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An immunodominant envelope glycoprotein is encoded by the human herpesvirus 8 (HHV-8) (also termed
Kaposi’s sarcoma-associated herpesvirus) K8.1 gene. The functional role of glycoprotein K8.1 is unknown, and
recognizable sequence homology to K8.1 is not detectable in the genomes of most other closely related gamma-
herpesviruses, such as herpesvirus saimiri or Epstein-Barr virus. In search for a possible function for K8.1, we
expressed the ectodomain of K8.1 fused to the Fc part of human immunoglobulin G1 (K8.1ATMFc). K8. 1ATMFc
specifically bound to the surface of cells expressing glycosaminoglycans but not to mutant cell lines negative
for the expression of heparan sulfate proteoglycans. Binding of K8.1ATMFc to mammalian cells could be
blocked by heparin. Interestingly, the infection of primary human endothelial cells by HHV-8 could also be
blocked by similar concentrations of heparin. The specificity and affinity of these interactions were then de-
termined by surface plasmon resonance measurements using immobilized heparin and soluble K8.1. This re-
vealed that K8.1 binds to heparin with an affinity comparable to that of glycoproteins B and C of herpes simplex
virus, which are known to be involved in target cell recognition by binding to cell surface proteoglycans,
especially heparan sulfate. We conclude that cell surface glycosaminoglycans play a crucial role in HHV-8 tar-

get cell recognition and that HHV-8 envelope protein K8.1 is at least one of the proteins involved.

Human herpesvirus 8 (HHV-8), also termed Kaposi’s sar-
coma (KS)-associated herpesvirus, is the most recently discov-
ered human herpesvirus (11). HHV-8 DNA is regularly pres-
ent in all epidemiological forms of KS (2, 4, 7, 12, 15). In
addition, HHV-8 DNA is also consistently found in primary
effusion lymphomas (8, 9) and certain forms of multifocal
Castleman’s disease (47). A remarkably tight epidemiological
relationship clearly suggests a pathogenetic role of HHV-8 in
these malignant disorders. The nearly complete nucleotide se-
quence of this first human rhadinovirus has been determined
from both a primary effusion lymphoma cell line (43) and a KS
biopsy specimen (GenBank accession no. KSU75698). This
showed that HHV-8 is a rhadinovirus or gamma-, herpesvirus.
Several animal rhadinoviruses are highly pathogenic upon in-
fection of nonnatural hosts (18). In vivo, HHV-8 has been
found in B cells and in KS spindle cells. The latter are derived
from endothelial cells. Beyond this, the cell tropism of HHV-8
is not well characterized, and in cell culture the spectrum of
cells that support lytic replication of HHV-8 appears to be
rather limited. It is not clear whether this is due to restricted
entry or to an intracellular block in replication at later stages of
the infectious cycle. The cellular receptors and their viral li-
gands involved in target cell recognition by HHV-8 are un-
known.

In terms of target cell recognition, the more distantly related
gammaherpesvirus Epstein-Barr virus (EBV) is a much-better-
studied example. Like in other viruses, target cell recognition
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by EBV can be separated into two sequential steps. The pri-
mary attachment of EBV to B lymphocytes is mediated by
binding of the envelope glycoprotein gp350/220 to complement
receptor 2 (CD21) (39, 52). Although EBV and HHV-8 belong
to the same genus (gammaherpesviruses) and share most struc-
tural and many nonstructural genes, a homologue to the EBV
glycoprotein gp350/220 has not been identified in the HHV-8
genome (37, 43; GenBank accession no. KSU75698). However,
a nonconserved glycoprotein gene is present in all rhadino-
virus genomes sequenced so far; this gene maps to a genomic
position comparable to EBV open reading frame BZLF2
or BLLF1a/b, encoding glycoproteins gp42 and gp350/220, re-
spectively. It is termed ORF51 in herpesvirus saimiri (3) or
K8.1 in HHV-8 (40).

The HHV-8 glycoprotein K8.1 exists in two forms, termed
K8.1a and K8.1B (40) or K8.1B and K8.1A (10), encoded by
differentially spliced transcripts, with the larger one (KS8.18
[K8.1A]) being predominant. It has been shown that the trans-
membrane glycoprotein K8.1 is part of the viral envelope (27).
K8.1 is highly immunogenic in the natural host (40) and is fre-
quently used in HHV-8 serologic assays (26, 49, 60). The phys-
iological function of K8.1 or the other rhadinoviral glycopro-
teins encoded at comparable genomic positions has not been
identified so far. Since K8.1 is a nonconserved virion glycopro-
tein and its genomic position hints at a distant relationship to
glycoproteins of EBV involved in target cell recognition, we
expressed soluble K8.1 and examined its binding to cultured
mammalian cells. This article provides evidence that K8.1
binds with high affinity to cell surface heparan sulfate and that
infection of endothelial cells by HHV-8 can be blocked by
soluble heparin. In summary, we show that heparin-like moi-
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eties function as a receptor for HHV-8 and that K8.1 is at least
one of the viral envelope proteins involved in this interaction.

MATERIALS AND METHODS

Cell lines and virus. LM(tk ™) murine fibroblasts (referred to here as mouse L
cells) were obtained from the American Type Culture Collection (ATCC CCL-
1.3). Mouse L cells are the parental cells line for mutants gro2C and sog9 (5) and
gro2C-EXT1 and sog9-EXT1 (34), which were kindly provided by Frank Tufaro
(University of British Columbia, Vancouver, Canada). The adherent mouse L,
gro2C, and sog9 cell lines were cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum, 350 mg of L-glutamine per ml, and 100
mg of gentamicin per ml. G418 was added at 700 or 500 pg/ml for the cultivation
of gro2C-EXT1 or HEK 293T cells, respectively. Primary human dermal micro-
vascular endothelial cells (HMVEC-d) were obtained from Clonetics Inc. (Walk-
erville, Md.) and propagated in EGM-2 MV bullet kit medium (Clonetics Inc.)
according to the manufacturer’s instructions. BCBL-1 cells were obtained from
the AIDS Research and Reference Reagent Repository (Bethesda, Md.) and
maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, 350
mg of L-glutamine per ml, 100 pg of gentamicin per ml, 0.05 mM B-mercapto-
ethanol, and 1 mM sodium pyruvate.

Production of HHV-8 virions from the latently infected BCBL-1 cell line was
induced with 12-O-tetradecanoylphorbol-13-acetate (TPA) (Sigma Chemical
Co., St. Louis, Mo.) (25 ng/ml) and sodium butyrate (Sigma) for 4 days. Expres-
sion of late viral gene products was verified by indirect immunofluorescence
using monoclonal antibody BS555 directed against the lytic HHV-8 antigen K8.1
(25). After 4 days of stimulation with TPA and sodium butyrate, cells and debris
were removed by centrifugation for 10 min at 270 X g followed by 30 min at
2,820 X g. The supernatant was then sedimented at 12,500 X g for 3 h to pellet
virions. The sediment was resuspended in OptiMEM (Gibco BRL, Rockville,
Md.) to obtain a 200-fold concentration relative to the cell culture supernatant
and stored at —80°C.

Construction, expression, and purification of recombinant proteins. The
pSecTag2/HygroB (Invitrogen Inc.)-based expression plasmid pAB68 contains
sequences coding for the predicted extracellular domain of K8.1f (amino acids
26 to 196) (40) fused to the carboxy terminus of the 21-amino-acid murine
immunoglobulin G kappa subunit ([IgG(k)] signal peptide (PIR locus KVMS32)
and the amino terminus of the Fc part from human IgG1 (GenBank accession
no. S72664, amino acids 146 to 374). This plasmid was used to express the
soluble ectodomain of K8.1 fused to the IgG1 Fc part (K8.1ATMFc), including
a C-terminal Myc epitope. For cloning of the K8.1 cDNA fragment, RNA was
extracted from TPA-induced BCBL-1 cells and reverse transcription-PCR was
performed as described previously (40). Primers K8.1-Bgl (GATCAGATCTTA
ACCATGAGTTCCACACAGATTC) and K8.1-Bg2 (GATCAGATCTATGGG
TCCGTATTTCTGCATTG) were then used to amplify the sequences coding for
the extracellular domains of K8.1. The abundant K8.13 form was cloned into the
vector pVL1392-Fc (kindly provided by C. Ware) (32) via Bg/II restriction sites
(underlined). The resulting K8.1-Fc fusion product was reamplified using prim-
ers K8Irt-5 (CAGTGGATCCAATTGTCCACGTATCGTTC) and Fc-Xhir
(GATCCTCGAGATTTACCCGGAGACAGGGAG) and ligated via BamHI
and Xhol restriction sites into the pSecTag2/HygroB plasmid (Invitrogen) in
frame with the amino-terminal murine IgG(k) signal peptide and the carboxy-
terminal Myc/HIS epitope, present in the pSecTag2/HygroB vector. Plasmid
pAB61 was used for the eukaryotic expression of the Fc part of human IgG1
fused to the Myc epitope sequence. To obtain pAB61, a DNA fragment coding
for the Fc part was amplified from pVL1392-Fc using oligonucleotides Fc-N1
(GATCGCGGCCGCTGTGACAAAACTCACACATG) and Fc-Xhlr and
cloned into plasmid pSecTag2/HygroB via NotI and Xhol restriction sites (un-
derlined).

Both constructs were transiently transfected in HEK 293T cells (American
Type Culture Collection) with Lipofectamine PLUS (Life Technologies) as rec-
ommended by the manufacturer. Cell culture supernatant was then collected
daily for 7 days. Protein expression was confirmed by Western blot analysis using
antibodies directed against the Fc part of human IgG1 (DAKO). After removal
of cells and debris by centrifugation, K8.1ATMFc and Fc proteins were purified
by affinity chromatography using HiTrap protein A columns (Pharmacia) as
specified by the manufacturer.

IFA and binding studies. Adherent cells (HMVEC-d, mouse L cells, and
mouse L mutant cell lines) were seeded on glass coverslips and incubated at 37°C
with 5% CO, until 90% confluence was reached. Coverslips with adherent cells
were washed twice with phosphate-buffered saline (PBS) and fixed for 30 min in
PBS containing 3% paraformaldehyde. After fixation, cells were washed three
times with PBS. Glycine at 100 mM was added for the second washing step.
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Suspension cells (BCBL-1 and BJAB cells) were fixed on immunofluorescence
assay (IFA) slides using a mixture of 75% acetone and 25% methanol for 10 min
at —20°C.

Prior to incubation with Fc fusion proteins or antibodies, fixed cells were
incubated with PBS containing 1% bovine serum albumin for 30 min at room
temperature. Incubation with the first antibody was performed for 30 min at
room temperature and was followed by washing three times for 5 min each in
PBS. As a first antibody, either mouse monoclonal antibody BS555 directed
against HHV-8 protein K8.1 (25) or monoclonal antibody 9E10 directed against
an epitope of the human c-myc proto-oncogene (ATCC CRL-1729) (17) was
used. For the detection of mouse monoclonal antibodies, cells were then incu-
bated with a sheep anti-mouse IgG-Cy3 conjugate (Sigma catalog no. C2181)
diluted 1:300 in PBS, followed by three washing steps in PBS as described above.

To detect binding of K8.1ATMFc or Fc proteins alone, adherent cells were
fixed as described above. In addition, cells were incubated with Cohn fraction II
of human plasma (ICN Biochemicals) at 2 mg/ml for 30 min at room temperature
prior to incubation with Fc/Fc fusion proteins to avoid nonspecific binding to
cellular Fc receptor molecules. Incubation with Fc/Fc fusion proteins purified
from transfected cells by protein A affinity chromatography was then performed
for 3 h at 4°C. The purified proteins were used at a concentration of 50 wg/ml,
followed by three washing steps at room temperature for 5 min each. Washing
and incubation with primary antibody (mouse anti-Myc antibody 9E10; ATCC
CRL-1729) (17) and secondary antibody (anti-mouse IgG-Cy3 conjugate; Sigma
no. C2181) were then performed as described above. For competitive inhibition
experiments, purified K8.1ATMFc or Fc proteins alone were incubated with
heparin (heparin sodium salt from bovine intestinal mucosa; Sigma no. H-0777)
and/or chondroitin sulfate A (sodium salt from bovine trachea; Sigma no.
C-9891) at 0.1 or 1 mg/ml in PBS for 15 min at room temperature prior to
incubation with the fixed cells.

Infection assays. To infect HMVEC-d with HHV-8, the cells were seeded on
glass coverslips in 12-well plates. Adherent cells were inoculated with 350 .l of
100-fold-concentrated supernatant of TPA- and butyrate-induced BCBL-1 cells
for 30 min at 37°C. The cells were washed three time in PBS and incubated in the
appropriate medium with 5% CO, at 37°C. Medium was exchanged after 24 h.
At 2 days postinfection, cells were harvested and IFA was performed as de-
scribed above using monoclonal antibody BS555 directed against K8.1 (25). For
blocking experiments with glycosaminoglycans, concentrated virus stock was
incubated with heparin or chondroitin sulfate A prior to infection for 30 min at
37°C. For blocking of the infection with purified K8.1ATMFc or Fc proteins, the
cells were incubated with the purified proteins dissolved in OptiMEM (Gibco
Life Technologies) at 25, 50, and 100 wg/ml for 30 min at 37°C prior to infection
with concentrated BCBL-1 supernatant. For quantitation of the infection, the
number of K8.1-positive plaques per view field was counted at a 400-fold mag-
nification. The mean and standard deviation of the number of plaques per field
were calculated from three fields selected at random in each of three indepen-
dent assays.

SPR measurement. Surface plasmon resonance (SPR) experiments were per-
formed on a BIAcore biosensor system using an SA (streptavidin-coated) bio-
sensor chip (BIAcore AB). HBS running buffer consisted of 10 mM HEPES (pH
7.5), 0.15 M NaCl, 3.4 mM EDTA, and 0.005% Tween 20. Heparin was biotin-
ylated and immobilized on the biosensor surface as described elsewhere (31).
Briefly, heparin (bovine intestinal mucosa; Sigma) was dissolved in PBS at 20
mg/ml and mixed with a threefold molar excess of D-biotin-N-hydroxylsuccimide
(Roche). After incubation for 60 min at room temperature, free biotin was
removed on a NAP-5 column (Pharmacia). The biotinylated heparin was then
coupled to flow cell 2 (Fc2) of the SA sensor chip by injecting 40 wl of a 25-p.g/ml
solution in PBS at a flow rate of 5 pl/min. This resulted in 160 resonance units
(RU) of immobilized material. Flow cell 1 (Fc1) was used as reference to correct
for changes in buffer composition and nonspecific binding to the sensor chip
surface. For SPR measurements, 20 pl of either K8.1ATMFc or Fc alone diluted
in PBS at various concentrations (see below) was injected at a flow rate of 4 pl/
min. Following injection of the protein solution, the biosensor was rinsed with
running buffer at the same flow rate for 200 s. The flow rate was then increased
to 20 pl/min, and 10 wl of a 0.1 M NaOH-0.1% sodium dodecyl sulfate (SDS)
solution was injected to regenerate the chip surface. For competitive binding
assays, proteins (K8.1ATMFc or Fc alone, 25 pg/ml in PBS) were incubated with
soluble glycosaminoglycans prior to injection into the biosensor chip. SPR data
were analyzed with BIAevaluation 3.0 software (Biacore, Inc.). Briefly, for esti-
mation of k,,,, the middle portion of the association curves (40 to 190 s in Fig. 5B)
was used. For estimation of kg, the first part of the dissociation phase of the
curve (315 to 415 s in Fig. 5B) was used. These kinetic data were fit most
adequately by assuming a simple bimolecular reaction model for interaction
between soluble analyte and immobilized ligand (Langmuir model). The good-
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FIG. 1. Purification of recombinant K8.1ATMFc fusion protein. Soluble K8.1 was expressed in a C-terminal fusion to the Fc part of human
IgG1 containing a C-terminal Myc epitope (K8.1ATMFc). Both K8.1ATMFc and Fc alone (data not shown) were expressed in transiently
transfected 293T cells and purified from the cell culture supernatant by affinity chromatography on protein A-Sepharose columns. An SDS-
polyacrylamide gel stained with Coomassie brilliant blue (A) and a Western blot using a monoclonal antibody against K8.1 (BS555) (25) and a
horseradish peroxidase-labeled secondary antibody against murine IgG (B) are shown. Lanes: 1, supernatant from 293T cells transfected with a
negative control plasmid; 2, flowthrough supernatant after adsorption; 3 and 4, washing steps; 5 to 8, elution of K8.1ATMFc; 9, supernatant from
293T cells transfected with K8.1ATMFc expression plasmid prior to absorption.

ness of fit was estimated by calculating x> values and inspecting residuals (dif-
ference between observed and calculated values).

Western blot analysis. TPA-stimulated and nonstimulated BCBL-1 and BJAB
cells were harvested by centrifugation (10 min, 400 X g), washed twice in PBS,
and lysed in 2X SDS sample buffer (4% SDS, 10% B-mercaptoethanol, 20%
glycerol, 2 mM EDTA, 120 mM Tris-HCI [pH 6.8], 0.1 mg of bromphenol
blue/ml). An equivalent of 10° cells was loaded per lane. Cell culture supernatant
from cells transfected with either pAB68 or pAB61 expression plasmids as well
as proteins purified by protein A affinity chromatography were mixed directly
with 5X SDS sample buffer. Proteins were separated on 10% (wt/vol) discontin-
uous SDS-polyacrylamide gels containing methylenebisacrylamide and acryl-
amide at a ratio of 1:29. Western blot analyses were carried out as described
previously (38). Briefly, proteins were transferred from 10% discontinuous SDS-
polyacrylamide gels onto nitrocellulose membranes using the Hoefer SemiPhor
TE70 blotting apparatus as described by the manufacturer (Pharmacia Biotech,
Uppsala, Sweden). The membranes were first blocked for 2 h at 20°C in blocking
buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Tween, 5% low-fat milk).
Membranes were then incubated for 2 h with monoclonal antibody BS555 (25) or
9E10 (17), directed against K8.1 or the Myc epitope, respectively. This was
followed by three washes in TBS-Tween (10 mM Tris [pH 7.5], 150 mM NaCl,
0.5% Tween) and 1 h of incubation with horseradish peroxidase-conjugated
anti-mouse IgG antibody diluted 1:2,000 in PBS (PO447; Dako Diagnostika
GmbH, Hamburg, Germany). After washing three times in PBS, peroxidase
activity was detected by electrochemiluminescence. For electrochemilumines-
cence, 100 ml of solution A (100 mM Tris-HCI [pH 8.6], 25 mg of Luminol
[Sigma no. A4685], 31 pl of 30% H,0,) was mixed with 1% solution B (1.1 mg
of para-hydroxycoumaric acid [Sigma no. C9008] dissolved in 1 ml of dimethyl
sulfoxide) and the solution was immediately applied to the membranes, followed
by exposure for 1 to 2 min. All steps were carried out at room temperature.

RESULTS

K8.1 binds to the surface of mammalian cells. In EBV,
glycoproteins gp350/220 and gp42 have been shown to be in-
volved in binding to receptor molecules on the cell surface.
Both proteins are not conserved in HHV-8 or other rhadino-
viruses. Instead, the glycoprotein K8.1 is encoded at a genomic
position that can be seen as being analogous to that for gp350/
220. We therefore started our analysis of HHV-8 proteins
involved in receptor binding with the more abundant of two
K8.1 variants generated by alternative splicing, termed K8.13
(40) or K8.1A (10). The ectodomain domain of K8.18 (amino
acids 27 to 196) was expressed fused to the amino terminus of
human IgG1 Fc and a Myc epitope sequence. Without the 21
amino acids of the murine IgG(k) signal peptide, the resulting
protein (K8.1ATMFc) is 425 amino acids in length and has a

calculated molecular mass of 47.1 kDa. As can be seen in Fig.
1, K8.1ATMFc was efficiently secreted into the supernatant of
transfected 293T cells and could be purified by affinity chro-
matography with protein A-Sepharose (Fig. 1B, lane 5). The
apparent molecular mass of approximately 70 kDa as observed
in denaturing SDS-polyacrylamide gel electrophoresis is in
good agreement with the expected molecular mass, given the
high degree of glycosylation observed with the mature protein
found in viral particles (25, 59). Protein preparations like the
one shown in Fig. 1, lanes 5, were used to investigate the
binding of K8.1 on the cell surface. As a control, the Fc part of
human IgG was expressed and purified in the same way. HM-
VEC-d were used, as these cells are clearly susceptible to
infection by HHV-8 both in KS lesions and in cell culture (6,
35, 41). The cells were grown on glass slides and fixed briefly
with 3% paraformaldehyde to prevent internalization of bound
proteins. Binding to Fc receptor molecules, which are known
to be expressed on endothelial cells (21), was prevented by
preincubation with Cohn fraction II from human plasma. In-
cubation with K8.1ATMFc or Fc alone was done at 4°C for 3 h.
As can be seen in Fig. 2, binding of K8.1ATMFc (Fig. 2A)
but not of the Fc fragment alone (Fig. 2B) was clearly detect-
able. An evenly bright staining could be observed along the
plasma membrane of all endothelial cells with the Myc-tagged
K8.1ATMFc. Similar experiments were repeated with a vari-
ety of mammalian cells, including 293 cells, BCBL-1 cells, baby
hamster kidney (BHK-21) cells, rat mesangioma cells, and pri-
mary human fibroblasts. Clear and strong binding of K8.1ATMFc,
but not of Fc alone, could invariably be detected (data not
shown).

K8.1 binds to the surface of cells expressing heparan sul-
fate. Obviously, K8.1 was able to bind to a wide spectrum of
cells. The broad spectrum and the strong and relatively even
staining pointed to a molecule with a wide expression pattern.
Glycosaminoglycans like heparan sulfate and chondroitin sul-
fate are molecules fulfilling these criteria. They are involved
in cell-cell adhesion and play an important role in the attach-
ment of viruses as diverse as herpes simplex virus (HSV),
dengue virus, and vaccinia virus. We thus examined whether
K8.1ATMFc binding to cells lacking the expression of various
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FIG. 2. Binding of K8.1 on the surface of HMVEC-d. HMVEC-d were fixed with paraformaldehyde and preincubated with Cohn fraction II
to avoid binding of K8.1ATMFc to cellular Fc receptors. Cells were then incubated with either K8.1ATMFc (A) or Fc alone (B), followed by
incubation with a monoclonal antibody directed to the C-terminal Myc epitope. Using an anti-mouse IgG antibody labeled with the fluorescent
dye Cy3, binding of K8.1ATMFc but not of Fc alone could then be detected.

glycosaminoglycans was also possible. The cell lines gro2C and
sog9 are mutants of the mouse fibroblast L-cell line. Whereas
mouse L cells express heparan sulfate and chondroitin sulfate,
the mutant gro2C cells lack heparan sulfate expression (22),
and neither heparan sulfate nor chondroitin sulfate is present
on the surface of sog9 cells (5). The absence of heparan sul-
fate on these cells is due to a defect in the EXT1 gene result-
ing in the lack of p-glucuronic acid transferase activity (33).
K8.1ATMFc binding assays on paraformaldehyde-fixed mouse
L cells and their derivates were performed as described above
after preincubation with Cohn fraction II. As can be seen in
Fig. 3, K8.1ATMFc (Fig. 3A) but not Fc alone (Fig. 3B) clearly
bound to the surface of mouse L cells. In contrast, none of
these proteins could bind to the heparan sulfate-negative mu-
tant gro2C (Fig. 3C and D). Similar data were obtained with
the glycosaminoglycan-negative mutant cell line sog9 (data not
shown). EXT1 is a glycosyltransferase that is required for the
biosynthesis of heparan sulfate (28), and only a truncated,
nonfunctional form of EXT1 is expressed in sog9 cells (33).
Overexpression of EXT1 in gro2C and sog9 cells restores the
biosynthesis of heparan sulfate but does not alter the expres-
sion of chondroitin sulfate (34). As shown in Fig. 3E and F,
binding of K8.1ATMFc but not of the control protein (Fc only)
(Fig. 3F) is also restored in gro2C-EXT1 cells. Similar results
were obtained with the EXT1-overexpressing cell line sog9-
EXTI1. In summary, the ectodomain of the virion envelope
protein K8.1 efficiently bound to a variety of cells, given that
heparan sulfate was expressed. We conclude that the glycos-
aminoglycan heparan sulfate, but not chondroitin sulfate, is
required for this interaction.

K8.1 binding to the cell surface is blocked by heparin. To
further prove the specificity of the interaction of KS8.18 with
cell surface heparan sulfate, competitive inhibition experiments
were performed. We used heparin instead of heparan sulfate,
as heparin has regularly been found to be a competitor of
higher activity than heparan sulfate due to a different degree of
acetylation and sulfatation (23). In addition, the composition
of heparan sulfate is variable and depends on the source of
isolation. Mouse L cells grown on glass slides were fixed with
3% paraformaldehyde, preincubated with Cohn fraction II to
block binding to cell surface Fc receptors, and then incubated
with either K8.1ATMFc (Fig. 4A, C, D, E, and F) or Fc alone
(Fig. 4B). An experiment without competition by heparin or

chondroitin sulfate is shown Fig. 4A and B. Whereas soluble
K8.1 clearly bound to mouse L cells (Fig. 4A), cells incubated
with Fc only remained negative (Fig. 4B). However, when the
soluble K8.1 was preincubated with 0.1 or 1.0 mg of heparin
per ml, K8.1ATMFc no longer bound to the surface of mouse
L fibroblasts (Fig. 4C and D, respectively), indicating compet-
itive inhibition of the K8.1 interaction by heparin. When chon-
droitin sulfate was used instead of heparin at 0.1 or 1.0 mg/ml,
binding of K8.1ATMFc to the mouse L cells was still possible
even at 1.0 mg/ml (Fig. 4E and F, respectively). These results
are in good agreement with the data described above obtained
using mouse L-cell mutants gro2C and sog9: binding of soluble
K8.1 to these cells was not observed but could be rescued by
overexpression of EXT1. The latter partially restores expres-
sion of undersulfated heparan sulfate but not chondroitin sul-
fate at the cell surface (34).

Kinetics of K8.1 binding to heparin measured by SPR. We
used an SPR system to further analyze the binding of soluble
K8.1 to glycosaminoglycans and calculate dissociation con-
stants. Biotinylated heparin was immobilized on the surface of
a streptavidin-coated biosensor chip and tested for the binding
of soluble K8.1 (K8.1ATMFc) or Fc alone. A typical sensor-
gram is shown in Fig. SA. Both proteins were applied at a
concentration of 50 pg/ml with a flow rate of 4 wl/min. The
sensorgram obtained with soluble K8.1 (Fig. 5A, continuous
line) can be separated into three phases. From before the pro-
tein solution was injected at time zero on, the chip was under
constant flow with running buffer. The change from running
buffer to protein solution is marked by a short, sharp peak due
to a change in refractory index caused by differences in buffer
composition. The phase of association of K8.1 to the chip sur-
face then takes place over the next 300 s, marked by a contin-
uous increase of RU during the first 200 s until a maximum
value of approximately 1,100 RU is reached. After injection of
the protein solution, it was replaced by running buffer at 300 s,
again with a sharp peak due to the change of buffering condi-
tions. This is followed by a slow dissociation phase of 200 s with
a moderate decrease of K8.1 binding resulting in a value of 800
RU. A completely different pattern is observed when soluble
Fc is used instead of K8.1ATMFc (Fig. 5A, dotted line). The
sharp peaks at 0 and 300 s, which are due to changes in buffer
composition, are again visible. However, after a short initial
increase to 180 RU due to increased refraction of the protein
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FIG. 3. K8.1ATMFc binds on the surface of mouse L cells (A) but
not on the gro2C mutant (C) lacking heparan sulfate. Cells were fixed
with paraformaldehyde and treated with Cohn fraction II derived from
human plasma. Cells were then incubated with K8.1ATMFc (A, C, and
E) or Fc alone (B, D, and F). Binding was detected with a mouse
monoclonal antibody against the Myc epitope which was present at the
C termini of both K8.1ATMFc and Fc, followed by incubation with a
Cy3 labeled anti-mouse IgG antibody. Specific binding of K8.1ATMFc
(A), but not of Fc alone (B), could be detected on mouse L cells. In
contrast, K8.1ATMFc could not bind to the gro2C mutant of mouse L
cells (22) lacking heparan sulfate expression (C and D). However,
when cell line gro2C-EXT1, which is a derivative of gro2C with par-
tially restored expression of heparan sulfate (28), was used, specific
binding of K8.1ATMFc could again be observed (E and F).

solution, no further increment of resonance is seen, indicating
that the soluble Fc fragment alone does not bind to the hep-
arin-coated surface. The results of a similar experiment are
shown in Fig. 5B. Again, K8.1ATMFc solution was applied to
a heparin-coated biosensor chip at a flow rate of 4 pg/ml for
300 s and then replaced by running buffer allowing for the
dissociation of K8.1. Affinity constants were calculated from
kinetic data (affinity constant [K,,] = k.g/k,,), assuming a one-
to-one interaction between the immobilized ligand (heparin) and
soluble analyte (K8.1ATMFc). Using Biacore 3.0 evaluation soft-
ware (see Materials and Methods), association and dissociation
rates were calculated using the data from each of the four
experiments shown in Fig. 5B. The maximum resonance signal
increased in a dose-dependent manner from approximately
330 RU at 6.25 pg/ml to 1,180 RU at 50 pg/ml. For the ecto-
domain of K8.1B fused to the Fc part of human IgG1 used
here, a mean K, of 4.8 X 1078 M (range, from 2.3 X 1078 M
at 6.25 pg/ml to 7.7 X 10~% M at 50 wg/ml) was calculated. The
low x? values (0.118 to 0.168) and small residuals randomly
distributed around zero indicated good agreement between the
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data and the Langmuir reaction model assumed here. The K,
value of 4.8 X 107® M is well within the range of affinity
constants observed for the binding of other viral ligands to
their respective receptors, e.g., those of HSV type 2 (HSV-2)
glycoprotein B to heparin (56), of HSV-1 glycoprotein D to the
entry mediator (57), or of human immunodeficiency virus
gp120 to heparin (36) (Table 1). Similar to the data obtained
with mouse L cells and various mutants of glycosaminoglycan
biosynthesis pathways, binding of K8.1 to a heparin-coated
biosensor chip was efficiently competed by heparin at 0.1
mg/ml (Fig. 6A) but not by chondroitin sulfate A (Fig. 6B) or
chondroitin sulfate B (data not shown) even at concentrations
as high as 10 mg/ml.

Inhibition of HHV-8 infection by heparin. Having shown
that the virion envelope protein K8.1B specifically binds to cell
surface heparan sulfate with high affinity, we did experiments
to evaluate the relevance of interaction with cell surface gly-
cosaminoglycans for HHV-8 infection. Primary endothelial
cells have been shown to be susceptible to HHV-8 infection.
HMVEC-d were inoculated with HHV-8 concentrated from
the supernatant of BCBL-1 cells induced with TPA and sodium
butyrate. As can be seen in Fig. 7B and C, this resulted in lytic

FIG. 4. Binding of K8.1ATMFc to mouse L cells is blocked by
heparin. Mouse L cells were fixed with paraformaldehyde and treated
with Cohn fraction II from human blood. Prior to incubation with the
cells, K8.IATMFc (A, C, D, E, and F) or soluble Fc (B) was preincu-
bated with either PBS (A and B), 0.1 mg of heparin per ml (C), 1.0 mg
of heparin per ml (D), 0.1 mg of chondroitin sulfate per ml (E), or 1.0
mg of chondroitin sulfate per ml (F). Whereas heparin at both 0.1 and
1.0 mg/ml efficiently blocks binding of K8.1IATMFc to mouse L cells (C
and D), binding is still possible in the presence of chondroitin sulfate
A at up to 1.0 mg/ml (E and F).
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FIG. 5. (A) Binding of soluble K8.1 to a heparin-coated biosensor measured by SPR. The bindings of K8.1ATMFc (solid line) and Fc alone
(dotted line) to a heparin biosensor are compared. Binding of K8.1 and Fc is shown as RU versus time in seconds. Both proteins were used at 50
png/ml and injected at 4 wl/min onto the heparin-coated surface. The protein solution was injected for 300 s, followed by injection of running buffer
at 4 pl/min for 250 s. The peak visible at 300 s is due to the change of the refractory index caused by replacing the buffer on the sensor chip. Due
to the purification process, the buffer used to apply K8.1ATMFc differed slightly from the running buffer. (B) Binding of soluble K8.1 at
concentrations of 6.25 to 50 pg/ml to a heparin-coated biosensor chip. K8.1ATMFc was injected at 4 pl/min for 300 s and reached a new equilibrium
value with each higher concentration. Data from multiple runs without baseline subtraction are given as RU versus time in seconds. The peak at
300 s is due to the change of the refractory index when the protein solution was replaced with running buffer. The kinetic data shown in this figure

were used to calculate the dissociation constants shown in Table 1.

infection as evident from plaque formation (Fig. 7B, left) or
from expression of the late viral protein(s) detected by immu-
nofluorescence using a monoclonal antibody against K8.1 (Fig.
7B, right) (25). Recently, latent infection and spindle cell con-
version in HMVEC-d upon infection with HHV-8 virions have
been described (13). Although we used essentially the same
type of HMVEC-d and the same culture conditions, we never
observed this type of latent infection and associated morpho-
logical changes. In contrast, expression of lytic proteins was
predominant in our hands.

However, when the inoculum was preincubated with heparin
at 0.1 or 1.0 mg/ml, a marked decrease of plaque formation, by
69 and 87%, respectively, was observed by both phase-contrast
microscopy (Fig. 7C [0.1 mg/ml] and D [1.0 mg/ml], left panels)
and immunofluorescence using a monoclonal antibody against

TABLE 1. Comparison of dissociation constants for
several receptor-ligand pairs®

Immobilized

Analyte receptor Kp (M) Reference
HHV-8 K8.1-Fc Heparin 48 %1078
HIV-1 soluble gp120 Heparin 55x1078 36
HSV-2 soluble gB Heparin 7.7 %1077 56
HSV-1 soluble gD HveA 32x10°¢ 57
aFGF Heparin 95%x 1078 31
Biotin Streptavidin 1071 BlAcore

“ The K, of soluble K8.1 and heparin was calculated from kinetic data (K, =
kon/kon) obtained in SPR experiments using heparin-coated biosensor chips. A
simple one-to-one reaction (Langmuir model) was used for the calculation. This
model fitted sufficiently to the data, as can be concluded from the low x> values
(0.118 to 0.168). HIV-1, human immunodeficiency virus type 1; aFGF, acidic
fibroblast growth factor; HveA, herpesvirus entry mediator A.
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FIG. 6. Competitive inhibition of K8.1ATMFc binding to a heparin-coated biosensor surface by heparin (A) or chondroitin sulfate A (CsA) (B).
Soluble heparin at concentrations of 0 to 1.0 mg/ml (A) or soluble chondroitin sulfate A at concentrations of 0 to 10.0 mg/ml (B) was mixed with
soluble K8.1 before application to the heparin-coated biosensor chip. Whereas heparin efficiently blocked K8.1 binding at concentrations as low
as 0.1 mg/ml, hardly any effect was seen with chondroitin sulfate A even at the highest concentration.

the lytically expressed K8.1 protein (Fig. 7C and D, right pan-
els; Table 2). Formation of plaques was almost completely
inhibited by heparin at 1.0 mg/ml. The specificity of this effect
was again shown by using chondroitin sulfate A instead of
heparin. At 0.1 mg/ml, no significant inhibition of plaque for-
mation by chondroitin sulfate A was seen (Fig. 7E; Table 2).
Even preincubation of the virus with chondroitin sulfate A at
concentrations as high as 1 mg/ml resulted in only a moderate
reduction of the number of plaques (Fig. 7F). Thus, at a con-
centration of 0.1 mg/ml, both infection of endothelial cells and
binding of the virion envelope protein K8.1 are inhibited by
heparin but not by chondroitin sulfate A. This points to a role
of K8.1 in binding or entry of HHV-§ in the target cell. We
thus examined whether infection of HMVEC-d by HHV-8 can
also be blocked by soluble K8.1. When HMVEC-d were incu-
bated with K8.1ATMFc at concentrations of 25, 50, and 100

pg/ml, no inhibition of the subsequent infection by HHV-8
could be seen even at the highest concentration of K8.1ATMFc
(Table 2). Protein concentrations of above 100 pg/ml were not
used, as nonspecific reduction of plaque formation by bovine
serum albumin when used at higher concentrations has been
observed for HHV-1 (51).

DISCUSSION

Although in theory many different cell surface molecules
could serve as viral receptors, the viral receptors identified so
far appear to belong to only a few families (for a review, see
reference 19).These include several members of the immuno-
globulin superfamily, integrins, complement receptors, and cell
surface glycosaminoglycans. Thus, unrelated viruses may use
closely related or even identical receptors. On the other hand,
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FIG. 7. HHV-8 infection of human endothelial cells is blocked by heparin. Concentrated supernatant (200-fold) from BCBL-1 cells stimulated
with TPA was used to infect HMVEC-d. Prior to application on the HMVEC-d, the concentrated supernatant was mixed with PBS (B), 0.2 mg
of heparin per ml (C), 2.0 mg of heparin per ml (D), 0.2 mg of chondroitin sulfate A per ml (E), or 2.0 mg of chondroitin sulfate A per ml (F).
Uninfected cells are shown in panel A. Cells were fixed with paraformaldehyde at 2 days postinfection, and IFA was performed using a mouse
monoclonal antibody against K8.1 and a Cy3-labeled secondary antibody against mouse immunoglobulin. Immunofluorescence pictures are shown
on the left, and phase-contrast pictures of the same cells are shown on the right. Expression of the lytic K8.1 protein and a typical cytopathogenic
effect were seen when the inoculum was treated with PBS (B) or chondroitin sulfate (E and F) prior to infection. However, when preincubation
was done with heparin at either 0.2 mg/ml (C) or 2.0 mg/ml (D), the number and size of the plaques were clearly reduced.

closely related viruses may also use unrelated receptors to in-
fect the same type of cell. Examples of the latter are HHV-6
and HHV-7. While HHV-7, like human immunodeficiency vi-
rus, employs the CD4 receptor to infect T lymphocytes (30),
the closely related HHV-6 does not use this protein (29) but
instead binds to the complement regulatory protein CD46 (44),
which also serves as receptor for measles virus (16). Thus, one
cannot infer the cellular receptor used by a virus from family
relationships.

Binding of a virion protein to cell surface glycosaminogly-
cans is part of the target cell recognition process of many
viruses of different families, with the best-examined example
being heparan sulfate and its role in target cell recognition by
HSVs (45, 48, 58). Several other viruses have also been found
to interact with glycosaminoglycans. These include the Picor-
naviridae (foot-and-mouth disease virus), Togaviridae (Sindbis
virus and dengue virus), Parvoviridae (adeno-associated virus
2), and Poxviridae (vaccinia virus). More recently, gp120 of
human immunodeficiency virus has also been shown to bind to
cell surface heparan sulfate, which enhances infectivity (36).

HHV-8 infects endothelial cells (6, 20) as well as B lympho-
cytes in vivo and in cell culture (42). There are only a few
studies that deal with the identification of the full spectrum of

TABLE 2. Inhibition of HHV-8 infection by glycosaminoglycans”

No. of plaques

Inhibitor Conen - % Inhibition
(mg/ml) Mean SD
None (PBS) 423 1.7 0
Heparin 0.1 13.0 0.7 69
1.0 5.7 1.7 87
CsA 0.1 41.0 3.0 3
1.0 23.7 4.6 44
K8.1ATMFc 0.1 41.0 NA? 3

“ Concentrated supernatant (200-fold) from BCBL-1 cells stimulated with
TPA was used to infect HMVEC-d. Prior to application on the HMVEC-d, the
concentrated supernatant was mixed with PBS, heparin, or chondroitin sulfate A
(CsA) in various concentrations. HMVEC-d were incubated with K8.1ATMFc
for 30 min at 37°C prior to infection. Cells were fixed with paraformaldehyde at
2 days postinfection, and IFA was performed using a mouse monoclonal anti-
body against K8.1 and a Cy3-labeled secondary antibody against mouse immu-
noglobulin. The number of K8.1-positive plaques was counted in three randomly
selected fields at a magnification of X 400. With the exception of blocking by
K8.1ATMFc, experiments were done in triplicate. At a concentration of 0.1
mg/ml, a clear reduction of HHV-8 infection was observed when heparin, but not
chondroitin sulfate A or soluble K8.1 protein, was used.

> NA, not applicahle
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cells which can be infected by HHV-8 (41). The cellular re-
ceptors and viral ligands involved in target cell recognition by
HHV-8 are completely unknown.

In this report we clearly demonstrate that virus binding to
heparin-like moieties on the cell surface is required for HHV-8
replication in susceptible HMVEC-d. We could efficiently
block infection of these cells with heparin but not with chon-
droitin sulfate A, a related glycosaminoglycan. In addition, we
show that the viral glycoprotein K8.1 is involved in this step, as
(i) soluble K8.1 which was expressed in fusion to the Fc part of
human IgG1 binds to a wide variety of mammalian cells, in-
cluding mouse L cells, a murine fibroblast cell line; (ii) as
described above for infection of endothelial cells, this interac-
tion could be competitively inhibited by heparin but not by
chondroitin sulfate A; (iii) K8.1 binding was not observed on a
mouse L mutant cell line termed gro2C lacking heparan sulfate
expression, but when gro2C cells were partially reconstituted
for heparan sulfate expression by overexpression of the EXT1
tumor suppressor gene (34), binding of the K8.1 ectodomain
could again be observed; and (iv) the affinity constant for binding
of soluble K8.1 to heparin is well within the range observed for
other viral glycoproteins binding to their receptors (Table 1),
e.g., HSV-2 ¢gB binding to glycosaminoglycans (56) or HSV-1
gD binding to the herpesvirus entry mediator (57).

Very little is known about the mechanisms of target cell
recognition in any rhadinovirus. It has been shown for bovine
herpesvirus 4 that interaction of glycoprotein 8, also termed
gp135k, with heparin-like moieties on the cell surface is in-
volved in attachment (54). However, the gene encoding gp8/
gp135k has not yet been identified. EBV is the virus most
closely related to HHV-8 for which some of the cellular recep-
tors and their viral ligands have been identified. The EBV
glycoproteins involved in attachment (gp350/220) and entry
(gp42) by binding to CD21 (39) or the HLA DR B-chain (50),
respectively, are not conserved in the HHV-8 genome. More-
over, heparan sulfate binding has not been shown to be of
importance for EBV.

However, due to its genomic position, the gene encoding the
immunogenic HHV-8 K8.1 (40) may be seen as distantly re-
lated to these two envelope proteins of EBV. A nonconserved
transmembrane glycoprotein gene is present at an equivalent
genomic position in all rhadinovirus genomes sequenced so
far. A typical serine-threonine-rich stretch is present in the
ectodomains of all of these glycoproteins, and this remote
similarity is also found in the gp350/220 protein of EBV, point-
ing to a possible functional relationship. The evidence that
binding of K8.1 to heparan sulfate is involved in target cell
recognition by HHV-8 is also supported by the finding that a
fully glycosylated form of K8.1 has been shown to be part of the
virion envelope (27).

Although we were able to show that K8.1 clearly binds to
heparan sulfate and heparan sulfate binding by HHV-8 is im-
portant for efficient infection, it remains an open question at
which step of the infection process this interaction is impor-
tant. Generally, infection of a cell by a virus can be divided into
two steps. A first interaction of viral proteins with cellular
receptors mediates attachment. Usually, this juxtaposes viral
proteins and cellular coreceptors, enabling binding of the viral
protein to the coreceptors, which mediates entry through
membrane fusion or triggers release of the nucleic acid. In
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most cases, the interaction of a virus with glycosaminoglycans
is important for the first step, termed attachment. This holds
true for the interaction of HSV glycoproteins C and B with
heparan sulfate. In the case of HSVs, membrane fusion is
subsequently enabled by interaction of glycoprotein D with one
of several herpesvirus entry mediators that belong to the family
of nectins, such as the tumor necrosis factor receptors (14, 55).
It should be noted in this context that glycoproteins C and D of
HSVs are not conserved in HHV-8 or other gammaherpesvi-
ruses. Additional viral glycoproteins, especially gH and gL, are
then required to initiate membrane fusion (53). However, it
has also been shown that binding of gD to 3-O-sulfated hepa-
ran sulfate is able to mediate entry of HSV-1 (46). The efficient
binding of K8.1 to cell surface glycosaminoglycans, its localiza-
tion in the virion envelope, and the ability of heparin to block
both binding of K8.1 to the cell surface and infection of endo-
thelial cells by HHV-8 make it very likely that K8.1 mediates
HHV-8 attachment. This does not imply that K8.1 is required
for the attachment step. Our finding that infection of endothe-
lial cells by HHV-8 cannot be blocked by soluble K8.1 indicates
that K8.1 may not be essential for this step. Even at the highest
concentration of K8.1 used, no reduction in plaque formation
could be observed, and antibody BS555 directed against K8.1
was not able to inhibit infection. This is surprising only at first
sight. A similar situation is observed in HSV, where binding to
heparan sulfate greatly enhances infection. Notably, whereas
soluble gC could compete with attachment of HSV-1, plaque
formation was not be inhibited by gC when used at concentra-
tions of up to 100 wg/ml (51). This is most likely due to the fact
that HSV has evolved redundant mechanisms for the initial
attachment step. Both glycoproteins B and C of HSV are able
to bind to glycosaminoglycans, and gC of HSV is thus not
essential for this first step (24). Indeed, preliminary data from
this laboratory indicate that glycoprotein H when expressed in
a soluble form is also able to bind to cell surface glycosamino-
glycans (unpublished data), and a recent study indicated that
HHV-8 glycoprotein B may bind to heparan sulfate (1). In
summary, we show that cell surface heparan sulfate is required
for efficient infection by HHV-8. The data presented indicate
that the virion envelope protein K8.1 plays a role in the viral
life cycle that is comparable to the function of HSV glycopro-
tein C.
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