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The early events mediating herpes simplex virus type 1 (HSV-1) infection include virion attachment to cell
surface heparan sulfates and subsequent penetration. Recent evidence has suggested that the high-affinity
fibroblast growth factor (FGF) receptor mediates HSV-1 entry. This report presents three lines of experimental
evidence showing that the high-affinity FGF receptor is not required for HSV-1 infection. First, rat L6
myoblasts lacking FGF receptors were as susceptible to HSV-1 infection as L6 cells genetically engineered to
express the FGF receptor. Second, a soluble FGF receptor fragment that inhibited FGF binding and receptor
activation did not inhibit HSV-1 infection. Finally, basic FGF (but not acidic FGF) inhibited HSV-1 infection
in L6 cells lacking FGF receptors, presumably by blocking cell surface heparan sulfates also required for
HSV-1 infection. These results show that the high-affinity FGF receptor is not required for HSV-1 infection but
instead that specific low-affinity basic FGF binding sites are used for HSV-1 infection.

Herpes simplex virus type 1 (HSV-1) is a common human
pathogen that infects a wide spectrum of cell types, including
those of mesodermal and neuroectodermal lineages. The
initial steps in viral infection include virion attachment to the
cell surface followed by penetration through fusion of the
virion envelope with the cell membrane (20, 29, 43, 51).
Virion attachment is mediated by binding to heparan sulfate
proteoglycans (64), cell surface molecules important for
cell-cell and cell-substratum interactions (21). The interac-
tion of the viral glycoproteins (gC and potentially other viral
glycoproteins) with the cell surface heparan sulfate proteo-
glycans has been proposed to be a mechanism of viral
attachment (9, 23, 57). The HSV-1 glycoproteins gB, gD, and
gH mediate viral penetration and are required for infection of
cells in culture (7, 8, 14, 19, 28, 38, 39, 56). A putative
receptor for gD which is not a heparan sulfate proteoglycan
has been identified, and it has been proposed that this
putative receptor may mediate viral penetration and infec-
tion (27).

It was recently reported that the high-affinity fibroblast
growth factor (FGF) receptor mediates HSV-1 entry into
cells (32) and that basic FGF (bFGF) associates with the
HSV-1 virion (3). It has been proposed that the virion-
associated bFGF mediates viral attachment and cellular
entry through the FGF receptor. In support of this hypoth-
esis, it was shown that bFGF and a related peptide inhibited
HSV-1 attachment to or infection of vascular cells and that
attachment and internalization of HSV-1 virions by Chinese
hamster ovary (CHO) cells was enhanced by genetically
engineering the cells to express the high-affinity FGF recep-
tor (FGFR1 orflg) (32). However, this latter finding has not
been reproduced by other investigators (58).
The FGFs are a family of related polypeptides that are

potent mitogens for cells of mesodermal and neuroectoder-
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mal origin (1, 13, 26, 41, 55, 66), cell types susceptible to
HSV-1 infection. The best described of these growth factors
are bFGF and acidic FGF (aFGF), which are identical in
55% of their amino acids and have similar biochemical and
biological properties (6). Like other growth factors, bFGF
and aFGF mediate their cellular effects through binding to
high-affinity cell surface receptors (30). Recent evidence has
shown that the cell surface heparan sulfates are required for
the high-affinity interaction between bFGF and the receptor
(54, 65). The FGF receptor reported to mediate HSV-1
entry, also known as FGF receptor 1 (FGFR1) orflg, was the
first of the four known FGF receptors for which a full-length
cDNA clone was obtained (15, 35, 36, 52). The FGF recep-
tors are transmembrane proteins that share structural fea-
tures: they have two or three extracellular immunoglobulin
(Ig)-like domains and a split intracellular tyrosine kinase
domain. FGF binds to the extracellular portion of the
receptor which activates the tyrosine kinase, resulting in
receptor autophosphorylation and phosphorylation of cer-
tain cellular proteins (5, 11, 15, 24). The FGF receptor thus
activates intracellular signalling pathways ultimately leading
to cell division.

In this study, we performed experiments to clarify the role
of the high-affinity FGF receptor in HSV-1 infection. We
present evidence showing that the high-affinity FGF receptor
is not required for HSV-1 infection.

MATERIALS AND METHODS

Materials, cells, and virus. bFGF and aFGF were the gift
of L. Coussens (Chiron). The bFGF-related peptide (3, 4)
was prepared by C. Turck by conventional peptide synthesis
on a model 430A peptide synthesizer (Applied Biosystems,
Foster City, Calif.). Vero cells, rat L6 myoblasts, and
Spodoptera frugiperda (SF9) cells were obtained from the
American Type Culture Collection. Vero and L6 cells were
grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum and antibiotics.
SF-9 cells were grown in TNM-FH (63) supplemented with
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10% fetal calf serum and antibiotics. Autographa californica
nuclear polyhedrosis virus was a gift from M. D. Summers.
The isolation and properties of HSV-1 strain F are reported
elsewhere (16). HSV-1 virions were purified in dextran T-10
gradients as described by Spear and Roizman (60). Virus
preparations were titrated in Vero cells.

Radiolabelling and immunoprecipitation of viral proteins
from herpesvirus-infected L6 cells. Confluent L6 myoblasts
were infected with HSV-1 strain F at a multiplicity of
infection (MOI) of 10. Infected cells were radiolabelled with
50 ,uCi of [35S]methionine per ml in methionine-deficient
DMEM from 5 to 24 h after infection. Cells were lysed in
phosphate-buffered saline (PBS), pH 7.4, containing 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium dode-
cyl sulfate (SDS), and protease inhibitors. The cell lysates
were aliquoted and immunoprecipitated as described by
Pereira et al. (53) with the following antibodies: H640-28
(specific for ICP4) (2), H126 (specific for gB), and HD-1
(specific for gD). Samples were analyzed by SDS-9% poly-
acrylamide gel electrophoresis (PAGE) and autoradiogra-
phy.

Expression of the 2-Ig and 3-Ig FGF receptors in rat L6
myoblasts. The cDNAs for the FGF receptors were isolated
from cDNA libraries from human placenta (2-Ig FR) and
from chicken embryos (3-Ig FR) (30, 36). The 2-Ig and 3-Ig
FGF receptor forms were cloned into an expression vector,
pSV7d, in which the cDNA was under the transcriptional
control of the simian virus 40 early promoter. Rat L6
myoblasts were cotransfected with the expression plasmid
and with pSV2neo (vector) by the Lipofectin method (Be-
thesda Research Laboratories-GIBCO). Stable transfectants
were selected in DMEM containing G418 (Bethesda Re-
search Laboratories-GIBCO) and screened by immunoblot-
ting with antibody to the receptor (44). Eleven L6 cell lines
were isolated as individual clones from transfections of the
same parental L6 cells. Unless indicated, subsequent exper-
iments used the following clones of transfected L6 cell lines
(nomenclature same as used in Fig. 2 and 3): cell line Vl
(vector), cell line 2 (2-Ig FR), and cell line 4 (3-Ig FR). These
cell lines were representative of other clones isolated from
the same transfection.

Covalent cross-linking of '25I-bFGF to the L6 cell lines.
bFGF was radioiodinated as described by Lee et al. (36). L6
cells were incubated overnight at 4°C with 125I-bFGF (30
pM) in the presence or absence of a 100-fold excess of
unlabelled bFGF in six-well plates. The cell monolayers
were washed with PBS and PBS-2 M NaCl at 4°C and then
cross-linked with 1 mM 3,3'-bis(sulfosuccinimidyl)suberate
(Pierce). Cells were lysed in 0.5% Nonidet P-40 (Sigma) lysis
buffer (10 mM Tris [pH 8.0], 100 mM NaCI, 2 mM EDTA,
10% glycerol, protease inhibitors). Cell lysates were ana-
lyzed by SDS-5% PAGE and autoradiography.

Viral plaque assays of herpesvirus-infected L6 cell lines.
Vero cells and all L6 cell lines were grown to confluence in
six-well plates. Purified virions (500 to 2,000 PFU per well)
were adsorbed for 1 h at 37°C. Cells were then washed, and
DMEM containing 0.1% pooled human gamma globulin
(overlay medium) was added. At 72 h postinfection, cells
were fixed with methanol and were stained with crystal
violet for counting plaques.

Indirect immunofluorescence of ICP4 expression in herpes-
virus-infected L6 cells. L6 cell lines were seeded onto cham-
ber slides and were infected with purified HSV-1 virions at a
high MOI (1 to 100). At 16 h postinfection, cells were fixed in
acetone and were stained for ICP4 expression with mono-
clonal antibody H640-28 as described by Ackermann et al.

(2). A minimum of 200 cells was scored in several different
fields for specific nuclear staining.

Construction of a recombinant baculovirus for expression of
a soluble FGF receptor in insect cells. The cDNA fragment
(BamHI-AatII; 1,153 bp) encoding the extracellular region of
the 3-Ig FGF receptor was cloned into the baculovirus
expression plasmid pVL1393 (BamHI-EcoRI) (63) by using
an AatII-EcoRI linker containing an in-frame stop codon at
position 372 with codon assignment according to that of Lee
et al. (36). A recombinant baculovirus encoding a soluble
form of the 3-Ig FGF receptor (sxFR) was isolated and
purified as described by Webb and Summers (63). Insect
cells (SF9) were infected (MOI of 10) with the recombinant
baculovirus encoding sxFR or with a nonrecombinant bac-
ulovirus (control). Control medium or medium containing
recombinant protein (sxFR) was purified by wheat-germ
agglutinin chromatography (36). Subsequent experiments
used the same partially purified protein (approximately 20
ng/,lI) for direct cross-linking to 125I-bFGF, to inhibit bFGF
binding and activation of FGF receptors, and for viral
inhibition studies.

Assay for binding of '25j-bFGF to the soluble FGF receptor.
Control medium or medium containing sxFR (1 ,ul) was
incubated with 30 pM 1251-bFGF in the presence or absence
of a 100-fold excess of unlabelled bFGF. The 125I-bFGF-
protein mixture was cross-linked with 1 mM 3,3'-bis(sulfo-
succinimidyl)suberate for 1 h at 4°C and analyzed by SDS-
PAGE (7 to 12% gradient) and autoradiography.

Assay of the soluble FGF receptor fragment as an inhibitor
of bFGF binding to whole cells. 251I-bFGF (30 pM) was
preincubated with 10 IlI of sxFR (10-fold more than cross-
linked above) or control medium for 1 h at 4°C in a total
volume of 0.5 ml of binding medium (DMEM with 0.2%
bovine serum albumin, 15 U of heparin per ml, 25 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES],
pH 7.4). Where indicated, L6 cells expressing the 3-Ig FGF
receptor were then incubated for 12 h at 40C with 125I-bFGF
alone or with 1251I-bFGF preincubated with control medium
or sxFR. After binding, the cells were lysed in a 0.5%
Nonidet P-40 lysis buffer and specific 1251I-bFGF binding was
measured with a gamma counter (Beckman).

Assay of the soluble FGF receptor fragment as an inhibitor
of bFGF-stimulated tyrosine phosphorylation in whole cells.
Increasing amounts of bFGF (2, 20, and 50 ng/ml) were
preincubated with 10 RI of sxFR or control medium at 4°C
for 1 h in a total volume of 0.5 ml of binding medium. Then
quiescent L6 cells expressing the 3-Ig FGF receptor were
incubated in duplicate with the bFGF-protein mixture for 15
min at 37°C. Cell lysates were analyzed by SDS-PAGE
(7.5% polyacrylamide) and immunoblotted with phosphoty-
rosine antibody 4G10, as described by Morrison et al. (44).

Assay of the soluble FGF receptor fragment as an inhibitor
of HSV-1 infection of cells. Purified HSV-1 virions were
preincubated with 100 ,ul of sxFR or control medium for 1 h
at 4°C in 1 ml of DMEM. Then the virion-protein mixture
was plated onto Vero cells or L6 cells expressing the 3-Ig
FGF receptor in six-well plates (Vero, 250 PFU per well;
3-Ig FR, 103 PFU per well) and incubated for 1 h at 37°C. An
additional 100 ,ul of sxFR or control medium was added
during viral adsorption (1 h at 37°C). Cells were then
washed, and overlay medium was added. Plaques were
counted at 72 h postinfection.

Assay for inhibition of HSV-1 infection by bFGF, aFGF,
and bFGF-related peptide. L6 cell lines in six-well plates
were incubated with increasing concentrations (5 to 100 nM)
of bFGF, aFGF, or (5 to 10 ,uM) a bFGF-related peptide for
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FIG. 1. Expression of viral proteins in herpesvirus-infected rat

L6 myoblasts. Herpesvirus-infected L6 cells were radiolabelled with
[35S]methionine, and cell lysates were immunoprecipitated (IP) with
monoclonal antibodies (mAb) recognizing the viral proteins ICP4,
gB, and gD (indicated by arrows for lanes 2 to 4). The control lysate
(lane 1) was treated identically except for the presence of antibody.
Immunoprecipitates and control were analyzed by SDS-PAGE (9%)
and autoradiography. Molecular mass markers (in kilodaltons) are

indicated to the right.

2 h at 37°C. Purified HSV-1 virions (0.5 x 103 to 1.0 X 103
PFU per well) were then added, and the pretreated cell
monolayers were further incubated for 1 h at 37°C. Cells
were then washed, and overlay medium was added. Plaques
were counted at 72 h postinfection.

RESULTS
Rat L6 cells which lack FGF receptors are susceptible to

HSV-1 infection. To determine whether the FGF receptor is
required for HSV-1 infection, we analyzed viral infectivity of
rat L6 myoblasts, a cell line reported to lack high-affinity
FGF binding sites (18, 49, 50). We confirmed that the
parental L6 cell line did not express high-affinity FGF
receptors as assessed by binding of 125I-bFGF (36), covalent
cross-linking of 125I-bFGF (see Fig. 2B), and bFGF-stimu-
lated tyrosine phosphorylation (data not shown). In L6

myoblasts infected with HSV-1, the expression of the imme-
diate-early viral protein ICP4 as well as the late viral proteins
(envelope glycoproteins gB and gD) was detected by radio-
immunoprecipitation with specific monoclonal antibodies
(Fig. 1). HSV-1 was able to infect and fully replicate in L6

myoblasts even though these cells lack high-affinity FGF

receptors.
Then the susceptibility of L6 cells to HSV-1 infection was

quantitated by plaque assay and compared with that of Vero

cells, a cell line commonly used to propagate HSV-1 in vitro.

Cells were infected at different MOIs, and plaques were

allowed to develop. L6 cells were susceptible to HSV-1
infection, but with an efficiency 10 to 20% of that of Vero
cells (data not shown). These results clearly demonstrated
that the FGF receptor was not absolutely required for

HSV-1 infection.

L6 cells were genetically engineered to express the high-
affinity FGF receptor (FGFR1). To determine whether sus-
ceptibility to HSV-1 infection could be enhanced by the FGF
receptor, L6 cells were genetically engineered to express
two forms of the FGF receptor. For these experiments, the
cDNA encoding two variant forms of the FGF receptor
(FGFR1) were used. These FGF receptor forms, produced
by alternative splicing of mRNA (31), differ only in the
extracellular region; one form has three extracellular Ig-like
domains (3-Ig FR), while the other form has only two of
these domains (2-Ig FR), lacking the first Ig domain (Fig.
2A). Both forms are known to bind aFGF and bFGF with
comparable affinities (30).
From the same parental L6 cell line, several stable cell

lines that expressed functional FGF receptors were estab-
lished. bFGF bound with high affinity (Kd, 0.1 nM) to either
form of the receptor expressed in L6 cells (30). Covalent
cross-linking of1251I-bFGF bound to L6 cell lines confirmed
cell surface expression of the 2-Ig and 3-Ig forms of the
receptor (Fig. 2B). In this experiment, the lower-molecular-
mass bands observed in L6 cells expressing the FGF recep-
tors (below the expected positions of the receptors) likely
represented receptor precursors or degradation products.
The receptor immunoblot similarly demonstrated immuno-
reactive bands corresponding to the 2-Ig and 3-Ig forms of
the receptor, with apparent molecular masses of 125 and 145
kDa, respectively (Fig. 2C). bFGF treatment of different L6
cell lines expressing FGF receptors resulted in receptor
autophosphorylation on tyrosine (37) and tyrosine phosphor-
ylation of cellular proteins at 45 and 42 kDa (Fig. 3). This
pattern of bFGF-stimulated tyrosine phosphorylation was
similar to that observed in fibroblasts, which express native
FGF receptors (11, 24). In contrast, vector-transfected L6
cells, like the parental L6 cell line, had no detectable
high-affinity FGF receptors as shown by binding of 125I[
bFGF (30), by covalent cross-linking to 125I-bFGF (Fig. 2B),
by immunoblot (Fig. 2C), and by bFGF-stimulated tyrosine
phosphorylation (Fig. 3). These studies confirmed the activ-
ity of the receptor expressed in L6 cells and the absence of
detectable high-affinity FGF receptors in parental and vec-
tor-transfected L6 cells.

Susceptibility to HSV-1 infection is not enhanced by expres-
sion of FGF receptors in L6 cells. We then compared HSV-1
infectivity of L6 cells with or without FGF receptors by
performing plaque assays and by quantitating the expression
of the immediate-early viral protein ICP4 after virus infec-
tion. For these experiments, L6 cell lines were infected over
a range of MOIs, and the number of plaques that developed
were counted (Fig. 4). The results of these infectivity studies
showed a range in the level of infectivity of the L6 cell lines;
however, this variability was comparable between L6 cells
expressing the 2-Ig or 3-Ig FGF receptor and L6 cells lacking
FGF receptors (parental or vector-transfected L6 cells) (Fig.
4). Among the L6 cell lines genetically engineered to express
the FGF receptor, susceptibility to HSV-1 infection did not
correlate with the ability to respond to bFGF stimulation
(Fig. 3). Therefore, L6 cells lacking high-affinity bFGF
receptors were as susceptible to HSV-1 infection as L6 cells
expressing either form of the FGF receptor.
To confirm these differences in plaque-forming ability

among the various cell lines, ICP4 expression in L6 cell lines
after viral infection was quantitated. Representative results
of these experiments are shown in Fig. 5. Overall, the level
of ICP4 expression correlated with the plaque assay results,
indicating that FGF receptor expression does not enhance
HSV-1 infectivity of L6 cells.
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FIG. 2. FGF receptor expression in L6 cell lines. (A) The schematic diagram of the FGF receptor variant forms (3-Ig FR and 2-Ig FR)
shows the following predicted structural features: the Ig-like domains (I, II, and III), the highly acidic region (hatched box), the
transmembrane region (solid box), and the intracellular tyrosine kinase region (cross-hatched boxes). (B) Parental L6 cell (L6) and L6 cell
transfectants without (Vector) or with FGF receptors (2-Ig FR and 3-Ig FR) were covalently cross-linked to 125I-bFGF in the absence (lanes
1, 3, 5, and 7) or presence (lanes 2, 4, 6, and 8) of a 100-fold excess of unlabelled bFGF. Cell lysates were analyzed by SDS-PAGE (5%) and
autoradiography. (C) Lysates of L6 cell transfectants (not cross-linked to 125I-bFGF) were purified by lectin affinity and analyzed by
SDS-PAGE (7.5%) followed by immunoblotting with antibody to the receptor. The arrowheads identify the positions of the 2-Ig and 3-Ig FGF
receptors. Molecular mass markers (in kilodaltons) are indicated to the right.

A soluble form of the FGF receptor blocks bFGF binding
and receptor activation yet did not inhibit HSV-1 infection.
Soluble extracellular regions of virus receptors have been
shown to be potent inhibitors of viral infection, e.g., soluble
CD4 and human immunodeficiency virus (10, 12, 17, 25, 40,
62), soluble poliovirus receptor and poliovirus (33, 34, 42),
and soluble CR2 and Epstein-Barr virus (47, 61). It has been
proposed that bFGF, or a bFGF-like protein, associated
with the HSV-1 virion interacts with the FGF receptor,

A Vector 2-Ig FR

leading to viral entry (3). We hypothesized that if the
receptor plays a significant role in viral entry, a soluble FGF
receptor should inhibit HSV-1 infection.
We produced a soluble FGF receptor fragment (3-Ig form)

that binds bFGF directly and specifically inhibits bFGF-
mediated receptor activation. The cDNA encoding the entire
extracellular region of the 3-Ig FGF receptor was introduced
into the genome of Autographa californica nuclear polyhe-
drosis virus (baculovirus) through homologous recombina-
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FIG. 3. bFGF-stimulated tyrosine phosphorylation in L6 cell lines expressing FGF receptors. In addition to the cell lines for which results
are shown in Fig. 2B and C, other L6 cell transfectants were independently isolated from the same cDNA transfection experiments. (A) Four
L6 cell lines transfected with pSVneo only (Vi to V4) and two L6 cell lines expressing the 2-Ig FGF receptor (2-Ig FR, 1 and 2). (B) Five L6
cell lines expressing the 3-Ig FGF receptor (3-Ig FR, 3 to 7). These cell lines were incubated in the presence or absence of bFGF (50 ng/ml)
for 15 min at 37°C. Cells were lysed and then analyzed by SDS-7.5% PAGE and immunoblot with phosphotyrosine antibody (4G10). The
arrowheads indicate the tyrosine-phosphorylated proteins induced by bFGF treatment. The identity of these proteins is unknown. Molecular
mass markers (in kilodaltons) are indicated to the right.
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FIG. 4. Plaque assays of herpesvirus-infected L6 cell lines. In addition to the cell lines shown in Fig. 2B and C (shown by thick lines), the

HSV-1 susceptibility of all the L6 cell lines is shown. L6 cell lines not expressing FGF receptors (Vector; parental L6 cells and
vector-transfected L6 cell lines Vi to V4) and L6 cell lines expressing FGF receptors (2-Ig FR, lines 1 and 2; 3-Ig FR, lines 3 to 7) were tested
for susceptibility to HSV-1 infection by using conventional plaque assays. Values are mean numbers of plaques observed (six determina-
tions for each cell line; error bars showing standard errors are within the symbol outlines) for a given amount of HSV-1 virions added (PFU
added).

FIG. 5. Indirect immunofluorescence of ICP4 expression in herpesvirus-infected L6 cells. The panels show ICP4 expression after HSV-1
infection (MOI of 1) in L6 cells lacking FGF receptors (Vector) and L6 cells expressing the 2-Ig (2-Ig FR) or 3-Ig FGF receptor (3-Ig FR).
Nonspecific fluorescence is shown for uninfected vector-transfected L6 cells (Uninfected).
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tion. A recombinant baculovirus encoding the extracellular
region of the 3-Ig FGF receptor was then used to express a

soluble FGF receptor fragment (sxFR) in insect cells (63).
The recombinant protein was partially purified by lectin
affinity chromatography (36) and then tested for activity. The
soluble FGF receptor fragment was able to bind bFGF
directly, as shown by covalent cross-linking to '25I-bFGF
(Fig. 6A). Further, in L6 cells expressing the 3-Ig FGF
receptor, sxFR inhibited 65% of specific bFGF binding to
whole cells (Fig. 6B) and also blocked bFGF-stimulated
tyrosine phosphorylation of cellular proteins with apparent
molecular masses of 45 and 42 kDa (Fig. 6C). Similar results
were obtained with Swiss/3T3 cells; sxFR inhibited 85% of
1251I-bFGF binding to whole cells and blocked bFGF-stimu-
lated tyrosine phosphorylation of cellular proteins with
apparent molecular masses of 145, 90, 45, and 42 kDa (11,
48) (data not shown). The identities of these proteins, except
for the tyrosine-phosphorylated protein at 145 kDa (phos-
pholipase C--y) (5), are not known. These experiments estab-
lish for the first time that a soluble FGF receptor fragment
can act as an FGF receptor antagonist.
The soluble FGF receptor fragment was then tested as an

inhibitor of HSV-1 infection of Vero cells and L6 cells
expressing the 3-Ig FGF receptor. sxFR was used in signif-
icantly higher concentrations for these antiviral studies

none control sxFR
FIG. 6. A soluble FGF receptor fragment, sxFR, binds bFGF

and blocks bFGF binding and stimulation of cells. (A) Autoradio-
gram of '25I-bFGF cross-linked to a soluble FGF receptor fragment.
Control medium or medium containing sxFR (1 ,ul) was covalently
cross-linked to 125I-bFGF in the absence (lanes 1 and 3) or presence
(lanes 2 and 4) of a 100-fold excess of unlabelled bFGF. Samples
were analyzed by SDS-PAGE (12%) and autoradiography. The
arrowhead indicates the position of sxFR cross-linked to 1251I-bFGF.
Molecular mass markers (in kilodaltons) are indicated to the right.
(B) Inhibition of 1251I-bFGF binding to cells. The soluble FGF
receptor fragment (sxFR; hatched bar) or control medium (control;
open bar) was preincubated with 1251-bFGF and was then added to
L6 cells expressing the 3-Ig FGF receptor. The counts per minute
(cpm) of specific 125I-bFGF binding in the absence ,of sxFR or
control is shown (none; solid bar). Samples were performed in
triplicate; error bars show standard deviations. (C) Inhibition of
bFGF-stimulated tyrosine phosphorylation. Increasing amounts of
bFGF (2, 20, and 50 ng/ml) were preincubated with sxFR or control
medium and then added to quiescent L6 cells expressing the 3-Ig
FGF receptor. The bFGF-stimulated tyrosine phosphorylation pat-
tern was analyzed by SDS-7.5% PAGE and immunoblot by using
phosphotyrosine antibody (4G10). Arrows identify cellular proteins
with enhanced tyrosine phosphorylation in response to bFGF stim-
ulation (apparent molecular masses of 45 and 42 kDa). Molecular
mass markers (in kilodaltons) are indicated to the right.

(20-fold over that required to inhibit 65% ofbFGF binding or
receptor activation) to enhance any antiviral activity. In
addition, sxFR was preincubated with relatively low num-
bers of virions and additional soluble receptor was added
during viral adsorption. Despite these conditions, the soluble
FGF receptor fragment did not inhibit herpesvirus infection
of Vero cells or L6 cells expressing the 3-Ig FGF receptor
(Fig. 7). These results do not support the proposal that bFGF
associated with HSV-1 virions interacts with cell surface
FGF receptors, thus leading to viral infection.
bFGF but not aFGF blocks HSV-1 infection. Given the

reported observation that bFGF inhibited HSV-1 infection
(32), we tested the inhibitory effect of bFGF and a closely
related member of the FGF family, aFGF, on viral infection
of various L6 cell lines. bFGF and aFGF bind to cell surface
heparan sulfates with low affinity (Kd, -10 nM), whereas
binding of either ligand to the FGF receptor (FGFR1) occurs
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FIG. 7. A soluble FGF receptor fragment (sxFR) does not inhibit

HSV-1 infection. Vero cells (Vero) and L6 cells expressing the 3-Ig
FGF receptor (3-Ig FR) were infected with HSV-1 virions (250 and
1,000 PFU/well, respectively) that were preincubated with sxFR
(open bars) or control medium (solid bars). Additional sxFR or
control medium was added during viral adsorption. Values represent
mean plaque counts (triplicate samples; error bars show standard
deviations) divided by the number of plaques in control cultures
(without addition of sxFR or control; 122 ± 2 plaques per well for
Vero cells, and 178 ± 4 plaques per well for L6 cells expressing 3-Ig
FR).

with high affinity (Kd, 0.1 to 0.01 nM) (6, 30). In L6 cells
lacking high-affinity FGF receptors (parental or vector-
transfected L6 cells), bFGF inhibited HSV-1 infection in a
dose-dependent manner, whereas aFGF had no effect on
HSV-1 infection (Fig. 8A and B, solid and hatched bars). A
bFGF-related peptide representing the binding domain of
bFGF (3, 4) similarly inhibited HSV-1 infection in L6 cells
lacking FGF receptors (Fig. 8C, solid and hatched bars). In
L6 cells expressing the 3-Ig FGF receptor, bFGF and the
bFGF-related peptide also inhibited HSV-1 infection, while
aFGF again had no effect (Fig. 8, open bars). It should be
noted that half-maximal inhibition of infection required
concentrations of bFGF higher than 5 nM, which is much
higher than the concentration required to occupy half of the
high-affinity receptors (Kd, 0.1 to 0.01 nM) (30) or to elicit a
half-maximal response (Fig. 6C). We suggest that the likely
target of bFGF inhibition of HSV-1 infection is the cell
surface heparan sulfates that bind bFGF with low affinity
(Kd, -10 nM) (45, 54, 65) and that are required for HSV-1
attachment and infection (64).

DISCUSSION
It has been proposed that bFGF and the FGF receptor

mediate HSV-1 infection on the basis of findings that bFGF
and a related peptide inhibited HSV-1 infection and that
CHO cells expressing the FGF receptor enhanced HSV-1
attachment and internalization (32). However, the latter
finding has not been reproduced by other investigators (58).
Using several different experimental approaches, we at-
tempted to clarify the role of bFGF and the FGF receptor in
HSV-1 infection.
Our results show that cells lacking high-affinity FGF

receptors (assessed by binding of 125I-bFGF, cross-linking
to 125I-bFGF, immunoblot with receptor antibodies, and
bFGF-stimulated tyrosine phosphorylation) are nevertheless
susceptible to HSV-1 infection, suggesting that the FGF
receptor is not absolutely required for HSV-1 infection. It
remains possible that these cells may have extremely low
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FIG. 8. Inhibition of HSV-1 infection by bFGF, aFGF, and a
bFGF-related peptide. L6 cells without FGF receptors (parental L6
cells, solid bars; vector-transfected, hatched bars) and L6 cells with
3-Ig FGF receptors (open bars) were incubated with increasing
concentrations (5 to 100 nM) of (A) bFGF, (B) aFGF, or (C)
bFGF-related peptide. Purified HSV-1 virions were then added to
cells (approximately 103 PFU per well), and conventional plaque
assays were performed. Values represent mean numbers of plaques
observed (duplicate samples; error bars show standard deviations)
divided by the number of plaques in control cultures that were not
incubated with bFGF or aFGF.

levels of high-affinity FGF receptors, below the limits of
detection by these methods, and that these low levels of
receptor expression are sufficient for HSV-1 infection. How-
ever, when exogenous FGF receptors were expressed at
high levels in L6 cells, there was no enhancement of their
susceptibility to HSV-1 infection, nor was the attachment of
radiolabelled virions enhanced by the expression of FGF
receptors in L6 cells (data not shown). These data suggest
that the FGF receptor does not have a significant role in
HSV-1 infection of L6 cells.
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A soluble FGF receptor fragment was tested as an inhib-
itor of HSV-1 infection. Soluble derivatives of viral recep-
tors have been shown to act as specific antiviral agents by
interfering with the initial events of viral infection, as exem-
plified by soluble CD4 for human immunodeficiency virus
infection (10, 12, 17, 25, 40, 62). It has been proposed that
bFGF associates with the virion and thereby mediates the
interaction between HSV-1 and the FGF receptor leading to
viral entry (3). In this case, we found that a soluble FGF
receptor fragment was able to bind bFGF directly and
inhibited bFGF binding and receptor activation; however,
the soluble receptor did not inhibit HSV-1 infection of either
Vero cells or L6 cells expressing the FGF receptor. It can be
argued that the quantity of soluble FGF receptor used to
inhibit HSV-1 infection was not sufficient to interfere with
the virus-receptor interaction. However, antibodies that
inhibited bFGF binding to cells also did not inhibit HSV-1
infection of Vero cells or the L6 cell lines (3, 22) (data not
shown). The results of the viral infectivity studies and the
lack of antiviral activity by the soluble FGF receptor do not
support a significant role for bFGF or the FGF receptor in
HSV-1 infection.
HSV-1 attachment to cell surface heparan sulfates is

known to be required for infection (46, 59, 64). Cell surface
heparan sulfates also serve as low-affinity binding sites for
bFGF (45) and are required for high-affinity binding to the
receptor (54, 65). We suggest that HSV-1 and bFGF both
bind to a related site on the cell surface heparan sulfates. In
support of this is our finding that bFGF inhibits HSV-1
infection of cells lacking detectable high-affinity bFGF re-
ceptors. In addition, HSV-1 interacts with specific cell
surface heparan sulfates since only bFGF, and not aFGF (a
closely related heparin-binding growth factor), inhibits
HSV-1 infection. This is the first report to suggest that bFGF
and aFGF may bind to different low-affinity sites.
The results of these experiments suggest that bFGF inhib-

its HSV-1 infection, presumably by interfering with HSV-1
attachment to cell surface heparan sulfates and not to the
high-affinity FGF receptor. Therefore, antagonists that block
bFGF binding to the FGF receptor, as shown here (Fig. 6),
are unlikely to be efficacious agents in preventing herpesvi-
rus infection. Instead, the future development of antiviral
therapeutics should focus on inhibitors of bFGF binding to
cell surface heparan sulfates as potential specific antagonists
of HSV-1 infection.
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