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The antiviral activity of sulfated polysaccharides against dengue virus
is dependent on virus serotype and host cell
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Abstract

Two homogeneous sulfated polysaccharides obtained from the red seaweedsGymnogongrus griffithsiaeandCryptonemia crenulata, the
kappa/iota/nu carrageenanG3dand thedl-galactan hybridC2S-3, were assayed for their antiviral properties against the four serotypes of
d ero cells
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engue virus (DENV) in different host cell types. Both seaweed derivatives were selective inhibitors of DENV-2 multiplication in V
ith inhibitory concentration 50% (IC50) values around 1�g/ml and selectivity indices >1000. The compounds had a lower antiviral
gainst DENV-3 (IC50 values in the range 13.9–14.2�g/ml), an even lower effect against DENV-4 (IC50 values in the range 29.3 to >50�g/ml)
nd were totally inactive against DENV-1. With respect to the host cell, the polysulfates were inhibitors of DENV-2 and DENV-3 in th
epatoma HepG2 and foreskin PH cells, with similar antiviral effectiveness as in Vero cells, but were totally inactive in mosqu
T cells. Mechanistic studies demonstrated thatG3dandC2S-3were active DENV-2 inhibitors only when added together with the viru
arly after infection, and both initial processes of virus adsorption and internalization are the main targets of these compounds. Th
ariations in antiviral activity of the polysaccharides depending on the viral serotype and the host cell may be ascribed to differen
irus-cell interaction leading to virus entry.
2005 Published by Elsevier B.V.
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. Introduction

Flavivirus is a genus of the familyFlaviviridaecomposed
y nearly 80 members. Many flaviviruses are arthropod-borne
iruses that cause important human diseases, including yel-
ow fever virus (YFV), dengue virus (DENV), West Nile virus
WNV) and Japanese encephalitis virus (JEV) (Lindenbach
nd Rice, 2001). In particular, DENV has re-emerged in re-
ent years as an increasingly important public health threat
ffecting more than 100 countries worldwide, with nearly 50
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million infections each year and over 2.5 billion people
risk (Gubler, 2002).

DENV circulates in nature as four serotypes (DENV-
DENV-4), which are transmitted to humans by two spe
of mosquitoes,Aedes aegyptiandAedes albopictus. Infec-
tion with DENV produces a wide spectrum of clinical illne
ranging from silent infection to either a mild febrile, se
limited acute syndrome known as dengue fever (DF) o
severe and often fatal dengue hemorrhagic disease (
and dengue shock syndrome (DSS). Instead of the inc
ing global incidence of DF and DHF occurred in the
decades, there is neither specific chemotherapy nor va
for treatment and prevention of DENV infection. Supp
ive medical care and symptomatic treatment through hy
tion are the most important aids to patients and to imp
survival in the severe forms of disease. Consequently,

166-3542/$ – see front matter © 2005 Published by Elsevier B.V.
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approaches for the control of DENV infection are urgently
needed.

The enveloped DENV virions contain a single-stranded,
positive sense RNA that is translated as a single polyprotein
and cleaved into three structural proteins, capsid (C), mem-
brane (M) and envelope (E), and seven non-structural pro-
teins. The viral replicative cycle starts with the attachment
of virus to the surface of the host cell. The blockade of virus
binding is a valuable antiviral strategy because it allows to
establish a first barrier to suppress infection. Although the
identity of the cellular receptor for DENV is at present con-
troversial, several reports have shown that the glycosamino-
glycan heparan sulfate (HS) is involved in the initial binding
of glycoprotein E to host cells for DENV attachment (Chen
et al., 1997; Hung et al., 1999; Hilgard and Stockert, 2000;
Germi et al., 2002). Many diverse viruses have been shown
to interact with HS for target cell binding (Spillmann, 2001),
but the DENV interaction is unusual for its specificity for a
highly sulfated form of HS (Chen et al., 1997).

Based on this putative receptor role of HS for DENV,
other charged polyanions could be effective inhibitors of vi-
ral infectivity. We have previously reported that noveldl-
galactan hybrids can inhibit DENV-2 replication in Vero
cells (Pujol et al., 2002). In the present study, diverse nat-
ural sulfated polysaccharides isolated from the red seaweeds
Gymnogongrus griffithsiaeandCryptonemia crenulatawere
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was obtained from Dr. G. Carballal (CEMIC, Buenos Aires,
Argentina) and propagated in MEM supplemented with 10%
fetal calf serum. The C6/36 HT mosquito cell line fromAedes
albopictus(adapted to grow at 33◦C) was provided by the In-
stituto Nacional de Enfermedades Virales Humanas (INEVH)
Dr. J. Maiztegui (Pergamino, Argentina) and cultured in L-
15 Medium (Leibovitz) supplemented with 0.3% tryptose
phosphate broth, 0.02% glutamine, 1% MEM non-essential
amino acids solution and 5% fetal calf serum. The human
hepatoma cell line HepG2 was obtained from Cátedra de Vi-
roloǵıa, Facultad de Farmacia y Bioquı́mica, Universidad de
Buenos Aires (Buenos Aires, Argentina) and propagated in
MEM containing 0.03% glutamine, 0.01% sodium pyruvate
and 10% fetal calf serum.

DENV-1 strain Hawaii was obtained from INEVH.
DENV-2 strain NGC, DENV-3 strain H87 and DENV-4 strain
8124 were provided by Dr. A.S. Mistchenko (Hospital de
Niños Dr. Ricardo Gutiérrez, Buenos Aires, Argentina). Virus
stocks were prepared in C6/36 HT cells and titrated by plaque
formation in Vero cells.

2.3. Cytotoxicity assay

Cell viability was measured by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
Sigma–Aldrich) method. Confluent cultures in 96-well
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ssayed for their antiviral action against the four serot
f DENV in Vero cells, and also their effectiveness in hum
nd mosquito cells was comparatively evaluated.

. Materials and methods

.1. Compounds

The extraction and purification of the polysacchar
rom G. griffithsiaeandC. crenulata, two red seaweeds co
ected in Brazil, were previously described (Talarico et al.
004). The crude polysaccharide extractsG3 andC2, ob-

ained fromG. griffithsiaeand C. crenulata, respectively
nd two homogeneous compounds, the kappa/iota/nu
ageenanG3d and thedl-galactan hybridC2S-3, obtained
y KCl fractionation and DEAE-Sephacell chromatogra

rom G3andC2, respectively, were assayed for anti-DE
ctivity.

Two commercial products, dextran sulfate with an
rage molecular weight of 8000 (DS8000) and hep
Sigma–Aldrich Co.), were also tested for antiviral activ

.2. Cells and viruses

Vero (African green monkey kidney) (ATCC) ce
ere grown in Eagle’s minimum essential medium (ME

GIBCO) supplemented with 5% calf serum. For mai
ance medium (MM), the serum concentration was red

o 1.5%. The human diploid foreskin fibroblast cell line
lates were exposed to different concentrations of
olysaccharides, with three wells for each concentra
sing incubation conditions equivalent to those used in
ntiviral assays. Then 10�l of MM containing MTT (final
oncentration 0.5 mg/ml) was added to each well. Afte
f incubation at 37◦C, the supernatant was removed
00�l of ethanol was added to each well to solubilize

ormazan crystals. After vigorous shaking, absorbance
easured in a microplate reader at 595 nm. The cyto

oncentration 50% (CC50) was calculated as the compou
oncentration required to reduce cell viability by 50%.

.4. Antiviral assays

Antiviral activity was evaluated by two methods: plaq
eduction and virus yield inhibition assays. In the plaque
uction test, Vero cell monolayers grown in 24-well pla
ere infected with about 50 PFU/well in the absence or p
nce of various concentrations of the compounds. Afte
f virus adsorption at 37◦C, residual inoculum was replac
y MM containing 1% methylcellulose and the correspo

ng dose of each compound. Plaques were counted after
ays of incubation at 37◦C, according to virus serotype. T

nhibitory concentration 50% (IC50) was calculated as th
ompound concentration required to reduce virus plaqu
0%. All determinations were performed twice and eac
uplicate.

In virus yield reduction assays, Vero, HepG2, PH,
6/36 HT cells grown in 24-well plates were infected w
ENV-2 or DENV-3 at a multiplicity of infection (moi) of 0.
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in the presence of different concentrations of the compounds,
two wells per concentration. After 48 h of incubation at 37◦C
(for Vero, HepG2 and PH cells) or 33◦C (for C6/36 HT cells),
cell supernatants were collected and the virus yields were de-
termined by plaque formation in Vero cells. The IC50 values
were calculated as indicated above.

2.5. Time of addition experiment

To test the effect of the time of addition of the com-
pounds on their anti-DENV-2 activity, Vero cells grown in
24-well plates were infected with 100 PFU of DENV-2 in ei-
ther MM containing 20�g/ml of each compound (time 0) or
MM without compound. After 1 h adsorption at 4◦C, medium
containing unadsorbed virus was removed and cell cultures
were washed twice with PBS. Then, MM with compound
(20�g/ml) was added immediately (time 0 and 1 h p.i.) or
at various times post infection (from 2 to 10 h p.i.) and in-
cubation was followed at 37◦C until 11 h p.i. At that time,
supernatants were discarded, the monolayers were washed
with PBS and overlaid with MM containing 1% methyl-
cellulose. DENV-2 plaques were counted at 6 days after
infection.

2.6. Assay for virus adsorption
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methylcellulose. Plaques were counted after 6 days of incu-
bation at 37◦C.

3. Results

3.1. Spectrum of anti-DENV activity of the
polysaccharides

To study the inhibitory properties against DENV of the
polysaccharides fromG. griffithsiaeandC. crenulata, the
crude extractsG3andC2obtained from both seaweeds were
evaluated as inhibitors of DENV-2 by a plaque reduction as-
say in Vero cells. As they were found active (data not shown),
we then screened the two homogeneous compounds extracted
fromG3andC2, the carrageenanG3dand thedl-galactan hy-
bridC2S-3, respectively, for antiviral activity against the four
DENV serotypes in Vero cells. The purified compounds were
chosen to perform the more extensive characterization of anti-
DENV activity because they are homogeneous and chemi-
cally characterized polysaccharides (Talarico et al., 2004),
and consequently, they are more suitable to analyze the inter-
action with the viral target. Heparin and DS8000, two com-
mercial polysaccharides known for their antiviral properties
against several enveloped viruses, were simultaneously tested
as reference substances.
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Vero cells grown in 6-well plates were infected with 5
FU of DENV-2 in the presence or absence of 20�g/ml of

he compounds and incubated for 0, 15, 30 or 60 min at◦C.
edium containing unadsorbed virus was then remo

ells were washed twice with PBS and covered with M
ontaining 1% methylcellulose. Virus plaques were cou
fter 6 days of incubation at 37◦C.

.7. Assay for virus internalization

Vero cells grown in 6-well plates were infected with 5
FU of DENV-2 at 4◦C. After 1 h of virus adsorption, una
orbed virus was removed and cells were washed with
nd incubated at 37◦C in the presence or absence of 20�g/ml
f the compounds. At different times post-adsorption (0
0 and 120 min) cells were washed with PBS and tre
ith 0.1 ml of citrate buffer (citric acid 40 mM, potassiu
hloride 10 mM, sodium chloride 135 mM, pH 3) for 1 m
o inactivate adsorbed but not internalized virus. Cells w
hen washed with PBS and covered with MM containing

able 1
pectrum of anti-DENV activity of sulfated polysaccharides in Vero ce

ompound IC50
a (�g/ml)

DENV-1 HW DEN

3d >50 0.9±
2S-3 >50 1.0±
eparin >50 1.9±
S8000 >50 0.9±
a 50% inhibitory concentration: concentration required to reduce plaq
As seen inTable 1, the antiviral activity of the su
ated polysaccharides was dependent on the viral sero
oth natural compoundsG3d andC2S-3inhibited DENV-
multiplication in Vero cells, with IC50 values in the

ange 0.9–1�g/ml, whereas the IC50 values for the ref
rence polysaccharides heparin and DS8000 were 1.
.9�g/ml, respectively. No cytotoxicity was observed w
ny of these polysulfates when cell viability was studie
ero cell monolayers by MTT method, at concentration

o 1000�g/ml, allowing us to estimate the CC50 for all com-
ounds as >1000�g/ml. Thus, the selectivity index (SI), d
ned as the CC50/IC50 ratio, was at least >1000 for both alg
ompounds. Based on these results,G3dandC2S-3can be
onsidered effective and selective inhibitors of DENV-2.

When the compounds were evaluated against DEN
he IC50s against this serotype were approximately 5–20-
igher than the values corresponding for DENV-2, indi

ng a lower susceptibility of DENV-3 to the polysulfat
owever, the SI ofG3dandC2S-3against DENV-3 multi
lication in Vero cells was >70, indicating also a selec

C DENV-3 H87 DENV-4 812

13.9± 0.3 >50
14.2± 3.1 29.3± 5.3
10.8± 2.5 >50
18.3± 1.2 31.2± 2.4

ber in Vero cells by 50%. Each value represents the mean of duplicate as± S.D.
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inhibition of this serotype by the compounds. An even lower
antiviral effect was observed against DENV-4: the IC50 for
C2S-3was 29.3�g/ml (about 30-fold higher than the IC50
against DENV-2) andG3dinhibited DENV-4 replication only
by 41% at the maximum concentration tested (50�g/ml);
thus, the IC50 was >50�g/ml. The behavior of the two refer-
ence compounds was similar: DS8000 showed a weak activ-
ity (IC50 of 31.2�g/ml, approximately 35-fold higher than
the IC50 of DS8000 against DENV-2) and heparin was inac-
tive. Finally, the compounds were inactive against DENV-1 at
the highest concentration tested in the plaque reduction assay
(IC50 > 50�g/ml); only DS8000 inhibited DENV-1 infection
by 46% at 50�g/ml.

The variation in DENV serotype susceptibility to polysac-
charides could be due to differences in their growth ability in
Vero cells. To test this possibility, the multiplication curves of
the four serotypes in Vero cells were studied during a period
of 72 h after infection. As shown inFig. 1, the four serotypes
replicated with similar efficiency in Vero cells. Virus yields
showed some differences among serotypes during the earliest
times, but virus production at 72 h p.i. for the most susceptible
serotype was similar to the yield of the polysulfate-resistant
serotype, with titers of 3.7× 106 and 4.0× 106 PFU/ml for
DENV-2 and DENV-1, respectively. Consequently, the dif-
ferential susceptibility to sulfated polysaccharides could not
be attributed to a differential growth ability in Vero cells.
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cell on the inhibition of DENV infection by polysaccharides
was analyzed by determining their antiviral action in two hu-
man cell lines, PH and HepG2, and in the mosquito cell line
C6/36 HT. Due to the difficulties for DENV plaque assays in
these cell lines, the antiviral activity was evaluated by a virus
yield inhibition test. For these studies, the more susceptible
serotypes DENV-2 and DENV-3 were assayed againstG3d
andC2S-3as well as against heparin and DS8000.

In the virus yield reduction assay on Vero cells, both
serotypes were as sensitive to the antiviral action of the com-
pounds as in the plaque reduction assay, showing IC50 values
in the range 1.0–3.8 and 4.1–14.7�g/ml against DENV-2
and DENV-3, respectively (Table 2). Given the higher multi-
plicity of infection employed in the virus yield reduction as-
say in comparison with the plaque reduction test (0.1 versus
0.0001), these results demonstrate that the antiviral activity
of these polysulfates against DENV-2 and DENV-3 is inde-
pendent of the input multiplicity of infection. The polysac-
charides were effective inhibitors of DENV-2 and DENV-3
in the human HepG2 and PH cells, with an antiviral effect
similar to that observed in Vero cells. Furthermore, no cyto-
toxicity was detected in both human cell lines after exposure
to compound concentrations up to 1000�g/ml. Thus, for the
seaweed derivativesG3dandC2S-3, the values of SI in hu-
man cells against DENV-2 and DENV-3 were in the range
>555 to >6250 and >70 to >277, respectively. These data
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.2. Anti-DENV activity of polysaccharides in different
ost cells

It is known that DENV can infect a wide range of d
erent cell types and cell tropism appears directly relate
irus pathogenesis (McBride and Bielefeldt-Ohmann, 2000).
lthough Vero cells are widely used to propagate and d
ENV, they are not representative of the true target tis

n natural infection and consequently, are not totally ap
riate for antiviral studies. Thus, the influence of the h

ig. 1. Growth curves of DENV serotypes in Vero cells. Vero cells w
nfected with DENV serotypes at a moi of 0.1 and incubated at 37◦C. At
ifferent times after infection virus yields were determined. Each value
esents the mean of duplicate assays± S.D.
re indicative of a selective inhibition of both serotype
uman cells with higher antiviral effectiveness against
erotype DENV-2, as described in Vero cells. In contrast
ompounds did not affect the multiplication of both DE
erotypes in mosquito C6/36 HT cells, at concentration
o 50�g/ml (Table 2). Again, we assessed that the differ
ial susceptibility of vertebrate and invertebrate cells to
nhibitory action of polysulfates against DENV was not
ated to their ability to support virus growth, since DENV
nd DENV-3 yields at 48 h p.i. were around 106 PFU/ml in
ero as well as in C6/36 cells (data not shown).

able 2
nti-DENV activity of sulfated polysaccharides in Vero, HepG2, PH
6/36 HT cells

ompound IC50
a (�g/ml)

Vero HepG2 PH C6/36 H

ENV-2
G3d 1.0 ± 0.1 1.8± 0.3 0.31± 0.01 >50
C2S-3 3.8 ± 0.1 1.4± 0.1 0.16± 0.01 >50
Heparin 1.6± 0.6 6.0± 0.4 2.1± 0.1 >50
DS8000 1.8± 0.2 3.6± 0.2 2.4± 0.2 >50

ENV-3
G3d 5.2 ± 0.1 10.4± 1.2 9.5± 0.7 >50
C2S-3 14.7± 2.8 12.6± 4.0 3.6± 0.3 >50
Heparin 9.7± 1.2 6.2± 0.3 3.2± 0.5 >50
DS8000 4.1± 0.5 13.9± 1.2 6.3± 0.5 >50

a 50% inhibitory concentration, or concentration required to inhibit v
ield at 48 h p.i. by 50%. Each value represents the mean of duplica
ays± S.D.
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Fig. 2. Influence of time of addition of compounds on anti-DENV-2 activity.
Vero cells were infected with 100 PFU of DENV-2 in the presence (0 h p.i.)
or absence of 20�g/ml of each compound. After 1 h of virus adsoption at
4◦C, cell monolayers were washed, refed with maintenance medium in the
presence or absence of compounds and incubated at 37◦C. The polysaccha-
rides were added at different times p.i. (1, 2, 3, 5, 7, 9 and 10 h). At 11 h
p.i. medium was discarded and replaced with maintenance medium con-
taining 1% methylcellulose. Each value represents the mean of duplicate
assays± S.D.

3.3. Influence of time of addition of polysaccharides on
anti-DENV-2 infectivity

As an initial approach to understand the differential inhibi-
tion of polysaccharides on DENV, according to virus serotype
and host cell, the mode of action of these compounds was
studied in the system Vero cells-DENV-2. To locate the an-
tiviral target during the virus multiplication cycle, the influ-
ence of the time of addition of the compoundsC2S-3and
G3don DENV-2 plaque formation in Vero cells was deter-
mined. The polysaccharides were added simultaneously with
virus or at 1-h intervals after exposure of cells to virus. As
shown inFig. 2, the highest inhibitory effect was observed
whenC2S-3andG3dwere added to cells together with the
virus (time 0). When added immediately after adsorption at
1 h p.i., polysulfates were also effective inhibitors, reducing
virus plaques by more than 80%. By contrast, both com-
pounds were ineffective to produce a significant reduction in
DENV-2 plaque formation at later times. These results sug-
gest that virus adsorption is the main target of the polysulfates
against DENV-2 in Vero cells, but a very early stage of the
virus cycle occurring immediately after adsorption during the
first hour of infection, probably virus internalization, seems
also to be affected.

3.4. Effect of polysaccharides on virus adsorption and
i

s of
D rp-
t o
c dif-
f ch-

Fig. 3. Effect of compounds on DENV-2 adsorption and internalization ki-
netics. (A) Vero cells were incubated during 0, 15, 30 and 60 min at 4◦C with
DENV-2 in the absence or presence of 20�g/ml of each compound. Cells
were then washed and refed with MM containing 1% methylcellulose. (B)
Vero cells were infected with DENV-2 at 4◦C. After 1 h of virus adsorption,
cells were incubated at 37◦C in the absence or presence of 20�g/ml of each
compound. At different times post-adsoption cells were washed, treated with
citrate buffer and covered with MM containing 1% methylcellulose. Each
value represents the mean of duplicate assays± S.D.

ment to the cell receptor is the only event of the virus cycle
that occurs. Results shown inFig. 3A confirmed that both
compounds inhibited virus adsorption since the amount of
cell-bound infectious virus was highly diminished in treated
cells in comparison to non-treated infected cells.

The inhibitory action of the polysulfates on a subsequent
post-adsorption step of the virus cycle was next analyzed,
thereby examining the effect ofC2S-3andG3d on the ki-
netics of virus internalization. To this end, Vero cells were
infected with DENV-2 and incubated at 4◦C to allow virus
adsorption. Then, the compounds were added to the cell cul-
tures and temperature was raised to 37◦C to start virus pen-
etration. Under these treatment conditions, the amount of in-
ternalized virus, measured by determining PFU number after
inactivating the extracellular bound but non-penetrated virus
with citrate buffer, was significantly reduced in the presence
of the polysulfates (Fig. 3B).
nternalization

To ascertain the antiviral action on the early step
ENV-2 multiplication cycle, the kinetics of virus adso

ion in the presence ofC2S-3andG3dwas evaluated. Ver
ells were incubated with virus and compounds during
erent times at 4◦C, a condition to assess that virus atta
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Table 3
Influence of treatment period on the anti-DENV-2 activity of galactanC2S-3
in different cells

Period ofC2S-3treatmenta Inhibitionb (%)

Vero HepG2 PH

Virus adsorption 86.8± 0.6 82.7± 0.1 96.3± 1.7
Virus internalization 70.9± 4.1 81.8± 0.1 92.6± 0.1
Virus adsorption and

internalization
95.2± 1.4 93.2± 1.1 100

a Cells were infected with DENV-2 (moi 0.1) in MM with or without
compound (10�g/ml for PH cells and 20�g/ml for Vero and HepG2 cells).
After adsorption at 4◦C cells were washed, overlaid with MM with or without
compound and incubated at 37◦C for 2 h. Cells were then washed, treated
with citrate buffer and covered with MM. After 48 h of incubation at 37◦C,
virus yields were determined by a plaque assay in Vero cells.

b Results are expressed as the percent of inhibition in virus yield com-
pared to the untreated control. Each value represents the mean of duplicate
assays± S.D.

The effect of the polysulfates on the events leading to entry
of DENV into the host cell was also assessed in human cells.
Both PH and HepG2 cells, as well as Vero cells as reference
system, were infected with DENV-2 and treated withC2S-
3 under different treatment conditions: (a) during the virus
adsorption period (1 h at 4◦C) only; (b) during virus internal-
ization (1 h at 37◦C) only; (c) both during virus adsorption
and internalization. After each treatment, cell supernatants
were discarded and replaced by MM without compound. In
all cases, extracellular virus yields were measured at 48 h af-
ter infection. In the three cell systems tested, significant an-
tiviral efficacy was obtained ifC2S-3was present either only
during DENV-2 adsorption or internalization, and a slight in-
crease of inhibition was observed when the treatment with
C2S-3was extended during the whole period of adsorption
and internalization (Table 3).

4. Discussion

Seaweed sulfated polysaccharides have been proved to
inhibit the replication of several enveloped DNA and RNA
viruses, including severe human pathogens such as retro-
viruses and herpesviruses among the most susceptible agent
(Witvrouw and De Clercq, 1997; Damonte et al., 2004a). The
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was also exerted byG3dandC2S-3against DENV-3, with
SI values >70 (Table 1). In fact, this is the first report on a
selective antiviral inhibition of DENV-3, a serotype which re-
cently reappeared in the Americas, after a prolonged absence,
particularly responsible of 2002–2003 dengue outbreaks in
Brazil and Argentina (Miagostovich et al., 2002). In contrast,
there was a very weak or lack of inhibition against the other
two serotypes DENV-4 and DENV-1. In a recent brief com-
munication,Lin et al. (2002)have reported a variable level
of inhibition for DENV serotypes by heparin treatment in
BHK-21 cells, and the authors suggested a correlation be-
tween the suppression effect of heparin on DENV and virus
replication in the cells. However, we did not detect signifi-
cant differences in virus production among DENV serotypes
in Vero cells; thus, the variations observed in anti-DENV
activity could not be attributed to differences in viral multi-
plication ability.

With respect to the type of host cell, the polysaccharides
were active inhibitors of DENV-2 and DENV-3 multiplica-
tion in monkey Vero cells as well as in human hepatoma
HepG2 and foreskin PH cells, but were inactive in mosquito
C6/36 cells. There were no significant differences in the level
of DENV multiplication in these vertebrate and invertebrate
cell lines, confirming that differential susceptibility accord-
ing to virus serotype or host cell is not due to virus growth
ability.
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dsorption or internalization (Fig. 3; Table 3). This is a sur
rising result about the mode of action of polysulfates, s
ost studies on enveloped viruses have established tha

ulfates act by preventing predominantly the first stag
irion binding to cell receptor (Witvrouw and De Clercq
997; Damonte et al., 2004a). In fact, our previous stud
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hat these compounds were inhibitors of HSV attachmen
acked any subsequent effect (Talarico et al., 2004). Proba
ly, the dissimilar action of these compounds against DE
nd HSV may be ascribed to differences in the internaliza
rocess between both viruses.

The mechanisms involved in DENV binding and in
alization to the host cells are still not well understo
he E glycoprotein is certainly identified as the viral

achment protein (Anderson et al., 1992; Chen et al., 199).
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ive receptors in diverse types of vertebrate and inverta
ells were described for DENV-2 (Daughaday et al., 198
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Altamirano et al., 2002; Bielefeldt-Ohmann, 1998; Wei et
al., 2003), DENV-1 (Marianneau et al., 1996) and DENV-4
(Salas-Benito and del Angel, 1997). In contrast, an involve-
ment of HS was demonstrated for attachment of DENV-2
to human hepatocytes, Vero, BHK and CHO cells (Chen et
al., 1997; Hung et al., 1999; Hilgard and Stockert, 2000;
Germi et al., 2002). The mechanism of DENV internaliza-
tion is also under discussion: electron-microscopic studies
suggested that DENV-2 penetrated directly by fusion of the
virion envelope with the plasma membrane (Hase et al., 1989;
Lim and Ng, 1999), but it is most generally accepted that vi-
ral uptake for productive infection occurs through receptor
mediated-endocytocis (Randolph and Stollar, 1990; Heinz
et al., 1994; Lindenbach and Rice, 2001). Thus, a plausible
mechanism emerging from these conflicting data is a mul-
tistep process for DENV entry consisting in the sequential
interaction of the E protein with several target molecules on
the cell membrane, where HS may be the primary receptor
and then other molecules might participate as coreceptors
for viral internalization, as suggested byMart́ınez-Barraǵan
and del Angel (2001). In this context, the variations reported
here in antiviral activity of the polysulfatesG3dandC2S-3
against DENV may be ascribed to differences in the virus-
cell interaction leading to virus entry, as receptor usage or
internalization process.

Although the life cycle of DENV presents a series of stages
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hibitors. Due to their differential behavior, compounds like
G3dandC2S-3may be useful tools to elucidate the mecha-
nisms of binding and internalization of DENV serotypes to
vertebrate and invertebrate cells, and to establish structure-
activity relationships. Furthermore, our results illustrate the
requirement to evaluate all viral serotypes when putative
anti-DENV compounds are studied. DENV-2 is the better
adapted virus to grow in vitro, and it is the most routinely
used serotype in DENV studies, including antiviral tests.

The four serotypes cocirculate in epidemic regions and it
is well known that the reinfection with a different serotype
represents an important threat for human health due to the
development of severe forms of DHF or DSS. For this reason,
it should be required to assay the four serotypes for inhibitory
activity, because responses similar to those here presented can
be (re)produced with other antiviral substances.
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