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Abstract

Two homogeneous sulfated polysaccharides obtained from the red sea@®yaadegongrus griffithsiaand Cryptonemia crenulatahe
kappa/iota/nu carrageen&®8d and thepr-galactan hybridC2S-3 were assayed for their antiviral properties against the four serotypes of
dengue virus (DENV) in different host cell types. Both seaweed derivatives were selective inhibitors of DENV-2 multiplication in Vero cells
with inhibitory concentration 50% (l§) values around fug/ml and selectivity indices >1000. The compounds had a lower antiviral effect
against DENV-3 (IGy values in the range 13.9-14.8/ml), an even lower effect against DENV-4 g¥alues in the range 29.3 to >p@/ml)
and were totally inactive against DENV-1. With respect to the host cell, the polysulfates were inhibitors of DENV-2 and DENV-3 in the human
hepatoma HepG2 and foreskin PH cells, with similar antiviral effectiveness as in Vero cells, but were totally inactive in mosquito C6/36
HT cells. Mechanistic studies demonstrated tAdtlandC2S-3were active DENV-2 inhibitors only when added together with the virus or
early after infection, and both initial processes of virus adsorption and internalization are the main targets of these compounds. Therefore, the
variations in antiviral activity of the polysaccharides depending on the viral serotype and the host cell may be ascribed to differences in the
virus-cell interaction leading to virus entry.
© 2005 Published by Elsevier B.V.
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1. Introduction million infections each year and over 2.5 billion people at
risk (Gubler, 2002
Flavivirusis a genus of the famililaviviridae composed DENV circulates in nature as four serotypes (DENV-1 to

by nearly 80 members. Many flaviviruses are arthropod-borne DENV-4), which are transmitted to humans by two species
viruses that cause important human diseases, including yel-of mosquitoesAedes aegyptnd Aedes albopictusnfec-
low fever virus (YFV), dengue virus (DENV), West Nile virus  tion with DENV produces a wide spectrum of clinical illness
(WNV) and Japanese encephalitis virus (JEMnp@enbach ranging from silent infection to either a mild febrile, self-
and Rice, 200} In particular, DENV has re-emerged in re- limited acute syndrome known as dengue fever (DF) or the
cent years as an increasingly important public health threatsevere and often fatal dengue hemorrhagic disease (DHF)
affecting more than 100 countries worldwide, with nearly 50 and dengue shock syndrome (DSS). Instead of the increas-
ing global incidence of DF and DHF occurred in the last
_— decades, there is neither specific chemotherapy nor vaccine
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Argentina. Tel.: +54 11 4576 3342; fax: +54 11 4576 3342. tion are the most important aids to patients and to improve
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approaches for the control of DENV infection are urgently was obtained from Dr. G. Carballal (CEMIC, Buenos Aires,
needed. Argentina) and propagated in MEM supplemented with 10%
The enveloped DENYV virions contain a single-stranded, fetal calf serum. The C6/36 HT mosquito cell line frérades
positive sense RNA that is translated as a single polyproteinalbopictugadapted to grow at 33C) was provided by the In-
and cleaved into three structural proteins, capsid (C), mem- stituto Nacional de Enfermedades Virales Humanas (INEVH)
brane (M) and envelope (E), and seven non-structural pro-Dr. J. Maiztegui (Pergamino, Argentina) and cultured in L-
teins. The viral replicative cycle starts with the attachment 15 Medium (Leibovitz) supplemented with 0.3% tryptose
of virus to the surface of the host cell. The blockade of virus phosphate broth, 0.02% glutamine, 1% MEM non-essential
binding is a valuable antiviral strategy because it allows to amino acids solution and 5% fetal calf serum. The human
establish a first barrier to suppress infection. Although the hepatoma cell line HepG2 was obtained froat&ira de Vi-
identity of the cellular receptor for DENV is at present con- rologia, Facultad de Farmacia y Bidaguica, Universidad de
troversial, several reports have shown that the glycosamino-Buenos Aires (Buenos Aires, Argentina) and propagated in
glycan heparan sulfate (HS) is involved in the initial binding MEM containing 0.03% glutamine, 0.01% sodium pyruvate
of glycoprotein E to host cells for DENV attachmefthen and 10% fetal calf serum.
et al., 1997; Hung et al., 1999; Hilgard and Stockert, 2000; DENV-1 strain Hawaii was obtained from INEVH.
Germi et al., 200 Many diverse viruses have been shown DENV-2 strain NGC, DENV-3 strain H87 and DENV-4 strain
to interact with HS for target cell bindingpillmann, 200}, 8124 were provided by Dr. A.S. Mistchenko (Hospital de
but the DENV interaction is unusual for its specificity for a Nifios Dr. Ricardo Guéirrez, Buenos Aires, Argentina). Virus
highly sulfated form of HSChen et al., 1997 stocks were prepared in C6/36 HT cells and titrated by plaque
Based on this putative receptor role of HS for DENV, formation in Vero cells.
other charged polyanions could be effective inhibitors of vi-
ral infectivity. We have previously reported that novel- 2.3. Cytotoxicity assay
galactan hybrids can inhibit DENV-2 replication in Vero
cells Pujol et al., 2002 In the present study, diverse nat- Cell viability was measured by the MTT (3-(4,5-
ural sulfated polysaccharides isolated from the red seaweedslimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
Gymnogongrus griffithsia@ndCryptonemia crenulatavere Sigma—Aldrich) method. Confluent cultures in 96-well
assayed for their antiviral action against the four serotypes plates were exposed to different concentrations of the
of DENV in Vero cells, and also their effectiveness in human polysaccharides, with three wells for each concentration,
and mosquito cells was comparatively evaluated. using incubation conditions equivalent to those used in the
antiviral assays. Then 30 of MM containing MTT (final
concentration 0.5 mg/ml) was added to each well. After 2h

2. Materials and methods of incubation at 37C, the supernatant was removed and
200l of ethanol was added to each well to solubilize the
2.1. Compounds formazan crystals. After vigorous shaking, absorbance was

measured in a microplate reader at 595 nm. The cytotoxic
The extraction and purification of the polysaccharides concentration 50% (Cég) was calculated as the compound
from G. griffithsiaeandC. crenulata two red seaweeds col-  concentration required to reduce cell viability by 50%.
lected in Brazil, were previously describeta(arico et al.,
2009). The crude polysaccharide extra€8 and C2, ob- 2.4. Antiviral assays
tained fromG. griffithsiaeand C. crenulata respectively,
and two homogeneous compounds, the kappa/iota/nu car- Antiviral activity was evaluated by two methods: plague
rageenarG3d and thepL-galactan hybridC2S-3 obtained reduction and virus yield inhibition assays. In the plague re-
by KClI fractionation and DEAE-Sephacell chromatography duction test, Vero cell monolayers grown in 24-well plates
from G3 andC2, respectively, were assayed for anti-DENV  were infected with about 50 PFU/well in the absence or pres-
activity. ence of various concentrations of the compounds. After 1 h
Two commercial products, dextran sulfate with an av- of virus adsorption at 37C, residual inoculum was replaced
erage molecular weight of 8000 (DS8000) and heparin by MM containing 1% methylcellulose and the correspond-
(Sigma—Aldrich Co.), were also tested for antiviral activity. ing dose of each compound. Plaques were counted after 6—12
days of incubation at 37C, according to virus serotype. The
2.2. Cells and viruses inhibitory concentration 50% (l§g) was calculated as the
compound concentration required to reduce virus plaques by
Vero (African green monkey kidney) (ATCC) cells 50%. All determinations were performed twice and each in
were grown in Eagle’s minimum essential medium (MEM) duplicate.
(GIBCO) supplemented with 5% calf serum. For mainte- In virus yield reduction assays, Vero, HepG2, PH, and
nance medium (MM), the serum concentration was reducedC6/36 HT cells grown in 24-well plates were infected with
to 1.5%. The human diploid foreskin fibroblast cell line PH DENV-2 or DENV-3 at a multiplicity of infection (moi) of 0.1
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in the presence of different concentrations of the compounds,methylcellulose. Plagues were counted after 6 days of incu-
two wells per concentration. After 48 h of incubation at&7 bation at 37C.
(for Vero, HepG2 and PH cells) or 38 (for C6/36 HT cells),
cell supernatants were collected and the virus yields were de-
termined by plaque formation in Vero cells. Thesfvalues 3. Results
were calculated as indicated above.
3.1. Spectrum of anti-DENV activity of the
2.5. Time of addition experiment polysaccharides

To test the effect of the time of addition of the com- To study the inhibitory properties against DENV of the
pounds on their anti-DENV-2 activity, Vero cells grown in  polysaccharides fron®. griffithsiaeand C. crenulata the
24-well plates were infected with 100 PFU of DENV-2 in ei- crude extract&3andC2 obtained from both seaweeds were
ther MM containing 2Q.g/ml of each compound (time 0) or  evaluated as inhibitors of DENV-2 by a plaque reduction as-
MM without compound. After 1 h adsorption at€, medium say in Vero cells. As they were found active (data not shown),
containing unadsorbed virus was removed and cell cultureswe then screened the two homogeneous compounds extracted
were washed twice with PBS. Then, MM with compound fromG3andC2, the carrageenad3dand thebrL-galactan hy-
(20pg/ml) was added immediately (time 0 and 1h p.i.) or brid C2S-3respectively, for antiviral activity against the four
at various times post infection (from 2 to 10h p.i.) and in- DENV serotypes in Vero cells. The purified compounds were
cubation was followed at 37T until 11 h p.i. At that time, chosento perform the more extensive characterization of anti-
supernatants were discarded, the monolayers were washe®ENYV activity because they are homogeneous and chemi-
with PBS and overlaid with MM containing 1% methyl- cally characterized polysaccharidéalarico et al., 2004
cellulose. DENV-2 plagues were counted at 6 days after and consequently, they are more suitable to analyze the inter-

infection. action with the viral target. Heparin and DS8000, two com-
mercial polysaccharides known for their antiviral properties
2.6. Assay for virus adsorption against several enveloped viruses, were simultaneously tested

as reference substances.

Vero cells grown in 6-well plates were infected with 500 As seen inTable 1 the antiviral activity of the sul-
PFU of DENV-2 in the presence or absence ofu2@ml of fated polysaccharides was dependent on the viral serotype.
the compounds and incubated for 0, 15, 30 or 60 mir*&.4  Both natural compound&3d and C2S-3inhibited DENV-
Medium containing unadsorbed virus was then removed, 2 multiplication in Vero cells, with 1Gy values in the
cells were washed twice with PBS and covered with MM range 0.9-1.g/ml, whereas the 16y values for the ref-
containing 1% methylcellulose. Virus plaques were counted erence polysaccharides heparin and DS8000 were 1.9 and

after 6 days of incubation at 3T. 0.9ug/ml, respectively. No cytotoxicity was observed with
any of these polysulfates when cell viability was studied in
2.7. Assay for virus internalization Vero cell monolayers by MTT method, at concentrations up

to 1000wg/ml, allowing us to estimate the Gg¥for all com-
Vero cells grown in 6-well plates were infected with 500 pounds as >100@g/ml. Thus, the selectivity index (SI), de-
PFU of DENV-2 at #C. After 1 h of virus adsorption, unad- fined as the C&y/ICsq ratio, was at least >1000 for both algal
sorbed virus was removed and cells were washed with PBScompounds. Based on these resu@8dandC2S-3can be
and incubated at 3C in the presence or absence offml considered effective and selective inhibitors of DENV-2.
of the compounds. At different times post-adsorption (0, 30, When the compounds were evaluated against DENV-3,
60 and 120 min) cells were washed with PBS and treated the IG;gs against this serotype were approximately 5—20-fold
with 0.1 ml of citrate buffer (citric acid 40 mM, potassium higher than the values corresponding for DENV-2, indicat-
chloride 10 mM, sodium chloride 135mM, pH 3) for 1 min ing a lower susceptibility of DENV-3 to the polysulfates.
to inactivate adsorbed but not internalized virus. Cells were However, the Sl 0of53d and C2S-3against DENV-3 multi-
then washed with PBS and covered with MM containing 1% plication in Vero cells was >70, indicating also a selective

Table 1
Spectrum of anti-DENV activity of sulfated polysaccharides in Vero cells
Compound 1Go? (ng/ml)
DENV-1 HW DENV-2 NGC DENV-3 H87 DENV-4 8124
Gad >50 0.9+0.4 13.9£0.3 >50
C2S-3 >50 1.0+0.3 142+ 3.1 29.3+5.3
Heparin >50 1.90.2 10.8+2.5 >50
DS8000 >50 0.2-0.1 18.3t1.2 31.2+2.4

2 50% inhibitory concentration: concentration required to reduce plaque number in Vero cells by 50%. Each value represents the mean of duplicatBassay
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inhibition of this serotype by the compounds. An even lower cell on the inhibition of DENV infection by polysaccharides
antiviral effect was observed against DENV-4: thed@r was analyzed by determining their antiviral action in two hu-
C2S-3was 29.3.g/ml (about 30-fold higher than the g man cell lines, PH and HepG2, and in the mosquito cell line
against DENV-2) an3dinhibited DENV-4 replicationonly ~ C6/36 HT. Due to the difficulties for DENV plaque assays in
by 41% at the maximum concentration tested (50ml); these cell lines, the antiviral activity was evaluated by a virus
thus, the 1Gg was >50ug/ml. The behavior of the two refer-  yield inhibition test. For these studies, the more susceptible
ence compounds was similar: DS8000 showed a weak activ-serotypes DENV-2 and DENV-3 were assayed agas&d

ity (ICsp of 31.2ug/ml, approximately 35-fold higher than andC2S-3as well as against heparin and DS8000.

the 1G5 of DS8000 against DENV-2) and heparin was inac- In the virus yield reduction assay on Vero cells, both
tive. Finally, the compounds were inactive against DENV-1 at serotypes were as sensitive to the antiviral action of the com-
the highest concentration tested in the plaque reduction assayounds as in the plaque reduction assay, showigg\u&lues
(IC50>50pg/ml); only DS8000 inhibited DENV-1 infection  in the range 1.0-3.8 and 4.1-14.g/ml against DENV-2

by 46% at 5Qug/ml.
The variation in DENV serotype susceptibility to polysac-
charides could be due to differences in their growth ability in

and DENV-3, respectivelyTable 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

Vero cells. To test this possibility, the multiplication curves of 0.0001), these results demonstrate that the antiviral activity
the four serotypes in Vero cells were studied during a period of these polysulfates against DENV-2 and DENV-3 is inde-
of 72 h after infection. As shown iRig. 1, the four serotypes  pendent of the input multiplicity of infection. The polysac-
replicated with similar efficiency in Vero cells. Virus yields charides were effective inhibitors of DENV-2 and DENV-3
showed some differences among serotypes during the earliesin the human HepG2 and PH cells, with an antiviral effect
times, butvirus production at 72 h p.i. for the most susceptible similar to that observed in Vero cells. Furthermore, no cyto-
serotype was similar to the yield of the polysulfate-resistant toxicity was detected in both human cell lines after exposure

serotype, with titers of 3.% 10° and 4.0x 10° PFU/ml for
DENV-2 and DENV-1, respectively. Consequently, the dif-

to compound concentrations up to 1g0@'ml. Thus, for the
seaweed derivativd53d andC2S-3 the values of Sl in hu-

ferential susceptibility to sulfated polysaccharides could not man cells against DENV-2 and DENV-3 were in the range

be attributed to a differential growth ability in Vero cells.

3.2. Anti-DENV activity of polysaccharides in different
host cells

It is known that DENV can infect a wide range of dif-

>555 to >6250 and >70 to >277, respectively. These data
are indicative of a selective inhibition of both serotypes in
human cells with higher antiviral effectiveness against the
serotype DENV-2, as described in Vero cells. In contrast, the
compounds did not affect the multiplication of both DENV
serotypes in mosquito C6/36 HT cells, at concentrations up

ferent cell types and cell tropism appears directly related to 0 20rg/ml (Table 2. Again, we assessed that the differen-

virus pathogenesid{cBride and Bielefeldt-Ohmann, 2000

tial susceptibility of vertebrate and invertebrate cells to the

Although Vero cells are widely used to propagate and detect Inhibitory action of polysulfates against DENV was not re-

DENYV, they are not representative of the true target tissues
in natural infection and consequently, are not totally appro-

priate for antiviral studies. Thus, the influence of the host
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Fig. 1. Growth curves of DENV serotypes in Vero cells. Vero cells were
infected with DENV serotypes at a moi of 0.1 and incubated atC37At
different times after infection virus yields were determined. Each value rep-
resents the mean of duplicate assa&ys.D.

lated to their ability to support virus growth, since DENV-2
and DENV-3 yields at 48 h p.i. were around®RFU/ml in
Vero as well as in C6/36 cells (data not shown).

Table 2
Anti-DENV activity of sulfated polysaccharides in Vero, HepG2, PH and
C6/36 HT cells

Compound  1Ge? (g/ml)
Vero HepG2 PH C6/36 HT
DENV-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 21+ 0.1 >50
DS8000 1.8+ 0.2 3.6+0.2 24+ 0.2 >50
DENV-3
G3d 52+ 0.1 104+ 1.2 9.5+ 0.7 >50
C2S-3 147+ 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

@ 50% inhibitory concentration, or concentration required to inhibit virus
yield at 48 h p.i. by 50%. Each value represents the mean of duplicate as-
sayst 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 2Qg/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 & 3he polysaccha-
rides were added at different times p.i. (1, 2, 3, 5, 7,9 and 10h). At 11h
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 aninitial 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 compound&S-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
1h 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-
gestthat 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
internalization

To ascertain the antiviral action on the early steps of
DENV-2 multiplication cycle, the kinetics of virus adsorp-
tion in the presence df2S-3andG3dwas evaluated. Vero
cells were incubated with virus and compounds during dif-
ferent times at 4C, a condition to assess that virus attach-
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Fig. 3. Effect of compounds on DENV-2 adsorption and internalization ki-
netics. (A) Vero cells were incubated during 0, 15, 30 and 60 miri @with
DENV-2 in the absence or presence ofi@@ml of each compound. Cells
were then washed and refed with MM containing 1% methylcellulose. (B)
Vero cells were infected with DENV-2 at’€. After 1 h of virus adsorption,
cells were incubated at 3T in the absence or presence ofi@dfml 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 assa$D.

ment to the cell receptor is the only event of the virus cycle
that occurs. Results shown kig. 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 @2S-3and G3d on the ki-
netics of virus internalization. To this end, Vero cells were
infected with DENV-2 and incubated atf'€ to allow virus
adsorption. Then, the compounds were added to the cell cul-
tures and temperature was raised t6G7%o 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 polysulfatesKig. 3B).
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Table 3 was also exerted b§3d and C2S-3against DENV-3, with
Influence of treatment period on the anti-DENV-2 activity of gala@as-3 Sl values >70 Table ). In fact, this is the first report on a
in different cells selective antiviral inhibition of DENV-3, a serotype which re-

Period ofC2S-3reatmerft  Inhibition® (%) cently reappeared in the Americas, after a prolonged absence,
Vero HepG2 PH particularly responsible of 2002—2003 dengue outbreaks in
Virus adsorption 86.806  82.7+0.1 063+ 1.7 Brazil and Argentinaliagostovich et al., 2002In contrast,
Virus internalization 70.%4.1 81.8+0.1 926+0.1 there was a very weak or lack of inhibition against the other
Virus adsorption and 95.2+1.4  93.2:11 100 two serotypes DENV-4 and DENV-1. In a recent brief com-
internalization munication,Lin et al. (2002)have reported a variable level

a Cells were infected with DENV-2 (moi 0.1) in MM with or without of inhibition for DENV serotypes by heparin treatment in
e s mimsmmsaorngs BHKZL cet, and the authors suggestad a corslation be-
compound pand incubated at 32 for 2 h. ’Cells were then washed, treated twegn t_he ;uppressmn effect of heparm on DENV an(,j Vl_ms
with citrate buffer and covered with MM. After 48 h of incubation at’&7, replication in the cells. However, we did not detect signifi-
virus yields were determined by a plaque assay in Vero cells. cant differences in virus production among DENV serotypes

b Results are expressed as the percent of inhibition in virus yield com- in Vero cells; thus, the variations observed in anti-DENV
pared to the untreated control. Each value represents the mean of duplicateactivity could not be attributed to differences in viral multi-
assayst S.D. plication ability.

With respect to the type of host cell, the polysaccharides
The effect of the polysulfates on the events leading to entry were active inhibitors of DENV-2 and DENV-3 multiplica-
of DENV into the host cell was also assessed in human cells.tion in monkey Vero cells as well as in human hepatoma
Both PH and HepG2 cells, as well as Vero cells as referenceHepG2 and foreskin PH cells, but were inactive in mosquito
system, were infected with DENV-2 and treated W@BS-  C6/36 cells. There were no significant differences in the level
3 under different treatment conditions: (a) during the virus of DENV multiplication in these vertebrate and invertebrate
adsorption period (1 h at€) only; (b) during virus internal-  cell lines, confirming that differential susceptibility accord-
ization (1 h at 37C) only; (c) both during virus adsorption  ing to virus serotype or host cell is not due to virus growth
and internalization. After each treatment, cell supernatants ability.
were discarded and replaced by MM without compound. In. Mechanistic studies performed in the three types of verte-
all cases, extracellular virus yields were measured at 48 h af-prate cells indicated that the compounds were active DENV-2
ter infection. In the three cell systems tested, significant an- inhibitors only during the first hour after infection, and the
tiviral efficacy was obtained i€2S-3was present either only initial events of virus adsorption and internalization seemed
during DENV-2 adsorption or internalization, and a slightin- to be the main target for these compounds during in vitro
crease of inhibition was observed when the treatment with infection. When the inhibitory effect d£2S-3andG3dwas
C2S-3was extended during the whole period of adsorption separately assayed on both steps of the virus cycle, a compa-
and internalizationTable 3. rable level of suppression was observed either for DENV-2
adsorption or internalizatior{g. 3; Table 3. This is a sur-
prising result about the mode of action of polysulfates, since
4. Discussion most studies on enveloped viruses have established that poly-
sulfates act by preventing predominantly the first stage of
Seaweed sulfated polysaccharides have been proved twirion binding to cell receptorWitvrouw and De Clercq,
inhibit the replication of several enveloped DNA and RNA 1997; Damonte et al., 200/an fact, our previous study
viruses, including severe human pathogens such as retro-on the anti-herpetic activity d2S-3andG3ddemonstrated
viruses and herpesviruses among the most susceptible agenthat these compounds were inhibitors of HSV attachment and
(Witvrouw and De Clercq, 1997; Damonte et al., 200d&e lacked any subsequent effed@afarico et al., 2004 Proba-
studies reported here have shown that two sulfated polysac-bly, the dissimilar action of these compounds against DENV
charides extracted from South American red seaweeds, theand HSV may be ascribed to differences in the internalization
pL-galactan hybrid€C2S-3and the kappa/iota/nu carrageenan process between both viruses.
G3d, as well as the commercial compounds heparin and  The mechanisms involved in DENV binding and inter-
DS8000, were inhibitors of DENV replication, but their ef- nalization to the host cells are still not well understood.
fectiveness was variable according to the viral serotype andThe E glycoprotein is certainly identified as the viral at-
the type of host cell. tachment proteinAnderson et al., 1992; Chen et al., 1996
The susceptibility of the four serotypes to the natu- However, the identity of the cellular receptor is at present
ral polysaccharides in Vero cells was in the order DENV- controversial since both proteins and HS were implicated
2>DENV-3>DENV-4>DENV-1. DENV-2 was the most as candidate molecules. Studies reporting proteins as puta-
affected serotype, with Sl values >1000 which are indicative tive receptors in diverse types of vertebrate and invertabrate
of a highly selective virus inhibition by these compounds. It cells were described for DENV-Daughaday et al., 1981,
is interesting to remark that also a selective antiviral effect Ramos-Casfeeda et al., 1997; Mioz et al., 1998; Moreno-
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Altamirano et al., 2002; Bielefeldt-Ohmann, 1998; Wei et hibitors. Due to their differential behavior, compounds like
al., 2003, DENV-1 (Marianneau et al., 199&nd DENV-4 G3dandC2S-3may be useful tools to elucidate the mecha-
(Salas-Benito and del Angel, 1997nh contrast, an involve-  nisms of binding and internalization of DENV serotypes to
ment of HS was demonstrated for attachment of DENV-2 vertebrate and invertebrate cells, and to establish structure-
to human hepatocytes, Vero, BHK and CHO cethién et activity relationships. Furthermore, our results illustrate the
al., 1997; Hung et al., 1999; Hilgard and Stockert, 2000; requirement to evaluate all viral serotypes when putative
Germi et al., 200 The mechanism of DENV internaliza- anti-DENV compounds are studied. DENV-2 is the better
tion is also under discussion: electron-microscopic studies adapted virus to grow in vitro, and it is the most routinely
suggested that DENV-2 penetrated directly by fusion of the used serotype in DENV studies, including antiviral tests.
virion envelope with the plasma membrahiaée et al., 1989; The four serotypes cocirculate in epidemic regions and it
Lim and Ng, 1999, but it is most generally accepted that vi- is well known that the reinfection with a different serotype
ral uptake for productive infection occurs through receptor represents an important threat for human health due to the
mediated-endocytocisR@ndolph and Stollar, 1990; Heinz development of severe forms of DHF or DSS. For this reason,
et al., 1994, Lindenbach and Rice, 2Q00Thus, a plausible itshould be required to assay the four serotypes for inhibitory
mechanism emerging from these conflicting data is a mul- activity, because responses similar to those here presented can
tistep process for DENV entry consisting in the sequential be (re)produced with other antiviral substances.

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 Martinez-Barragn

and del Angel (2001)n this context, the variations reported

here in antiviral activity of the polysulfates3d andC2S-3 Nacional para la Promagzin Cientfica and Tecndlgica,

aglim_nst DENV rlna)(/jlbe ascr.|bed 0 diffierences in the virus- Universidad de Buenos Aires (Argentina), and PRONEX-
ce mttrac_ﬂon eading to virus entry, as receptor usage or 4 hqigratos (CNPq, Brazil). LBT is fellow from CONICET
Internalization process. (Argentina), EBD is a member of Research Career from

Althou{c_]h the |t|fe gyﬂe of [t>EfNV prtE;S_enltZ ase(;!es of Stagtﬁs CONICET, RGMZ is fellow from CAPES, PCSF from CNPq
representing potential targets tor antiviral drug discovery, (€ 5,y mp js Research Member from CNPq (Brazil).
few attempts to find antiviral substances have been mainly fo-
cused on the screening of probable RNA synthesis inhibitors,
such as ribavirin and other nucleoside analogsr{onte
et al., 2004h But, the effectiveness of this type of com- References
pounds against DENV was very weak and non seleckiod ( _ _ _ _
et al, 1982; Gabrielsen et al, 1992; Markland et al., ATIRE B KO8 S n L e e recion. o, Gen
2000; Leyssen et al., 2000; Diamond et al., 2002; Crance et ?3 21552159 PHOIY 9 o ’
al., 2003. Only in recent years, a few studies about potential gielefeldt-Ohmann, H., 1998. Analysis of antibody-independent bind-
DENV attachment/entry inhibitors were reported. As men- ing of dengue viruses and dengue virus envelope protein to human
tioned above, heparin was the first polysaccharide shown to  myelomonocytic cells and B lymphocytes. Virus Res. 57, 63-79.
be effective to inhibit DENV-2 multiplication in Vero. BHK Charlier, N., Leyssen, P., De Clercq, E., Neyts, J., 2004. Rodent models
. ’ for the study of therapy against flavivirus infections. Antivir. Res. 63,
and human liver cellsGhen et al., 1997; Hung et al., 1999; 67-77 y Py ag
Germi etal., 2002; Lin et al., 20@;&n_d the_ minimum size  chen, Y., Maguire, T., Marks, R.M., 1996. Demonstration of binding of
required to occupy the E protein binding site was foundtobe  dengue virus envelope protein to target cells. J. Virol. 70, 8765-8772.
a heparin-derived decasaccharitiatks et al., 2001L Other Chen, Y., Maguire, T., Hileman, R.E., Fromm, J.R., Esko, J.D., Linhardt,
polyanions such as sulfated galactans and polyoxometalates R.J., _Mar_ks,.R.M., 1997. Dengue virus infectivity depends on envelope
tv d ibed inhibit f DENV-2 ltipli protein binding to target cell heparan sulfate. Nat. Med. 3, 866-871.
V_Ver(_a recently escrl ed as innibl Ors_o - MUlplica- e 3.M., Scaramozzino, N., Jouan, A., Garin, D., 2003. Interferon,
tionin Vero cells Pujol etal., 2002; Shigeta et al., 2008he ribavirin, 6-azauridine and glycyrrhizin: antiviral compounds active
limitations of the available animal models of DENV infection against pathogenic flaviviruses. Antivir. Res. 58, 73-79.
have restricted the adequate in vivo evaluation of putative an-Damonte, E.B., Matulewicz, M.C., Cerezo, A.S., 2004a. Sulfated seaweed
tiviral compoundsCharlier et al., 2004 However, two seed polysaccharides as antiviral agents. Curr. Med. Chem. 11, 2399-2419.
fated aalact ith i, it tivit . t DENV Damonte, E.B., Pujol, C.A., Coto, C.E., 2004b. Prospects for the ther-
suliated galaciomannans with In _VI ro aC_IVI y agains apy and prevention of dengue virus infections. Adv. Virus Res. 63,
and YFV were able to protect mice against yellow fever by 239-285.
intraperitoneal inoculation of virus and compoun@¢ et Daughaday, C.C., Brandt, W.E., McCown, J.M., Russell, P.K., 1981. Ev-
al., 2003, demonstrating that polysulfates are an alternative idence for two mechanisms of dengue virus infection of adherent hu-
for flavivirus Chemotherapy man monocytes: trypsin-sensitive virus receptors and trypsin-resistant

Gi thei lectivit d antiviral effecti inh immune complex receptors. Infect. Immun. 32, 469-473.
iventheir selectivity and antiviral €flectiveness in human Diamond, M.S., Zachariah, M., Harris, E., 2002. Mycophenolic acid in-

cells agai.nSt PENV'Z and DENV-3, .the Se_aweed POlySUlfat?S hibits dengue virus infection by preventing replication of viral RNA.
reported in this study deserve consideration as virus entry in-  Virology 304, 211-221.

cknowledgements

This research was supported by grants from Agencia



110

Gabrielsen, B., Phelan, M.J., Barthel-Rosa, L., See, C., Huggins, J.W.,

Kefauver, D.F., Monath, T.P., Ussery, M.A., Chmurny, G.N., Schubert,
E.M., Upadhya, K., Kwong, C., Carter, D.A., Secrist lll, J.A., Kirsi,
J.J., Shannon, W.M., Sidwell, R.W., Kini, G.D., Robins, R.K., 1992.
Synthesis and antiviral evaluation df-carboxamidine-substituted
analogues of B-p-ribofuranosyl-1,2,4-triazole-3-carboxamidine hy-
drochloride. J. Med. Chem. 35, 3231-3238.

Germi, R., Crance, J.M., Garin, D., Guimet, J., Lortat-Jacob, H., Ruigrok,
R.W.H., Zarski, J.P., Drouet, E., 2002. Heparan sulfate-mediated bind-
ing of infectious dengue virus type 2 and yellow fever virus. Virology
292, 162-168.

Gubler, D.J., 2002. Epidemic dengue/dengue hemorrhagic fever as a pub-

lic health, social and economic problem in the 21st century. Trends
Microbiol. 10, 100-103.

Hase, T., Summers, P.L., Eckels, K.H., 1989. Flavivirus entry into cultured
mosquito cells and human peripheral blood monocytes. Arch. Virol.
104, 129-143.

Heinz, F.X., Auer, G., Stiasny, K., Holzmann, H., Mandl, C., Guirakhoo,
F., Kunz, C., 1994. The interactions of the flavivirus envelope pro-
teins: implications for virus entry and release. Arch. Virol. 9 (Suppl.),
339-348.

Hilgard, P., Stockert, R., 2000. Heparan sulfate proteoglycans initiate
dengue virus infection of hepatocytes. Hepatology 32, 1069-1077.

Hung, S.L., Lee, P.L., Chen, H.W., Chen, L.K., Kao, C.L., King, C.C.,
1999. Analysis of the steps involved in dengue virus entry into host
cells. Virology 257, 156-167.

Koff, W.C., EIm Jr., J.L., Halstead, S.B., 1982. Antiviral effects of
ribavirin and 6-mercapto-9-tetrahydro-2-furylpurine against dengue
viruses in vitro. Antivir. Res. 2, 69-79.

Leyssen, P., De Clercq, E., Neyts, J., 2000. Perspectives for the treatment

of infections withFlaviviridae. Clin. Microbiol. Rev. 13, 67-82.

Lim, H.Y., Ng, M.L., 1999. A different mode of entry by dengue-2 neu-
tralisation escape mutant virus. Arch. Virol. 144, 989-995.

Lin, Y.-L., Lei, H.-Y,, Lin, Y.-S., Yeh, T.-M., Chen, S.-H., Liu, H.-S.,
2002. Heparin inhibits dengue-2 virus infection of five human liver
cell lines. Antivir. Res. 56, 93-96.

Lindenbach, B.D., Rice, C.M., 200Elaviviridae: the viruses and their
replication. In: Knipe, D.M., Howley, P.M. (Eds.), Fundamental Vi-
rology. Lippincott Williams & Wilkins, Philadelphia, pp. 589-639.

Marianneau, P., Mgret, F., Olivier, R., Morens, D.M., Deubel, V., 1996.
Dengue 1 virus binding to human hepatoma HepG2 and simian Vero
cell surfaces differs. J. Gen. Virol. 77, 2547-2554.

Markland, W., McQuaid, T..J., Jain, J., Kwong, A.D., 2000. Broad-
spectrum antiviral activity of the IMP dehydrogenase inhibitor VX-
497: a comparison with ribavirin and demonstration of antiviral ad-
ditivity with alpha interferon. Antimicrob. Agents Chemother. 44,
859-866.

Marks, R.M., Lu, H., Sundaresan, R., Toida, T., Suzuki, A., Ima-
nari, T., Herdiz, M.J., Linhardt, R.J., 2001. Probing the interac-

tion of dengue virus envelope protein with heparin: assessment of

glycosaminoglycan-derived inhibitors. J. Med. Chem. 44, 2178-2187.

L.B. Talarico et al. / Antiviral Research 66 (2005) 103-110

Martinez-Barragn, J.J., del Angel, R.M., 2001. Identification of a putative
coreceptor on Vero cells that participates in dengue 4 virus infection.
J. Virol. 75, 7818-7827.

McBride, W.J.H., Bielefeldt-Ohmann, H., 2000. Dengue viral infections:
pathogenesis and epidemiology. Microbes Infect. 2, 1041-1050.
Miagostovich, M.P., dos Santos, F.B., de Simone, T.S., Costa, E.V., Fil-
ippis, A.M.B., Schatzmayr, H.G., Nogueira, R.M.R., 2002. Genetic
characterization of dengue virus type 3 isolates in the State of Rio de

Janeiro, 2001. Braz. J. Med. Biol. Res. 35, 869-872.

Moreno-Altamirano, M.M.B., 8nchez-Gaia, F.J., Miioz, M.L., 2002.
Non Fc receptor-mediated infection of human macrophages by dengue
virus serotype 2. J. Gen. Virol. 83, 1123-1130.

Mufioz, M.L., Cisneros, A., Cruz, J., Das, P., Tovar, R., Ortega, A., 1998.
Putative dengue virus receptors from mosquito cells. FEMS Microbiol.
Lett. 168, 251-258.

Ono, L., Wollinger, W., Rocco, I.M., Coimbra, T.L.M., Gorin, P.A.J.,
Sierakowski, M.R., 2003. In vitro and in vivo antiviral properties
of sulphated galactomannans against yellow fever virus (BeH111
strain) and dengue 1 virus (Hawaii strain). Antivir. Res. 60, 201-
208.

Pujol, C.A., Eskvez, J.M., Carlucci, M.J., Ciancia, M., Cerezo, A.S.,
Damonte, E.B., 2002. NovelL-galactan hybrids from the red seaweed
Gymnogongrus torulosuare potent inhibitors of herpes simplex virus
and dengue virus. Antivir. Chem. Chemother. 13, 83-89.

Ramos-Casfeeda, J., Imbert, J.L., Barron, B.L., Ramos, C., 1997. A 65-
kDa trypsin sensible membrane cell protein as a possible receptor
for dengue virus in cultured neuroblastoma cells. J. Neurovirol. 3,
435-440.

Randolph, V.B., Stollar, V., 1990. Low pH-induced cell fusion in

flavivirus-infected Aedes albopictugell cultures. J. Gen. Virol. 71,

1845-1850.

Salas-Benito, J.S., del Angel, R.M., 1997. Identification of two surface
proteins from C6/36 cells that bind dengue type 4 virus. J. Virol. 71,
7246-7252.

Shigeta, S., Mori, S., Kodama, E., Kodama, J., Takahashi, K., Yamase,
T., 2003. Broad spectrum anti-RNA virus activities of titanium and
vanadium substituted polyoxotungstates. Antivir. Res. 58, 265-271.

Spillmann, D., 2001. Heparan sulfate: anchor for viral intruders?
Biochimie 83, 811-817.

Talarico, L.B., Zibetti, R.G.M., Faa, P.C.S., Scolaro, L.A., Duarte,
M.E.R., Noseda, M.D., Pujol, C.A., Damonte, E.B., 2004. Anti-herpes
simplex virus activity of sulfated galactans from the red seaweeds
Gymnogongrus griffithsia@end Cryptonemia crenulataint. J. Biol.
Macromol. 34, 63-71.

Wei, H.-Y., Jiang, L.-F., Fang, D.-Y., Guo, H.-Y., 2003. Dengue virus
type 2 infects human endothelial cells through binding of the viral
envelope glycoprotein to cell surface polypeptides. J. Gen. Virol. 84,
3095-3098.

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



	The antiviral activity of sulfated polysaccharides against dengue virus is dependent on virus serotype and host cell
	Introduction
	Materials and methods
	Compounds
	Cells and viruses
	Cytotoxicity assay
	Antiviral assays
	Time of addition experiment
	Assay for virus adsorption
	Assay for virus internalization

	Results
	Spectrum of anti-DENV activity of the polysaccharides
	Anti-DENV activity of polysaccharides in different host cells
	Influence of time of addition of polysaccharides on anti-DENV-2 infectivity
	Effect of polysaccharides on virus adsorption and internalization

	Discussion
	Acknowledgements
	References


