadenylate synthetase (OAS) and ISG54 primer sets were de-
scribed previously (5).

The specificity of gpK8.1-S effects was tested by preincubating gpK8.1-S (10
pg/ml) with soluble heparin (10 wg/ml, 25 pwg/ml, 50 pwg/ml, and 100 pg/ml;
Sigma) or polymyxin B (50 wg/ml and 10 pg/ml; Sigma) for 30 min at 20°C.
Poly(I:C) (50 pg/ml; Amersham) was incubated with or without heparin (100
pg/ml). NHDF cells were incubated with ligand-heparin mixes for 6 h, and RNA
was harvested as described above.

Cytokine ELISAs. NHDF cells were mock infected, treated with increasing
concentrations of UV-inactivated KSHV (4.7 X 107 to 4.7 X 10° genomes/ml), or
treated with increasing concentrations of soluble gpK8.1 (0.4 to 40 pg/ml) in 0.25
ml total volume. At 18 h postinfection, medium samples were collected and levels
of IFN-B were determined by enzyme-linked immunosorbent assay (ELISA)
(PBL Biomedical Laboratories, Piscataway, NJ) according to the manufacturer’s
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FIG. 1. Expression of soluble gpK8.1 protein. (A) Full-length
gpK8.1 is 228 aa long, including a signal sequence and a transmem-
brane domain. gpK8.1-S contains the N-terminal 196 aa of gpK8.1 and
six-His at the C terminus. (B) 293T cells were transfected with pTriEx
plasmid encoding either full-length gpK8.1 (lane 1) or soluble gpK8.1
lacking the transmembrane domain (lane 2). gpK8.1 was detected by
Western blotting with an anti-gpK8.1 rabbit polyclonal antibody (a gift
from J. Jung). (C) Fractions were collected during the purification of
gpK8.1-S and analyzed by SDS-PAGE and Coomassie blue staining.
Lane 1, supernatant; lane 2, column flowthrough; lane 3, imidazole
wash; lane 4, elution. *, gpK8.1-S.

instructions. IL-6 levels were determined by ELISA (BD Biosciences, San Diego,
CA) according to the manufacturer’s instructions.

Antiviral assay. NHDF cells were treated with 100 units/ml recombinant
IFN-o/B mixture (BioSource International), UV-inactivated KSHV (4.7 x 105,
4.7 X 107, and 4.7 X 10° genomes/ml), or soluble glycoprotein gpK8.1 for 6 h.
The cells were washed twice in PBS and challenged with 100 PFU/well of vesicular
stomatitis virus (VSV) for 1 h at 37°C. Cells were then washed and overlaid
with a 60:40 mixture of 2X Eagle’s minimal essential medium (BioWhittaker;
Walkersville, MD) and 1% agarose. Plaques were visualized by crystal violet
staining at 48 h posttreatment.

RESULTS

Construction and synthesis of soluble gpK8.1. Glycoprotein
gpK8.1 is one of at least eight virally encoded glycoproteins
associated with KSHYV virions (63). To examine the individual
contribution of glycoprotein gpK8.1 to cellular signaling re-
sponses during infection, a truncated “soluble” version of
gpK8.1 (gpKS8.1-S), composed solely of the ectodomain (aa 1 to
196), was constructed by deleting the transmembrane and cy-
toplasmic domains (Fig. 1A). When expressed in 293T cells,
gpK8.1-S was noticeably smaller than full-length gpK8.1, as
detected by immunoblotting (Fig. 1B). The multiple bands
observed for both forms are likely due to differential glycosyl-
ation, as gpK8.1 possesses both N-linked and O-linked carbo-
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FIG. 2. KSHYV induces ISG transcription via gpK8.1. (A) NHDF cells were mock treated or treated with gpK8.1-S (10 wg/ml) or UV-KSHV
(6.7 X 10® genomes/ml). Total RNA was harvested at 2-h, 6-h, 12-h, 18-h, and 24-h time points, and RT-PCR analysis was performed with primers
specific for ISG56, OAS, IFN-B, and GAPDH. PCR products were analyzed on a 1% agarose gel and visualized by ethidium bromide staining.
(B) NHDF cells were mock treated or treated with gpK8.1-S (10 pg/ml) in the presence (+) of increasing amounts of soluble heparin sulfate (10
wg/ml, 25 pg/ml, 50 pwg/ml, and 100 pwg/ml) or polymyxin B (50 pwg/ml and 10 pg/ml) or treated with poly(I:C) (50 wg/ml) in the presence or absence
(—) of 100 pg/ml soluble heparin. Samples were harvested and analyzed as described above. (C) NHDF cells were mock infected and treated with
increasing concentrations of UV-inactivated KSHV or soluble gpKS8.1 as indicated. At 18 h posttreatment, the medium was analyzed for secreted
IFN-B by ELISA. The results shown are representative of at least three independent RT-PCR experiments. Error bars indicate standard deviations.

hydrate chains (65), and the mobility of gpK8.1 on SDS-PAGE
is sensitive to inhibitors of N-linked glycosylation (29).
gpK8.1-S was expressed in insect cells by using recombinant
baculovirus and purified by nickel affinity chromatography
(Fig. 1C). This approach yielded an estimated 8 mg of protein
per liter of culture, with an approximate purity of 80 to 90% as
determined by Coomassie blue staining.

Glycoprotein gpK8.1 induces IFN-B and ISG expression.
The regulation of ISG expression occurs at the level of transcrip-
tion in response to either IFN-a/B signaling or IRF-3 activation,
which serves as a regulator of both IFN-3 and a subset of ISGs.
The modulation of IFN-related gene expression has been re-
ported both during KSHYV lytic infection of endothelial cells (45)
and during the early events of KSHV infection (41). To test
whether soluble gpK8.1 affects the expression of antiviral genes,
the accumulation of RNAs encoding IFN-B and two IFN-respon-
sive genes (OAS and ISG56) was monitored by RT-PCR analysis.
KSHYV gene transcripts have been detected as early as 2 h postin-
fection of endothelial cells, indicating that viral gene expression

occurs quickly after KSHV entry (25). To prevent any effects of de
novo viral gene expression, KSHV virions were UV inactivated
(UV-KSHYV). It has been previously demonstrated that UV in-
activation of KSHYV particles does not reduce its ability to both
bind and enter cells, and virions retain their abilities to activate
signaling pathways (51, 61). In fibroblasts treated with gpK8.1-S,
the accumulation of RNAs for all three antiviral genes was readily
detected at 6 h and continued to 24 h posttreatment (Fig. 2A).
However, UV-KSHY virions failed to induce detectable accumu-
lation of IFN-B or ISG56 RNAs at any of the time points tested
and the detected accumulation of OAS mRNA was significantly
less than that observed for gpK8.1-S. Because the accumulation
of RNA encoding IFN-B was observed to be robust at 6 h post-
treatment with gpK8.1-S, subsequent experiments examined
gpK8.1-mediated cellular effects at this time point.

¢pK8.1 binds to cell surface heparan sulfate, and this inter-
action can be inhibited by soluble heparin (58). As a control for
specificity, the effect of gpK8.1-S on the transcription of IFN-
and ISG54 in NHDF cells was examined in the presence of
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FIG. 3. (A) IL-6 is upregulated in response to KSHV and glycoprotein gpK8.1. NHDF cells were mock treated or treated with gpK8.1-S (10
pg/ml) or UV-KSHYV (6.7 X 10® genomes/ml). After 6 h of incubation, total RNA was harvested and RT-PCR analysis was performed with primers
specific for IL-6. (B) NHDF cells were mock infected and treated with increasing concentrations of UV-inactivated KSHV or soluble gpK8.1 as
indicated. At 18 h posttreatment, the medium was analyzed for secreted IL-6 by ELISA. Error bars indicate standard deviations.

increasing amounts of soluble heparin sulfate. ISG54 is an-
other antiviral gene whose transcription is regulated in a man-
ner similar to that of ISG56. The ability of gpK8.1-S to induce
RNA accumulation of these genes decreased with increasing
heparin concentrations, indicating that blocking gpK8.1 attach-
ment to the cell surface reduced its capacity to activate anti-
viral gene expression. The synthetic double-stranded RNA
poly(I:C), which activates the expression of ISGs through in-
teraction with Toll-like receptor 3, was unaffected by the ad-
dition of soluble heparin.

The endotoxin lipopolysaccharide (LPS) activates strong
IFN-«/B responses, including ISG gene expression, through its
interaction with Toll-like receptor 4. To exclude the possibility
of endotoxin contamination as a contributor to ISG induction
in response to our ligand, gpK8.1-S was treated with polymyxin
B, a potent neutralizer of the biological effects of LPS, includ-
ing the activation of IFN-«/B responses (Fig. 2B). The addition
of polymyxin B had no effect upon the ability of gpK8.1-S to
induce IFN-B or ISG56 RNA accumulation, indicating that
gpK8.1-S and not LPS contamination is responsible for the
observed antiviral response to gpK8.1-S.

To confirm that RNA accumulation of IFN- correlated
with its protein expression, the presence of IFN-B was mea-
sured by ELISA. At 18 h posttreatment, the concentration of
IFN-B in the medium increased proportionally with the con-
centration of gpK8.1-S. However, UV-KSHYV did not stimulate
cells to produce detectable IFN-B at any of the concentrations
tested (Fig. 2C). Taken together, these results indicate that
although antiviral genes, including IFN-, are induced by gly-
coprotein gpK8.1 and are readily detected at 6 h, the same
response is not elicited by KSHV virions.

KSHY virions and gpK8.1 induce IL-6 expression. In addi-
tion to IFN-a/B, proinflammatory cytokines are another class
of molecules that are often secreted in response to viral infec-
tion. Cellular IL-6 is a pleiotropic growth factor that is impor-
tant in the pathogenesis of KSHV-mediated disorders, as evi-
denced by the elevated levels of IL-6 in patients with KS
neoplasms and the dependence of PEL cells upon IL-6 for
growth and survival (3, 16). The upregulation of IL-6 transcrip-

tion has been observed during the early events of infection (41,
61), consistent with viral glycoproteins participating in its in-
duction. In support of this hypothesis, RNA encoding IL-6 was
increased in NHDF cells treated with either gpK8.1-S or UV-
KSHYV virions (Fig. 3A). The RT-PCR results were confirmed
by the detection of cellular IL-6 in the medium at 18 h post-
treatment in response to a range of concentrations of both
gpK8.1-S and UV-KSHYV (Fig. 3B). These data indicate that
the regulation of the expression of IL-6 in response to UV-
KSHYV virions differs from the regulation of components of the
IFN pathway, such as ISG56 and IFN-.

KSHY virions inhibit gpK8.1-mediated antiviral gene tran-
scription. Cells respond to gpK8.1-S stimulation by inducing
antiviral genes. However, UV-KSHV virions which possess
glycoprotein gpK8.1 on the viral envelope do not induce a
similar response. Thus KSHYV virions may contain a factor that
downregulates the IFN response. To test this possibility, we
performed competition experiments to determine whether viri-
ons can inhibit gpK8.1-mediated ISG transcription. Fibroblasts
treated simultaneously with UV-KSHYV virions and gpK8.1-S
had undetectable levels of ISG54 and IFN-B transcription,
similar to what is seen in cells treated with UV-KSHYV virions
alone (Fig. 4).

gpK8.1-S: - + - +
UV-KSHV: - - + +

IFNB

FIG. 4. KSHV inhibits gpK8.1-mediated ISG transcription. NHDF
cells were mock treated, treated with gpK8.1-S (10 pg/ml), UV-KSHV
(6.7 X 10® genomes/ml), or gpK8.1-S and KSHV together. After 6 h
incubation, total RNA was harvested and RT-PCR analysis was per-
formed with primers specific for ISG54, IFN-B, and GAPDH. —,
absence of; +, presence of.



11110 PERRY AND COMPTON J. VIROL.

+ 100
> it ?  oF s =
= ) - -0 T g
X O X ® o X %
R =
-] -] (@) S § 60 +
(e}
Yy Y- W &
o, - ” — -_ e E 40
.I‘g‘;
® 20
Lm0 . Ea ol

mock gpK8.1-S  UV-KSHV UV-KSHV UV-KSHV gpK8.1-S
(0 min) (30min) (30min)

+ + +
gpK8.1-S  gpK8.1-S  UV-KSHV

FIG. 5. IRF-3 is activated in response to glycoprotein gpK8.1. (A) NHDF cells were mock treated, infected with UV-inactivated HCMV
(multiplicity of infection of 1), or treated with gpK8.1-S (10 pg/ml) or UV-KSHYV (6.7 X 10® genomes/ml) in the presence of cycloheximide (100
pwg/ml). At 6 h posttreatment, whole-cell extracts were prepared and analyzed by immunoblotting with an anti-IRF-3 antibody. (B) IRF-3
translocates to the nucleus in response to glycoprotein gpK8.1. NHDF cells were (a) mock treated, (b) treated with gpK8.1-S (5 pg/ml), (c) infected
with UV-KSHV (4 X 10® genomes/ml), or (d) treated with both gpK8.1 and KSHV in the presence of cycloheximide (100 pg/ml). At 6 h
posttreatment, cells were fixed and cellular localization of IRF-3 was determined by indirect immunofluorescence. (C) NHDF cells were treated
with gpK8.1-S or UV-KSHYV as described above. Mixed samples were treated either by adding gpK8.1 and UV-KSHYV simultaneously or by adding
UV-KSHV for 30 min pre- or postaddition of gpK8.1 as indicated. IRF-3 was detected by indirect immunofluorescence, and nuclei were scored
for IRF-3 staining in multiple fields of view (n > 100 nuclei) for each sample. Error bars indicate standard deviations.
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Glycoprotein gpK8.1 induces IRF-3 activation. The promot-
ers of IFN-B, ISG54, and ISG56 contain regulatory elements
that are dependent upon IRF-3 for initial induction, and the
activation of cytoplasmic IRF-3 is regulated by phosphoryla-
tion after virus infection. We examined the effects of either
gpKS8.1-S or UV-KSHYV virions on the phosphorylation state of
IRF-3 in human fibroblasts. Two hypophosphorylated forms of
IRF-3 (forms I and II), which represent the transcriptionally
inactive IRF-3 located predominantly in the cytoplasm, were
detected in mock-treated cells (Fig. 5A). UV-inactivated
HCMYV, which is known to activate IRF-3, was included as a
positive control (4, 46). Following treatment with gpK8.1-S, the
more slowly migrating, phosphorylated form of IRF-3 was de-
tected (designated form III). In contrast to gpK8.1-S, only the
hypophosphorylated forms of IRF-3 were observed in cells
treated with UV-KSHYV virions. Consistent with the RT-PCR
data, only the inactive hypophosphorylated forms of IRF-3
were observed in cells treated simultaneously with UV-KSHV
and gpK8.1-S, indicating that KSHV virions downregulate the
antiviral response at a point in the signaling pathway upstream
of IRF-3 activation.

Following C-terminal phosphorylation, IRF-3 dimerizes and
rapidly translocates into the nucleus (31). Consistent with the
phosphorylation results, gpK8.1-S induced nuclear localization
of IRF-3, whereas IRF-3 remained in the cytoplasm of both
cells treated with UV-KSHYV virions or treated with gpK8.1-S
and UV-KSHYV virions simultaneously (Fig. 5B). To quantify
the effects of KSHV on gpK8.1-mediated nuclear localization,
fluorescently stained cells were scored for nuclear IRF-3. To
determine the kinetics of their competition, UV-KSHYV virions
were added to cells either simultaneously or 30 min pre- or
postaddition of gpK8.1-S (Fig. 5C). UV-KSHYV virions inhib-
ited IRF-3 nuclear localization almost completely when added
prior to or simultaneously with gpK8.1-S. Interestingly, UV-
KSHY virions had a slight inhibitory effect on cells treated with
gpK8.1-S prior to KSHV treatment. Taken together, these
results indicate that although gpK8.1 induces the activation of
IRF-3, this activation event is suppressed when cells are ex-
posed to gpKS8.1 in the context of the virion, suggesting that
KSHYV possesses the ability to control the IFN-a/f response
during infection.

KSHYV abrogates the gpK8.1-mediated antiviral response.
The consequence of IFN-o/f and ISG expression is the cre-
ation of an environment hostile to viruses (21). VSV is a
negative-strand RNA virus whose growth is sensitive to the
effects of the IFN pathway and can be used to assess the
antiviral status of the cell. Cells treated with soluble IFN-«/B
for 6 h were resistant to VSV infection (Fig. 6A). Similarly,
cells treated with gpK8.1-S were refractory to VSV replication.
Only at the lowest concentration tested (0.1 pg/ml) were VSV
plaques observed, and these plaques were smaller and fewer in
number. UV-KSHYV virions failed to elicit an antiviral response
in fibroblasts as predicted by the inability of KSHV to activate
detectable expression of IFN-B or ISGs (Fig. 6A).

To examine the effect of KSHV virions on the soluble
gpK8.1-mediated antiviral response, competition experiments
were performed. To allow the delivery of KSHV structural
components, such as tegument proteins, fibroblasts were
treated with UV-KSHYV virions for 30 min prior to the addition
of gpK8.1-S. In contrast to cells treated with gpK8.1-S alone,
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FIG. 6. Cells establish an antiviral state in response to gpK8.1.
(A) NHDF cells were treated with gpK8.1 at the concentrations indi-
cated and UV-KSHV (4.7 X 10%, 4.7 X 107, 4.7 X 10° genomes/ml) or
IFN-o/B (100 U/ml; Biosource). After 6 h of incubation, the cells were
washed and challenged with VSV (100 PFU/well) for 1 h. At 36 h
post-VSV challenge, plaques were visualized with crystal violet. The
mock-infected well was not challenged with VSV. (B) NHDF cells
were mock treated, treated with gpK8.1-S (5 pg/ml), or treated with
both UV-KSHYV (4.7 X 10® genomes/ml) and gpK8.1-S and challenged
with VSV as described above.

gpk.8.1 -S

cells pretreated with UV-KSHYV virions allowed the replication
of VSV in spite of subsequent treatment with gpK8.1-S (Fig.
6B). These results indicate that the cellular response to glyco-
protein gpKs8.1 is the initiation of a functional antiviral state,
but exposure to gpK8.1 in the context of KSHV virions does
not generate this response. These data suggest that KSHV
virions contain a factor which inhibits the gpK8.1-induced an-
tiviral response.

DISCUSSION

We have found that KSHV envelope glycoprotein gpK8.1
induces the expression of IFN-, while the virus itself does not.
Based on our data, we propose that gpK8.1 initiates the cellu-
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lar IFN pathway via its interactions with cell-surface compo-
nents. In vitro transcriptional profiling studies demonstrate
that gene products involved in the antiviral response (ISG54,
ISG56, and OAS) are upregulated when latently infected mi-
crovascular endothelial cells are induced into lytic gene expres-
sion (45). Soluble gpKS8.1 triggers the transcription of some of
the same ISGs reported in these studies. In cells undergoing
lytic replication, KSHV expresses vIRFs which act as negative
regulators of cellular IRF activity (20, 30, 32). It is therefore
likely that the ISG expression measured in the microarray
study resulted from adjacent cells exposed to either newly
produced virions or cell-surface glycoprotein gpK8.1. More
recently, microarray analysis performed during the first 4 h of
infection in vitro revealed the upregulation of a similar subset
of antiviral genes in both fibroblasts and endothelial cells (41).
Our data suggest that gpK8.1 activates signal transduction
pathways during virus binding or entry that contribute to this
cellular antiviral response.

Activation of the IFN pathway leads to the stimulation of
antiviral genes that have profound consequences for viral rep-
lication. IFN-« inhibits KSHV reactivation in both PEL cell
lines and peripheral blood mononuclear cells isolated from KS
patients (9, 35). Cells treated with gpK8.1-S activate the IFN-
o/B pathway, as measured by the expression of both IFN-B and
several ISGs. The expression of these genes results in a func-
tional antiviral state since fibroblasts treated with gpK8.1-S are
refractory to VSV replication. In addition, medium transferred
from cells treated with gpK8.1-S for 6 h was unable to inhibit
VSV replication (data not shown), indicating that although
IFN-B is detected in the medium at 18 h posttreatment (Fig.
2C), it is not responsible for the antiviral effect observed at 6 h.
Together, these data suggest that the functional antiviral state
observed in these experiments is primarily generated by anti-
viral genes induced by gpK8.1.

KSHYV virions failed to elicit an IFN response in fibroblasts,
a distinction from other human herpesviruses, specifically
HCMYV and HSV-1, which induce and sustain high levels of
IFN-o/B and ISGs in fibroblasts when viral gene expression is
inhibited (4, 38, 42, 46). This result was intriguing because
gpK8.1 is a component of the viral envelope, and our results
suggest that gpK8.1 alone is sufficient to generate a cellular
IFN response. Furthermore, when cells are treated simulta-
neously with UV-KSHV and soluble gpK8.1, virions suppress
gpK8.1-mediated IRF-3 activation and ISG induction and dra-
matically inhibit the antiviral response. There are several pos-
sible explanations for these observations, but we favor a sce-
nario where KSHV virions contain one or more structural
components that inhibit the antiviral response. The ability of
KSHYV to suppress an IFN response is similar to what has been
observed with RhCMYV, which also fails to induce antiviral
genes in host cells in either the presence or the absence of viral
gene expression (15). Additionally, coinfection experiments
with RhCMV and HCMYV in rhesus fibroblasts demonstrated
that RhCMYV infection inhibits HCMV-mediated activation
IRF-3, suggesting that RhCMYV particles are not simply unde-
tected by host cells, but contain structural components that
potently suppress the host antiviral response. Similarly, the ability
of KSHYV virions to limit the antiviral response in the presence of
exogenously added gpK8.1 may account for the observation
that gpKS8.1 present in virions does not elicit a robust response.

J. VIROL.

An alternative explanation is that virion-mediated inhibition is
occurring through transcriptional repression since KSHV in-
fection rapidly activates several signaling pathways (51) and
could potentially inhibit the expression of antiviral genes
through some negative transcriptional regulation. However, we
observed that both IRF-3 phosphorylation and nuclear local-
ization is inhibited by KSHYV, indicating that the block occurs
upstream of IRF-3 activation rather than at the level of tran-
scription. Another possibility is that KSHV virions fail to elicit
an antiviral response altogether, and the suppression of the
soluble gpK8.1-mediated antiviral response is due to competi-
tion for binding sites between viral envelope gpK8.1 and sol-
uble gpKS8.1-S. Testing this possibility experimentally is com-
plicated by the fact that both K8.1 and KSHYV virions bind cell
surface heparan sulfate. In addition, the inability of KSHV to
elicit an IFN response seems unlikely given work by Collins et
al. (12) that suggests that most enveloped viruses activate IRF-
3-mediated antiviral responses during the entry process, unless
they possess inhibitors to disarm these responses. Therefore,
our hypothesis that KSHV utilizes structural components to
disarm the IFN pathway is consistent with other reports in the
literature.

The mechanism by which KSHYV virions downregulate the
IFN-a/B response is unknown. Our data support a model
where one or more virion components delivered to the cell
during infection disrupt the activation of the IFN-a/B pathway
upstream of IRF-3 activation. During KSHV entry, tegument
and capsid proteins are delivered to the cytoplasm after fusion
of the viral envelope with the cellular membrane. IRF-3 and its
activating kinases are also localized in the cytoplasm, and this
overlap may provide the opportunity for viral proteins to in-
teract with cellular signaling components. Recent structural
analysis of KSHV virions by mass spectrometry has identified
viral proteins packaged into virus particles, including envelope,
tegument, and capsid proteins (63). Although several of the
virion components are uncharacterized, ORF45 has been iden-
tified as a tegument protein that is antagonistic to IFN re-
sponses. When overexpressed in 293T cells, ORF45 binds
IRF-7, inhibits its phosphorylation, and blocks the activation of
both IFN-a/B promoters in response to Sendai virus infection
(64). However, the ORF45-IRF-7 interaction may not fully
explain our observation that KSHV virions mediate IFN path-
way inhibition. Our data indicate that IRF-3 activation is in-
hibited by virions, and the inhibition or IRF-3 phosphorylation
correlated with both a decrease in the accumulation of RNA
encoding IFN-B and increased VSV viral replication in fibro-
blasts, suggesting that IRF-3 plays a key role in these re-
sponses. Furthermore, transcription levels of ORF45 remain
undetectable early after primary infection of both fibroblasts
and endothelial cells (25), while cellular IRF-7 transcription is
strongly upregulated by 2 h (41), suggesting that the amount of
IRF-7 may quickly surpass that of virion-delivered ORF45.
This raises the possibility that the virion contains components
in addition to ORF45 that are capable of inhibiting antiviral
responses.

The upregulation of IRF-7 following infection appears con-
tradictory to KSHYV inhibiting the antiviral response. However,
recent work has suggested that nascent IRF-7 may prevent
Rta-mediated induction of viral genes, thus negatively influ-
encing viral entry into the lytic cycle early during infection (59).
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This commandeering of IRF-7 activity, combined with block-
ing activation of IRF-3, suggests that KSHV does not simply
block the IFN response but selectively modulates the function
of its components to regulate its own replication cycle.

In this study, not all of the ISGs examined were modulated
in the same manner. Similar to ISG54, OAS contains an IFN
response element in its promoter and is considered a typical
IFN-inducible antiviral gene (40). Although KSHYV virions
downregulated gpK8.1-mediated induction of ISG54 and
IFN-B, OAS was upregulated in response to both soluble
gpK8.1 and KSHYV virions. The detection of OAS transcripts
corresponds to a previous report where OAS, but not ISG54,
was detected following KSHYV infection in fibroblasts and en-
dothelial cells (41). This variation in antiviral gene induction
may reflect the differences in promoter regulation between the
ISGs. It is interesting to note that the expression of OAS is not
upregulated in response to constitutively active IRF-3 (22) and
requires the activation of the IFN-a/B receptor (IFNARI)
(40), yet we did not detect IFN-B in the medium of KSHV-
treated cells.

Cellular IL-6 is a pleiotropic cytokine that has a critical role
in KSHV pathogenesis and functions as an autocrine growth
factor for both KS and PEL cells (19, 33). The upregulation of
IL-6 in response to primary infection of KSHV in vitro has
been detected as early as 2 h by microarray analysis in human
fibroblasts (41). We observed that IL-6 is upregulated in re-
sponse to both gpK8.1-S and transcriptionally inert KSHV,
suggesting that this response is initially mediated by virus-cell
interactions and gpKS8.1 is a contributor to this response. Sev-
eral viral gene products expressed immediately after infection
(VFLIP, latency-associated nuclear antigen, Rta, and vIL-6)
also upregulate IL-6 expression, suggesting that KSHV em-
ploys multiple and possibly redundant mechanisms to ensure
that IL-6 is rapidly expressed. The different expression patterns
between IL-6 and IFN-B genes in response to KSHV virions
reflect the intrinsic ability of KSHV to selectively regulate
cellular genes that have either beneficial or deleterious effects
upon KSHYV infection.

Our findings help illustrate the complexity of KSHV inter-
actions with host cells. Throughout its life cycle, the virus
encodes immunomodulatory molecules to alter host immune
responses. Here we demonstrate that, before viral gene expres-
sion is established, virion structural components can modulate
cellular innate defenses, presumably to the advantage of the
virus. Although IFN-«/B is detrimental to KSHV, the modu-
lation of the IFN response may serve to influence the expres-
sion of other factors that can contribute to inflammation, a key
component of KSHV-associated pathology. Ultimately, KSHV
appears capable of balancing the activation and repression of
host cell innate defenses to promote its own survival.
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