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The low molecular weight heparan sulfate-mimetic, PI-88,
inhibits cell-to-cell spread of herpes simplex virus
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Abstract

Although a number of sulfated polysaccharides have been shown to inhibit infection of cells by herpes simplex virus (HSV), little
is known about their effects on the cell-to-cell spread of the virus. These compounds act by inhibiting the virus binding to cells, and
their antiviral potencies usually increase with increasing molecular weight and sulfation density. We report that the low molecular weight
HS-mimetic, PI-88, which is a mixture of highly sulfated mannose-containing di- to hexa-saccharides, inhibited HSV infection of cells
and cell-to-cell spread of HSV-1 and HSV-2. Compared to a relatively large heparin polysaccharide, PI-88 demonstrated weaker inhibition
of HSV infectivity but more efficient reduction of cell-to-cell spread of HSV. A tetrasaccharide fraction of PI-88 was the minimum
fragment necessary to inhibit HSV-1 infectivity, while a trisaccharide was sufficient to reduce cell-to-cell spread. A reduction in HSV
lateral spread was also observed in cells incubated with another low molecular weight compound, pentosan polysulfate but not with much
larger polysaccharide chondroitin sulfate E. Some differences as regards the effects of PI-88, heparin, protamine, poly-l-lysine and sodium
chlorate on intercellular spread of HSV-1 and HSV-2 were found. We conclude that structurally different sulfated oligosaccharides are
preferred for inhibition of HSV infectivity and the cell-to-cell spread. The latter was efficiently inhibited by a relatively small but densely
sulfated PI-88 oligosaccharide, very likely due to the capability of the compound to access the narrow intercellular space.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Heparan sulfate (HS) chains provide binding sites for ini-
tial interactions with cells of many viruses including herpes
simplex virus types 1 and 2 (HSV-1 and HSV-2) (WuDunn
and Spear, 1989). This property of the virus is manifested by
both wild-type and laboratory strains (Terhune et al., 1998;
Trybala et al., 2002), and in HSV-1 appears to be a complex
process. In addition to the attachment step, virus entry into
cells can also be promoted by HS (Shukla et al., 1999) or
other receptor molecules such as TNF receptor-like protein
or nectin (Montgomery et al., 1996; Geraghty et al., 1998).
The HS-binding glycoproteins B and C (gB and gC) are the
major components of the HSV envelope that mediate virus
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attachment to cells (Herold et al., 1991, 1994; Gerber et al.,
1995), whereas glycoprotein D, which in the case of HSV-1
also interact with HS (Shukla et al., 1999), promotes, along
with gB and gH-gL heterodimer, the viral entry step (Cai
et al., 1987; Ligas and Johnson, 1988; Forrester et al., 1992).
The same viral glycoproteins and the same cellular recep-
tors that mediate HSV entry via the apical surface of the
cell are thought to promote cell-to-cell spread, i.e., the virus
movement across the narrow space between infected and ad-
jacent uninfected cell (Cai et al., 1987; Ligas and Johnson,
1988; Forrester et al., 1992; Shieh and Spear, 1994; Cocchi
et al., 2000; Roller and Rauch, 1998). In addition, the het-
erodimers of HSV glycoproteins E and I were shown to
promote cell-to-cell spread by sorting nascent virions to
epithelial cell junctions (Johnson et al., 2001). Efficient
cell-to-cell spread of the virus is of vital importance for pro-
ductive infection of humans, and is, therefore, an attractive
target for antiviral intervention.
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Because the virus-HS interaction relies on multiple elec-
trostatic associations between basic amino acid residues of
the HS-binding site of viral gC/gB and negatively charged
sulfate/carboxylate groups of the HS chain, a number of sul-
fated polysaccharides have been reported to interfere with
HSV infection of cells (Vaheri, 1964). These include heparin
(Vaheri, 1964; Grossman and Thonnard-Neumann, 1985)
and several other HS-mimetics such as modified heparins
(Herold et al., 1996), fucoidans (Lee et al., 2001; Ponce et al.,
2003), carrageenans (Gonzalez et al., 1987; Zacharopoulos
and Phillips, 1997), sulfated galactans (Di Caro et al., 1999;
Duarte et al., 2001), dextran sulfate and pentosan polysulfate
(Baba et al., 1988), xylogalactans (Damonte et al., 1996),
mannan sulfate (Ito et al., 1989), calcium spirulan (Lee et al.,
2001) and others. These compounds demonstrate the most
pronounced activity against free virions when present dur-
ing the phase of virus attachment to and infection of cells
(for review, seeWitvrouw and De Clercq, 1997). Further-
more, their antiviral potencies usually increase with increas-
ing (i) degree of sulfation and (ii) size of oligosaccharide
chain (Witvrouw and De Clercq, 1997). The former fea-
ture increases the likelihood of successful recognition of
oligosaccharide by the HS-binding domain of a virus at-
tachment protein, whereas the latter enables simultaneous
interaction of oligosaccharide with numerous copies of the
virus attachment protein and perhaps crosslinking the viri-
ons. In contrast, inhibition of HSV during its cell-to-cell
spread requires compound penetration into a narrow inter-
cellular space, hence, the size of the molecule might be a
limiting factor.

The anti-cancer drug, PI-88, is a mixture of highly
sulfated mannose containing oligosaccharides, the major
components being a penta- and tetrasaccharide, although
di-, tri- and hexasaccharides are also present (Ferro et al.,
2002). PI-88 is prepared by hydrolysis of the extracellular
phosphomannan polysaccharide of the yeastPichia holstii,
to yield a phosphorylated oligosaccharide fraction (PM5),
which is subsequently chemically sulfated (Parish et al.,
1999; Ferro et al., 2001; Yu et al., 2002). The antitumor
efficacy of PI-88 is based on its ability to inhibit tumor
metastasis by inhibiting the degradation of HS chains in
healthy tissues by tumor cell heparanase, and its ability
to inhibit angiogenesis by interfering with the interaction
between HS chains and angiogenic growth factors (Parish
et al., 1999). PI-88 has successfully undergone Phase I and
Ib trials in healthy volunteers and in cancer patients, with
low toxicity being demonstrated. Several Phase II trials are
currently in progress to establish the efficacy of PI-88 in
patients with malignancies (Ferro and Don, 2003).

In this study, PI-88 and heparin were compared for their
abilities to inhibit HSV infectivity and cell-to-cell spread
of progeny virus. Heparin, whose oligosaccharide chain is
on average six times larger than PI-88, was a better in-
hibitor of HSV infectivity than PI-88. In contrast, PI-88
more efficiently reduced cell-to-cell spread of the virus than
heparin. These results indicate that low molecular weight

HS-mimetics such as PI-88 might be preferred for an effi-
cient inhibition of intercellular transmission of HSV.

2. Materials and methods

2.1. Cells, viruses and PI-88 agent

African green monkey kidney (GMK AH1) epithelial cells
(Gunalp, 1965) were cultured in Eagle’s minimum essential
medium (EMEM) supplemented with 2% calf serum, 0.05%
Primaton RT substance (Kraft Inc., Norwich, Conn. USA)
and antibiotics. The HSV strains used were HSV-1 KOS321,
a plaque purified isolate of wild-type strain KOS (Holland
et al., 1984), HSV-1 KOS gC-null variant gC−39 (Holland
et al., 1983), HSV-1 gC-negative variant MP (Hoggan and
Roizman, 1959), HSV-2 strain 333 (Duff and Rapp, 1971),
and its gC-negative derivative designated HSV-2 gCneg1
(Trybala et al., 2000). The preparation and compositional
analysis of PI-88 (Yu et al., 2002) and its completely
non-sulfated precursor PM5 (Ferro et al., 2001, 2002) were
carried out as previously described. The preparation and
characterization of dephosphorylated PI-88 (DPI-88) and
the sulfated penta-, tetra- and trisaccharides (SM5, SM4 and
SM3) were carried out as previously described (Cochran
et al., 2003). The structures of the oligosaccharides used in
this study are given inFig. 1. Chondroitin sulfate E from
squid cartilage (Seikagaku, Japan) and pentosan polysulfate
(Sigma, MO, USA) were also used.

2.2. Purification of viral particles and viral glycoproteins

GMK AH1 cells were infected with HSV at a multiplicity
of 3–5, and then incubated in EMEM supplemented with
25�Ci/ml methyl-3H-thymidine (Amersham Pharmacia
Biotech, Little Chalfont, UK; specific activity 25 Ci/mmol)
for 40 h at 37◦C. The media were clarified by centrifuga-
tion at 1000× g for 25 min, and then by centrifugation at
5000× g for 7 min. Extracellular virus was pelleted from
the resulting supernatant by centrifugation at 22,000× g

for 2 h. The pellet was covered with PBS (137 mM NaCl,
2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4) and left

Fig. 1. The structure of PI-88 and other oligosaccharides used in this
study. PI-88: R= SO3Na or H, R1 = PO3Na2, n = 0–4; PM5: R = H,
R1 = PO3Na2, n = 0–4; DPI-88: R= R1 = SO3Na or H,n = 0–4; SM5:
R = R1 = SO3Na or H, n = 3; SM4: R = R1 = SO3Na or H, n = 2;
SM3: R = R1 = SO3Na or H, n = 1.
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overnight at 4◦C. The virus was purified from the pelleted
material by centrifugation through a three-step discontinu-
ous sucrose gradient (Karger and Mettenleiter, 1993). The
viral glycoproteins gC and gB were purified from lysates
of extracellular virus particles and virus-infected cells by
immunoaffinity chromatography, as previously described
(Trybala et al., 2000).

2.3. Viral plaque assays

GMK AH1 cells were seeded in 6-well cluster plates and
confluent dense monolayers that developed after 3 days of
culture were used. For plaque number-reduction assay, 1 ml
volumes of serial dilutions of PI-88 or heparin in EMEM
were mixed with approximately 200 PFU of HSV-1 or
HSV-2 and incubated for 15 min at room temperature prior
to the addition to cells. After incubation of the virus-PI88
mixture with cells for 1 h at 37◦C, the cells were washed
with 2 ml of EMEM and overlaid with 3 ml of EMEM
containing 1% methylcellulose, 2% fetal calf serum and
antibiotics. The plaques were stained with crystal violet so-
lution after 2 (HSV-2) or 3 (HSV-1) days of incubation at
37◦C. The concentration of PI-88 that inhibited the number
of viral plaques by 50% (IC50) was interpolated from the
dose-response curves. For plaque size-reduction assay, ap-
proximately 200 PFU of HSV-1 or HSV-2 were added to and
incubated with cells for 2 h at 37◦C. Subsequently, the cells
were washed with 2 ml of EMEM and overlaid with 3 ml of
EMEM containing 1% methylcellulose or 0.5% pooled hu-
man�-globulin (Aventis Behring, Marburg, Germany), and
one of the following compounds, i.e., 0.16–100�g/ml PI-88,
0.16–100�g/ml heparin, 50�M poly-l-lysine (Sigma, St.
Louis, MO), 50�g/ml protamine (Pharmacia, Stockholm,
Sweden) or 20�M sodium chlorate (Sigma). After 2–3
days of incubation at 37◦C, the viral plaques were visual-
ized by immunostaining with pooled human�-globulin as
primary and peroxidase-conjugated F(ab’)2 fragment goat
anti-human IgG (Jackson, West Grove, PA) as secondary
antibody. The images of 20 neighboring plaques per each
compound tested were captured using a Leica DC 300 dig-
ital camera attached to a Leitz-Wetzlar Diavert microscope.
The area of each plaque was determined by using IM 1000
image software (Leica).

2.4. Binding of purified virions and viral glycoproteins to
cells

Confluent monolayers of GMK AH1 cells in 24 well
plates were washed with PBS-A (PBS supplemented with
1 mM CaCl2 and 0.5 mM MgCl2) and then pretreated with
PBS-A containing 1% bovine serum albumin for 1 h at room
temperature. Serial tenfold dilutions of PI-88 in PBS-A were
mixed with purified3H-thymidine labeled HSV-1 or HSV-2
virions and incubated for 15 min at room temperature. The
cells were washed once with PBS-A and 240�l of the
virus-PI88 mixture added and incubated with the cells under

moderate agitation for 2 h at 4◦C. Subsequently, the cells
were washed three times with PBS-A, lysed with 0.2 ml of
PBS-A containing 5% SDS, and finally transferred to scin-
tillation vials for quantification of radioactivity. The effect
of PI-88 on the binding of viral gC and gB to GMK AH1
cells was tested as described previously (Lycke et al., 1991).
Briefly, purified gC and gB were preincubated for 15 min at
4◦C with tenfold increasing concentrations of PI-88. Then,
the mixtures were transferred to cells growing in 96-well
plates, and left for attachment for 1 h at 4◦C. Bound glyco-
proteins were detected by an ELISA-based procedure.

2.5. Cytotoxicity assay

GMK AH1 cells that were seeded in 24-well cluster plates
and had reached approximately 80–90% confluence at day
2 of culture were incubated for 24 h at 37◦C with 0.5 ml of
serial twofold dilutions of PI-88 in EMEM. Subsequently,
2.5�Ci of methyl-3H-thymidine were added and incubated
with cells for 2 h at 37◦C. The cells were then washed three
times with 1 ml of EMEM and lysed with 5% SDS solution
for quantification of radioactivity.

3. Results

3.1. PI-88 reduces cell-to-cell spread of HSV

We sought to examine whether PI-88 would interfere with
HSV infection of cells and subsequent cell-to-cell spread of
progeny viruses. The structure of PI-88 is shown inFig. 1.
The major constituents of PI-88 are penta- and tetrasaccha-
rides that represent approximately 60 and 30% of the mix-
ture, respectively. The remaining components are di-, tri-
and hexasaccharides (Ferro et al., 2002). The average de-
gree of sulfation of each PI-88 monosaccharide unit ranges
from 2.9 to 3.1, which is twice that of heparin. Thus, PI-88
has a significantly shorter chain length and a higher degree
of sulfation than most species of HS.

Incubation of GMK AH1 cells for 24 h in the presence of
PI-88 at concentrations of up to 1 mg/ml exerted no signifi-
cant cytotoxicity as evaluated by a3H-thymidine incorpora-
tion assay (Fig. 2A) and microscopic observation of the cell
morphology (data not shown). The effect of PI-88 on HSV
infectivity was assayed by incubating the virus with the
compound for 15 min before addition to the GMK AH1 cells
and during the 1 h period of virus attachment to and infection
of cells. The results expressed as a reduction in the number
of viral plaques developed are shown inFig. 2A andTable
1 (IC50 values). The effect of PI-88 on cell-to-cell spread of
HSV was investigated by adding the compound to cells after
their infection with HSV and leaving it on the monolayer
of cells throughout the entire period of the development
of viral plaques (Fig. 2B). To ensure that the virus spread
occurred only via the cell-to-cell transmission, the overlay
medium was supplemented with methylcellulose or pooled



18 K. Nyberg et al. / Antiviral Research 63 (2004) 15–24

Fig. 2. Interference of PI-88 with HSV infectivity and cell-to-cell spread. Panel A: PI-88 or heparin at different concentrations were incubated with
approximately 200 PFU of HSV-1 KOS321 or HSV-2 333 for 15 min prior to and during 1 h period of virus infection of GMK AH1 cells. The results
are expressed as a percentage of the number of viral PFU found with drug-treated virions relative to mock-treated controls. Values shown are means of
four determinations from two separate experiments. The square symbols show the effect of different concentrations of PI-88 on the viability of GMK
AH1 cells as measured by incorporation of3H-thymidine by PI-88-treated cells relative to mock-treated controls. Panel B: The cells were infected with
approximately 200 PFU of either HSV-1 KOS321 or HSV-2 333, and then overlaid with EMEM supplemented with 1% methylcellulose and different
concentrations of PI-88 or heparin. The results are expressed as a percentage of the average area of viral plaques developed in drug-treated cells
relative to mock-treated controls. Images of 20 viral plaques per each dilution of the compounds were captured and subjected to area determinations
using the IM1000 software. The average area of HSV-1 plaques in control wells was 0.21 mm2 ± 0.05 (PI-88 experiment) and 0.19 mm2 ± 0.07 (heparin
experiment). The corresponding values for HSV-2 were 0.35 mm2 ± 0.22 and 0.28 mm2 ± 0.14, respectively.

Table 1
Effect of PI-88 on HSV infectivitya and sizeb of HSV plaques

Compound Molecular weight
(kDa; average)

Sulfate groups per
saccharide (average)

Assay IC50 (�g/ml)

HSV-1 HSV-2

PI-88 2.4 3 Infectivity 6 2
Plaque size 2 0.7

Heparin 15 1.4 Infectivity 1 0.8
Plaque size 50 7

Pentosan polysulfate 3 2 Plaque size 12 3
Chondroitin sulfate E 70 1 Plaque size >100 >100

a Plaque number reduction assay.
b Plaque size reduction assay.
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human�-globulin. The results expressed as a reduction in
the area of viral plaques formed are shown inFig. 2B and
Table 1(IC50 values). Heparin appeared to a better inhibitor
than PI-88 of HSV infectivity, whereas PI-88 more effi-
ciently than heparin reduced the cell-to-cell spread of HSV.
These data suggest that the low molecular weight and/or
extensive sulfation might be important structural determi-
nants of the compound ability to interfere with intercellular
virus transmission. Therefore, another pair of structurally
different compounds, i.e., a relatively small but extensively
sulfated pentosan polysulfate and a much larger chondroitin
sulfate E polysaccharide (Table 1) were compared for their
effects on the virus spread. Pentosan polysulfate has been
reported to be a good inhibitor of HSV infectivity (Baba
et al., 1988), while chondroitin sulfate E potency upon HSV
infection of cells seems to be one of the most pronounced
among polysaccharide compounds (IC50 of 10–30 ng/ml
in GMK AH1 cells; Bergstrom et al., unpublished data).

Fig. 3. Effect of PI-88, PM5 and DPI-88 preparations and size-fractionated DPI-88 oligosaccharides on HSV infectivity in GMK AH1 cells. Different
concentrations of native PI-88, its non-sulfated precursor (PM5) and a non-phosphorylated preparation (DPI-88) as well as tri- (SM3), tetra- (SM4), and
pentasaccharide (SM5) fractions of DPI-88 were incubated with approximately 200 PFU of HSV-1 KOS321 (Panel A) or HSV-2 333 (Panel B) for 15 min
prior to and during 1 h period of virus infection of GMK AH1 cells. The results are expressed as a percentage of the number of viral PFU formed in
cells infected with the oligosaccharide-treated virus relative to mock-treated controls. Values shown are means of four determinations from two separate
experiments. Panels C and D: PI-88 or derivative compounds (each at 100�g/ml) were added to cells after their infection with the virus and incubated
with cells throughout the entire period of the development of viral plaques. The results are expressed as a percentage of the average areas of 20 viral
plaques developed in drug-treated cells relative to mock-treated controls. Statistically significant differences atP values of<0.01 (∗∗) and<0.005 (∗∗∗).
Two separate experiments were carried out for each compound. For further explanations, see legend toFig. 2B.

Pentosan polysulfate but not chondroitin sulfate E reduced
the area of HSV-1 and HSV-2 plaques when examined at
a concentration range of 0.016–100�g/ml (Table 1). In ad-
dition to GMK AH1 cells, PI-88 also exerted an inhibitory
effect on the size of HSV-1 and HSV-2 plaques formed
in human oral SVpgC2a keratinocytes, mink lung Mu1Lu
cells, but not in mouse L cell fibroblasts (data not shown).

3.2. Structural features of PI-88 required for antiviral
activity

The effect of fractionated PI-88 oligosaccharides on
HSV-1 infectivity and cell-to-cell spread of the virus is
shown inFig. 3A–D, respectively. The inhibition of HSV
infectivity by PI-88 was dependent upon the presence of
anionic charge and the size of the oligosaccharide compo-
nents of PI-88 (Fig. 3). Replacement of the 6-O-phosphate
group in PI-88 by a sulfate group (DPI-88) did not alter the



20 K. Nyberg et al. / Antiviral Research 63 (2004) 15–24

anti-HSV-1 (Fig. 3A) and anti-HSV-2 (Fig. 3B) potency of
PI-88. However, PM5, the non-sulfated precursor of PI-88,
demonstrated no anti-HSV activity.Fig. 3A and B also
depicts the anti-HSV activity of the individual oligosac-
charide components of the DPI-88 mixture, which were
fractionated according to their size. The penta- (SM5) and
tetrasacharide (SM4) fractions of DPI-88 were the most
active components, however, their antiviral (and especially
their anti-HSV-1) activities were less than that of the na-
tive compound. These results indicate that the simultaneous
presence of tetra-, penta- and perhaps hexasaccharide (a
minor DPI-88 fraction not tested in this experiment) com-
ponents might be required for expression of the full antiviral
activity of DPI-88. This interpretation can be extended to
PI-88, as the only structural difference between PI-88 and
DPI-88 (sulfate-for-phosphate substitution) did not alter
their anti-HSV activities (see above). In the cell-to-cell
spread assay, the PI-88 precursor/derivative fractions were
only tested at a concentration of 100�g/ml. Most of the
compounds that inhibited HSV-1 infectivity (Fig. 3A and
B) also reduced cell-to-cell spread of HSV-1 (Fig. 3C) and
HSV-2 (Fig. 3D). Note that the trisaccharide preparation at
100�g/ml did not inhibit HSV-1 infectivity (Fig. 3A), but
somewhat reduced (P = 0.058) the cell-to-cell spread of
this virus (Fig. 3C).

3.3. Mechanism of antiviral activity of PI-88

The inhibitory effect of PI-88 upon HSV infectivity oc-
curred when the compound was present during the phase of
viral attachment to and subsequent infection of the cell (see
Fig. 2A). In contrast, incubation of PI-88 with cells for 3 h
either prior to, or after the virus adsorption step, had no ef-
fect on the number of HSV-1 and HSV-2 plaques formed
(data not shown). The effect of PI-88 on the binding to cells
of purified radiolabeled HSV-1 and HSV-2 particles or iso-
lated HSV-1 attachment components gC and gB is shown
in Fig. 4A and B, respectively. Presence of PI-88 during the
attachment phase reduced the binding of both the virus par-
ticles and viral proteins to GMK AH1 cells. PI-88 also re-
duced the size of HSV gC-negative variants: HSV-1 gC−39,
HSV-1 MP, and HSV-2 gC-neg1 (data not shown) in which
gB is thought to mediate attachment functions. These results
suggest that PI-88 inhibits HSV infection of cells through
interfering with the binding of the viral attachment glyco-
proteins gC and gB to the cells.

Several other compounds, which are known to inhibit
HSV infectivity through interference with the HSV-HS in-
teraction, were also tested for their effect on the cell-to-cell
spread of HSV-1 (Fig. 5A) and HSV-2 (Fig. 5B). As al-
ready observed (seeFig. 2B), heparin (100�g/ml) was a
weaker inhibitor than PI-88 of HSV-1 cell-to-cell (Fig. 5A)
spread. Note that although some plaque-size heterogeneity
was observed with the HSV-2 333 strain, all of these plaque
variants were affected by PI-88. Heparin, although being
a poorer inhibitor of HSV-2 lateral spread than of HSV-2

Fig. 4. Interference of PI-88 with the binding to cells of HSV-1 virions
and HSV-1 glycoproteins. PI-88 at different concentrations was incubated
with 3H-thymidine labeled HSV-1 virions (Panel A) or with isolated
HSV-1 glycoproteins gB and gC (Panel B) for 15 min prior to and
during 1 h period of virus adsorption to GMK AH1 cells. The results are
expressed as a percentage of attached viral cpm, or absorbance of attached
viral glycoproteins found with PI-88-treated virions or proteins relative
to mock-treated controls. Values shown are means of four determinations
from two separate experiments.

infectivity (for IC50 values, seeTable 1), at the concentra-
tion used in this experiment (100�g/ml) reduced the size
of HSV-2 plaques (Fig. 5B). Since the molecular weight
of heparin chains ranges from 5 to 25 kDa in commercial
preparations (Lindahl et al., 1994), it cannot be excluded
that the low molecular weight fragments of heparin chain
were responsible for the observed reduction in HSV spread.
A reduced size of HSV-1 plaques was also observed in cells
incubated in medium supplemented with polycationic com-
pounds poly-l-lysine (50�M) and protamine (50�g/ml)
(Fig. 5) although the inhibitory effects were less that those
exerted by PI-88. In contrast protamine had only a marginal
effect on the size of HSV-2 plaques but moderate reduc-
tion was found with poly-l-lysine. When used at relatively
low concentrations both poly-l-lysine (5�M) and protamine
(5�g/ml) had only a marginal effect on HSV-1 spread. In ad-
dition, sodium chlorate, an inhibitor of glycosaminoglycan
sulfation, was added to GMK AH1 cells after their infection
with HSV and left on monolayers of cells throughout the en-
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Fig. 5. Effects of PI-88, heparin, sodium chlorate, protamine or poly-l-lysine on the size of HSV plaques in GMK AH1 cells. The cells were infected with
approximately 200 PFU of either HSV-1 KOS321 (Panel A), HSV-2 333 (Panel B), and then overlaid with EMEM supplemented with 1% methylcellulose
and PI-88 (100�g/ml), heparin (100�g/ml), sodium chlorate (20 mM), protamine (50�g/ml) or poly-l-lysine (50�M). After incubation for 3 days at 37◦C,
the viral plaques were visualized by immunostaining. In parentheses are the percentages of the average area of 20 plaques measured in drug-treated cells
relative to mock-treated controls. Two to three separate experiments were carried out for each compound. For further explanations, see legend toFig. 2B.

tire period of development of viral plaques. Sodium chlorate
(20 mM) was added to complete, sulfate-containing EMEM,
conditions which have been reported to inhibit 6-O-, and
2-O-sulfation of HS chains (Safaiyan et al., 1999). As seen
in Fig. 5, HSV-1 but not HSV-2 formed smaller plaques in
cells treated with sodium chlorate than in mock-treated con-
trol cells. These results indicate that the cell-to-cell spread of
the virus could be targeted by some polycationic and polyan-

ionic compounds, and that HSV-1 and HSV-2 differed in
this regard.

4. Discussion

HSV infects the cells of stratified squamous epithelium
that form epidermis and mucosa at different anatomical sites
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including oral and genital regions. A rapid cell-to-cell spread
of the virus is of vital importance in avoiding the developing
immune response and thus in establishing productive pri-
mary or recurrent infections in humans. Our experiments in
cultured cells revealed that the cell-to-cell spread of HSV can
be targeted by PI-88 sulfated oligosaccharide. Although the
inhibition of HSV infection of cells by sulfated polysaccha-
rides is a long known phenomenon (Takemoto and Fabisch,
1964; Vaheri, 1964), little is known about the effect of these
compounds on intercellular transmission of HSV.Aguilar
et al. (1999)reported that the polysulfonated compound,
suramin, interfered with the cell-to-cell spread of HSV-1.
Because the same viral proteins and the same cellular recep-
tors that promote virus attachment to and entry via the apical
surface of cells are thought to mediate intercellular trans-
mission of the virus (Cai et al., 1987; Ligas and Johnson,
1988; Forrester et al., 1992; Shieh and Spear, 1994; Cocchi
et al., 2000; Roller and Rauch, 1998), sulfated polysaccha-
rides should theoretically interfere with both these activi-
ties. However, our data demonstrate that the high molecular
weight polysaccharide compounds, heparin (∼15 kDa) and
chondroitin sulfate E (∼70 kDa), which are known to be
potent inhibitors of HSV infectivity, reduced cell-to-cell
spread of the virus inefficiently. In contrast, the low molec-
ular weight compounds, PI-88 (∼2.4 kDa) and pentosan
polysulfate (∼3 kDa) demonstrated substantial reduction
of intercellular transmission of HSV. Thus, it is likely that
the high molecular weight of the sulfated polysaccharide,
which is a required feature for efficient inhibition of viral
infectivity, might limit accession of a compound to the nar-
row intercellular space, and thereby limit its interference
with the cell-to-cell transmission of the virus. However, one
cannot exclude that in addition to the molecular weight,
the extensive sulfation of PI-88 and pentosan polysulfate
oligosaccharides might contribute to their anti-HSV spread
activities. The low molecular weight (3.4 kDa) and densely
sulfated dextran sulfate derivative was reported to inhibit
cytopathic effect of several viruses including HSV (for re-
view, seeWitvrouw and De Clercq, 1997). Carlucci et al.
(1997)reported that the relatively small but highly sulfated
seaweed galactan (∼2.8 kDa) inhibited infection of cells by
HSV-1 and HSV-2. It would be of interest to determine a
possible contribution of anti-spread effects of these com-
pounds to the inhibition of viral cytopathicity or their ability
to reduce the size of viral plaques.

The mechanism of inhibition of HSV infectivity by PI-88,
i.e., its interference with the binding of viral attachment pro-
teins gC and gB to cell surface glycosaminoglycans was sim-
ilar to that reported earlier for heparin (WuDunn and Spear,
1989; Svennerholm et al., 1991; Trybala et al., 2002) and
other sulfated polysaccharides (Witvrouw and De Clercq,
1997). It is likely that the inhibition of cell-to-cell spread
of HSV by PI-88 is based on a similar mechanism. This
assumption stems from our data that several other puta-
tive inhibitors of virus-HS interaction or inhibitors of HS
chain O-sulfation such as protamine, poly-l-lysine (Vaheri,

1964; Langeland et al., 1987) or sodium chlorate (Safaiyan
et al., 1999), reduced, like PI-88, intercellular spread of HSV.
Nonetheless, differential sensitivities of HSV-1 spread and
infectivity of this virus to the trisaccharide fraction of PI-88
suggested that the virus-HS interaction might be somehow
different in these two phenomena.

Certain structural features of sulfated polysaccharide
such as the high molecular weight, hydrophilicity and neg-
ative charge load are known to adversely affect stability,
bioavailability, and penetration of these compounds into the
solid tissues (e.g.,Lorentsen et al., 1989; Artmann et al.,
1990). Consequently, a potential antimicrobial application
of sulfated polysaccharides has so far been limited to top-
ical prevention of the host-to-host expansion of certain
sexually transmitted agents (Neyts and De Clercq, 1995;
Zacharopoulos and Phillips, 1997). Our observation that
PI-88 reduced HSV spread also in monolayer cultures of
human oral keratinocytes, i.e., in cells relevant for an in vivo
HSV-1 infection, could extend potential application of this
class of sulfated carbohydrate compounds to topical treat-
ment of HSV lesions. In this respect, it is noteworthy that
penetration of topically applied heparin into human epider-
mis was dependent upon the molecular size of the prepara-
tion used. The low molecular weight fraction demonstrated
greater penetration into the epidermal tissue than native hep-
arin (Betz et al., 2001). In the light of these data it would be
of interest to determine whether relatively small but densely
sulfated oligosaccharides such as PI-88 could penetrate into
the deep layers of human mucosal or epidermal membranes,
i.e., into the sites of preferential infection with HSV.

Acknowledgements

This work was supported by grants from the Mizu-
tani Foundation for Glycoscience, the Swedish Research
Council, the Sahlgren’s University Hospital Läkarutbild-
ningsavtal, and the Scandinavian Society for Antimicrobial
Chemotherapy. CF and CRP were funded by a NH&MRC
Program grant. We thank Dr. Jon Fairweather (Progen) for
the preparation of some of the PI-88 derivatives.

References

Aguilar, J.S., Rice, M., Wagner, E.K., 1999. The polysulfonated compound
suramin blocks adsorption and lateral diffusion of herpes simplex virus
type-1 in Vero cells. Virology 258, 141–151.

Artmann, C., Roding, J., Ghyczy, M., Pratzel, H.G., 1990. Liposomes from
soya phospholipids as percutaneous drug carriers. 2nd Communication:
quantitative in vivo investigations with radioactively labelled liposomes.
Arzneimittelforschung 40, 1365–1368.

Baba, M., Snoeck, R., Pauwels, R., De Clercq, E., 1988. Sulfated polysac-
charides are potent and selective inhibitors of various enveloped viruses,
including herpes simplex virus, cytomegalovirus, vesicular stomati-
tis virus, and human immunodeficiency virus. Antimicrob. Agents
Chemother. 32, 1742–1745.



K. Nyberg et al. / Antiviral Research 63 (2004) 15–24 23

Betz, G., Nowbakht, P., Imboden, R., Imanidis, G., 2001. Heparin pen-
etration into and permeation through human skin from aqueous and
liposomal formulations in vitro. Int. J. Pharm. 228, 147–159.

Cai, W.Z., Person, S., Warner, S.C., Zhou, J.H., DeLuca, N.A., 1987.
Linker-insertion nonsense and restriction-site deletion mutations of the
gB glycoprotein gene of herpes simplex virus type 1. J. Virol. 61,
714–721.

Carlucci, M.J., Scolaro, L.A., Errea, M.I., Matulewicz, M.C., Damonte,
E.B., 1997. Antiviral activity of natural sulphated galactans on herpes
virus multiplication in cell culture. Planta Med. 63, 429–432.

Cocchi, F., Menotti, L., Dubreuil, P., Lopez, M., Campadelli-Fiume, G.,
2000. Cell-to-cell spread of wild-type herpes simplex virus type 1,
but not of syncytial strains, is mediated by the immunoglobulin-like
receptors that mediate virion entry, nectin1 (PRR1/HveC/HIgR) and
nectin2 (PRR2/HveB). J. Virol. 74, 3909–3917.

Cochran, S., Li, C., Fairweather, J.K., Kett, W.C., Coombe, D.R., Ferro,
V., 2003. Probing the interactions of phosphosulfomannans with an-
giogenic growth factors by surface plasmon resonance. J. Med. Chem.
46, 4601–4608.

Damonte, E.B., Matulewicz, M.C., Cerezo, A.S., Coto, C.E., 1996. Herpes
simplex virus-inhibitory sulfated xylogalactans from the red seaweed
Nothogenia fastigiata. Chemotherapy 42, 57–64.

Di Caro, A., Perola, E., Bartolini, B., Marzano, M., Liverani, L., Mas-
cellani, G., Benedetto, A., Cellai, L., 1999. Fractions of chemically
oversulphated galactosaminoglycan sulphates inhibit three enveloped
viruses: human immunodeficiency virus type 1, herpes simplex virus
type 1 and human cytomegalovirus. Antiviral Chem. Chemother. 10,
33–38.

Duarte, M.E., Noseda, D.G., Noseda, M.D., Tulio, S., Pujol, C.A., Da-
monte, E.B., 2001. Inhibitory effect of sulfated galactans from the
marine alga Bostrychia montagnei on herpes simplex virus replication
in vitro. Phytomedicine 8, 53–58.

Duff, R., Rapp, F., 1971. Oncogenic transformation of hamster cells after
exposure to herpes simplex virus type 2. Nature New Biol. 233, 48–50.

Ferro, V., Don, R., 2003. The development of the novel angiogenesis
inhibitor PI-88 as an anticancer drug. Austr. Biotechnol. 13, 38–39.

Ferro, V., Li, C., Fewings, K., Palermo, M.C., Linhardt, R.J., Toida, T.,
2002. Determination of the composition of the oligosaccharide phos-
phate fraction of Pichia (Hansenula) holstii NRRL Y-2448 phospho-
mannan by capillary electrophoresis and HPLC. Carbohydr. Res. 337,
139–146.

Ferro, V., Fewings, K., Palermo, M.C., Li, C., 2001. Large-scale prepara-
tion of the oligosaccharide phosphate fraction of Pichia holstii NRRL
Y-2448 phosphomannan for use in the manufacture of PI-88. Carbo-
hydr. Res. 332, 183–189.

Forrester, A., Farrell, H., Wilkinson, G., Kaye, J., Davis-Poynter, N.,
Minson, T., 1992. Construction and properties of a mutant of herpes
simplex virus type 1 with glycoprotein H coding sequences deleted.
J. Virol. 66, 341–348.

Geraghty, R.J., Krummenacher, C., Cohen, G.H., Eisenberg, R.J., Spear,
P.G., 1998. Entry of alphaherpesviruses mediated by poliovirus
receptor-related protein 1 and poliovirus receptor. Science 280, 1618–
1620.

Gerber, S.I., Belval, B.J., Herold, B.C., 1995. Differences in the role of
glycoprotein C of HSV-1 and HSV-2 in viral binding may contribute
to serotype differences in cell tropism. Virology 214, 29–39.

Gonzalez, M.E., Alarcon, B., Carrasco, L., 1987. Polysaccharides as
antiviral agents: antiviral activity of carrageenan. Antimicrob. Agents
Chemother. 31, 1388–1393.

Grossman III, J.H., Thonnard-Neumann, E., 1985. Topical heparin for
recurrent genital herpes simplex virus infections. A proposed model
for subsequent therapeutic trials. J. Reprod. Med. 30, 675–676.

Gunalp, A., 1965. Growth and cytopathic effect of rubella virus in a line of
Green monkey kidney cells. Proc. Soc. Exp. Biol. Med. 118, 185–190.

Herold, B.C., WuDunn, D., Soltys, N., Spear, P.G., 1991. Glycoprotein C
of herpes simplex virus type 1 plays a principal role in the adsorption
of virus to cells and in infectivity. J. Virol. 65, 1090–1098.

Herold, B.C., WuDunn, D., Visalli, R.J., Sumarski, N., Brandt, C., Spear,
P.G., 1994. Glycoprotein C-independent binding of herpes simplex
virus to cells requires cell surface heparan sulfate and glycoprotein B.
J. Gen. Virol. 75, 1211–1222.

Herold, B.C., Gerber, S.I., Belval, B.J., Siston, A.M., Shulman, N., 1996.
Differences in the susceptibility of herpes simplex virus types 1 and 2
to modified heparin compounds suggest serotype differences in viral
entry. J. Virol. 70, 3461–3469.

Hoggan, M.D., Roizman, B., 1959. The isolation and properties of a variant
of herpes simplex producing multinucleated giant cells in monolayer
cultures in the presence of antibody. Am. J. Hyg. 70, 208–219.

Holland, T.C., Homma, F.L., Marlin, S.D., Levine, M., Glorioso, J., 1984.
Herpes simplex virus type 1 glycoprotein C-negative mutants exhibit
multiple phenotypes, including secretion of truncated glycoproteins. J.
Virol. 52, 566–574.

Holland, T.C., Marlin, S.D., Levine, M., Glorioso, J., 1983. Antigenic
variants of herpes simplex virus selected with glycoprotein-specific
monoclonal antibodies. J. Virol. 45, 672–682.

Ito, M., Baba, M., Hirabayashi, K., Matsumoto, T., Suzuki, M., Suzuki, S.,
Shigeta, S., De Clercq, E., 1989. In vitro activity of mannan sulfate, a
novel sulfated polysaccharide, against human immunodeficiency virus
type 1 and other enveloped viruses. Eur. J. Clin. Microbiol. Infect.
Dis. 8, 171–173.

Johnson, D.C., Webb, M., Wisner, T.W., Brunetti, C., 2001. Herpes simplex
virus gE/gI sorts nascent virions to epithelial cell junctions, promoting
virus spread. J. Virol. 75, 821–833.

Karger, A., Mettenleiter, T.C., 1993. Glycoproteins gIII and gp50 play
dominant roles in the biphasic attachment of pseudorabies virus. Vi-
rology 194, 654–664.

Langeland, N., Holmsen, H., Lillehaug, J.R., Haarr, L., 1987. Evidence
that neomycin inhibits binding of herpes simplex virus type 1 to the
cellular receptor. J. Virol. 61, 3388–3393.

Lee, J.B., Srisomporn, P., Hayashi, K., Tanaka, T., Sankawa, U., Hayashi,
T., 2001. Effects of structural modification of calcium spirulan, a
sulfated polysaccharide from Spirulina platensis, on antiviral activity.
Chem. Pharm. Bull. (Tokyo) 49, 108–110.

Ligas, M.W., Johnson, D.C., 1988. A herpes simplex virus mutant in
which glycoprotein D sequences are replaced by beta-galactosidase
sequences binds to but is unable to penetrate into cells. J. Virol. 62,
1486–1494.

Lindahl, U., Lidholt, K., Spillmann, D., Kjellen, L., 1994. More to
“heparin” than anticoagulation. Thromb. Res. 75, 1–32.

Lorentsen, K.J., Hendrix, C.W., Collins, J.M., Kornhauser, D.M., Petty,
B.G., Klecker, R.W., Flexner, C., Eckel, R.H., Lietman, P.S., 1989.
Dextran sulfate is poorly absorbed after oral administration. Ann.
Intern. Med. 111, 561–566.

Lycke, E., Johansson, M., Svennerholm, B., Lindahl, U., 1991. Binding
of herpes simplex virus to cellular heparan sulphate, an initial step in
the adsorption process. J. Gen. Virol. 72, 1131–1137.

Montgomery, R.I., Warner, M.S., Lum, B.J., Spear, P.G., 1996. Herpes
simplex virus-1 entry into cells mediated by a novel member of the
TNF/NGF receptor family. Cell 87, 427–436.

Neyts, J., De Clercq, E., 1995. Effect of polyanionic compounds on
intracutaneous and intravaginal herpesvirus infection in mice: impact
on the search for vaginal microbicides with anti-HIV activity. J. Acquir.
Immune Defic. Syndr. Hum. Retrovirol. 10, 8–12.

Parish, C.R., Freeman, C., Brown, K.J., Francis, D.J., Cowden, W.B., 1999.
Identification of sulfated oligosaccharide-based inhibitors of tumor
growth and metastasis using novel in vitro assays for angiogenesis and
heparanase activity. Cancer Res. 59, 3433–3441.

Ponce, N.M., Pujol, C.A., Damonte, E.B., Flores, M.L., Stortz, C.A., 2003.
Fucoidans from the brown seaweed Adenocystis utricularis: extraction
methods, antiviral activity and structural studies. Carbohydr. Res. 338,
153–165.

Roller, R.J., Rauch, D., 1998. Herpesvirus entry mediator HVEM mediates
cell-cell spread in BHK(TK−) cell clones. J. Virol. 72, 1411–1417.



24 K. Nyberg et al. / Antiviral Research 63 (2004) 15–24

Safaiyan, F., Kolset, S.O., Prydz, K., Gottfridsson, E., Lindahl, U.,
Salmivirta, M., 1999. Selective effects of sodium chlorate treatment
on the sulfation of heparan sulfate. J. Biol. Chem. 274, 36267–
36273.

Shieh, M.T., Spear, P.G., 1994. Herpesvirus-induced cell fusion that is
dependent on cell surface heparan sulfate or soluble heparin. J. Virol.
68, 1224–1228.

Shukla, D., Liu, J., Blaiklock, P., Shworak, N.W., Bai, X., Esko, J.D.,
Cohen, G.H., Eisenberg, R.J., Rosenberg, R.D., Spear, P.G., 1999. A
novel role for 3-O-sulfated heparan sulfate in herpes simplex virus 1
entry. Cell 99, 13–22.

Svennerholm, B., Jeansson, S., Vahlne, A., Lycke, E., 1991. Involvement
of glycoprotein C (gC) in adsorption of herpes simplex virus type 1
(HSV-1) to the cell. Arch. Virol. 120, 273–279.

Takemoto, K.K., Fabisch, P., 1964. Inhibition of herpes simplex virus by
natural and synthetic acid polysaccharides. Proc. Soc. Exp. Biol. Med.
116, 140–144.

Terhune, S.S., Coleman, K.T., Sekulovich, R., Burke, R.L., Spear, P.G.,
1998. Limited variability of glycoprotein gene sequences and neutral-
izing targets in herpes simplex virus type 2 isolates and stability on
passage in cell culture. J. Infect. Dis. 178, 8–15.

Trybala, E., Liljeqvist, J.-A., Svennerholm, B., Bergstrom, T., 2000. Her-
pes simplex virus types 1 and 2 differ in their interaction with heparan
sulfate. J. Virol. 74, 9106–9114.

Trybala, E., Roth, A., Johansson, M., Liljeqvist, J.-A., Rekabdar, E.,
Larm, O., Bergstrom, T., 2002. Glycosaminoglycan-binding ability is
a feature of wild-type strains of herpes simplex virus type 1. Virology
302, 413–419.

Vaheri, A., 1964. Heparin and related polyionic substances as virus in-
hibitors. Acta Pathol. Microbiol. Scand. 18 (Suppl.), 171.

Witvrouw, M., De Clercq, E., 1997. Sulfated polysaccharides extracted
from sea algae as potential antiviral drugs. Gen. Pharmacol. 29, 497–
511.

WuDunn, D., Spear, P.G., 1989. Initial interaction of herpes simplex virus
with cells is binding to heparan sulfate. J. Virol. 63, 52–58.

Yu, G., Gunay, N.S., Linhardt, R.J., Toida, T., Fareed, J., Hoppensteadt,
D.A., Shadid, H., Ferro, V., Li, C., Fewings, K., Palermo, M.C., Podger,
D., 2002. Preparation and anticoagulant activity of the phosphosulfo-
mannan PI-88. Eur. J. Med. Chem. 37, 783–791.

Zacharopoulos, V.R., Phillips, D.M., 1997. Vaginal formulations of car-
rageenan protect mice from herpes simplex virus infection. Clin. Di-
agn. Lab. Immunol. 4, 465–468.


	The low molecular weight heparan sulfate-mimetic, PI-88, inhibits cell-to-cell spread of herpes simplex virus
	Introduction
	Materials and methods
	Cells, viruses and PI-88 agent
	Purification of viral particles and viral glycoproteins
	Viral plaque assays
	Binding of purified virions and viral glycoproteins to cells
	Cytotoxicity assay

	Results
	PI-88 reduces cell-to-cell spread of HSV
	Structural features of PI-88 required for antiviral activity
	Mechanism of antiviral activity of PI-88

	Discussion
	Acknowledgements
	References


