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Duck enteritis virus (DEV) of the family Herpesviridae is one of the main diseases in waterfowl. Despite 
the wide use of vaccines to control the disease, infection with the virus cannot be completely prevented.
Therefor e, antiviral agents agai nst DEV should be developed. This study presents a novel sulfated poly- 
saccharide from Chuanminshen violaceum (sCVPS), which exhibits significant antiviral activity against 
DEV with 50% inhibitory concentrations (IC50) ranging from 77.12 lg/mL to 104.81 lg/mL. sCVPS is more 
effect ive than heparan sulfate (HS, as a positive control) with IC50 = 132.61 lg/mL. sCVPS and HS inhibit 
viral activity by preventing viru s adsorption with IC50 values ranging from 82.83 lg/mL to 109.28 lg/mL
for sCVPS and 150.22 lg/mL for HS. Direct immunofluorescence assay and transmission electron micros- 
copy demonstrated that the mechanism of action was the interference with virus adsorption. The amount 
of inhibite d virus during adsor ption was qua ntified using fluorescent qua ntitative polymerase chain reac- 
tion, which revealed that both sCVPS and HS can significantly reduce all viruses attached to cells. sCVPS 
also prevented the cell-to-cell spread of DEV. These results indicated that sCVPSs perform more effec- 
tively than does HS as antiviral agents against DEV and can be further examined for potential effects 
as an alternative control measure for DEV infection.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction sulfated polysaccharide s have been found to possess a broad spec- 
The Herpesviridae are a large family of double-str anded DNA 
viruses that cause serious diseases in humans and animals (Siakallis
et al., 2009 ). Duck enteritis virus (DEV), a member of the herpesvi- 
rus, can cause an acute infectious viral disease called duck virus 
enteritis (DVE) or duck plague in ducks, geese, swans, and other 
waterfowl species (Mondal et al., 2010; Qi et al., 2009 ). DEV infec- 
tion can result in high mortality, carcass condemnation , and re- 
duced egg production or hatchability (Wang et al., 2011a; Wu
et al., 2012a ). Despite the use of attenuated vaccines that can pro- 
vide protection against DEV, infection is not prevented complete ly
(Li et al., 2009; Mondal et al., 2010; Wang and Osterrieder, 2011;
Wang et al., 2011a ). Moreove r, no antiviral agents against DEV are 
available.

The antiviral activity of sulfated polysacchari des was first re- 
ported in 1958 by Gerber (Gerber et al., 1958 ), who found that poly- 
saccharides extracted from Gelidium cartilagenium prevented
influenza B and mumps virus infection in embryonated eggs. Many 
trum of antiviral activity since the report (Han et al., 2010 ). The 
inhibitory effect of sulfated polysaccharide s can potentially block 
early stages of viral life, including initial attachment to the target cell 
and viral entry (Damonte et al., 2004; Harden et al., 2009 ). Therefore,
sulfated polysaccharide s exhibit an inhibitory activity mainly by
interactio n with viral envelope proteins involved in virus infection 
of susceptible cells. In DEV, glycoprotein C significantly affects virus 
adsorptio n and transmission, binding to heparan sulfate proteogly- 
cans present on the cell surface, leading to initial attachme nt (Lian
et al., 2010 ). DEV entry is mediated by the coordinated effects of gly- 
coprotein B, D, and H/L with cell receptors, resulting in fusion and 
penetrati on (Heldwein and Krummenache r, 2008; Li et al., 2009;
Spear and Longnecker , 2003 ). These glycoproteins may act as candi- 
date target receptors in anti-DEV drug design.

Chuanmin shen violaceum is a traditional Chinese medicinal herb 
used as a tonic. C. violaceum polysacchari des (CVPSs) mainly consti- 
tute (almost 28%) C. violaceum (Lei and Zhang, 2012 ). CVPS is com- 
posed of D-carubinose and D-glucose with a ratio of 1:16.2 (Zhang
et al., 2007 ). The weight average molecula r weight and the number 
average molecular weight of CVPS are 9.7632 � 105 Da and 
5.2270 � 104 Da, respectively (Zhang et al., 2007 ). CVPS can 
strengthen specific and nonspecific humoral immunity in mice 
and exhibits an anti-mut agenic effect (Li and Shao, 1996; Zhang 
et al., 2007 ).
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Sulfated modification has been widely used to improve polysac- 
charide structure and enhance antiviral activity (Huang et al.,
2008a; Lu et al., 2008; Wang et al., 2010a; Zhao et al., 2011 ). More- 
over, some polysacchari des that originally showed no antiviral 
activity exhibited antiviral activity after sulfated modification
(Huang et al., 2008a ). In this paper, we report on the sulfated mod- 
ification of CVPSs by the chlorosulfon ic acid-pyridine method and 
the characterizati on of its antiviral efficacy against DEV. This inves- 
tigation aims to provide a new anti-herpesviru s drug candidate with 
developmen t potential and a new alternative control measure for 
DEV infection.
2. Materials and methods 

2.1. Sulfated modification of CVPS 

CVPS was extracted and purified in our laboratory (Song et al.,
2013). Sulfated CVPS (sCVPS) was prepared by the chlorosulfonic 
acid-pyridine method (Guo et al., 2009b ). Chlorosulfonic acid was 
added dropwise to pyridine (1:4, 1:6, and 1:8) in an ice-water bath,
with stirring. Polysaccharides (300 mg) dispersed in dry N,N-
dimethylfor mamide (20 mL) were then added to the mixtures 
and stirred in a water bath at 60 �C for 2 h. The solution was sub- 
sequently neutraliz ed with NaOH, dialyzed, and lyophilized to
yield sulfated CVPS. The sulfur content of three sCVPSs was mea- 
sured by the barium chloride–gelatin method (Dodgson and Price,
1962).

2.2. Cell culture and virus infection 

A duck embryo fibroblast (DEF) was grown in Eagle’s minimal 
essential medium (EMEM) supplemented with 10% (v/v) bovine 
calf serum (Gibco�), 100 U/mL penicillin, and 100 lg/mL strepto- 
mycin. For the maintenance medium (MM), serum concentratio n
was reduced to 2%.

DEV (CH virulent strain) was provided by the Institute of Pre- 
vention Veterinary Medicine (Chengdu, China). Virus stocks were 
propagated in DEF and prepared as described in a previous report 
(Guo et al., 2009a ).

2.3. Cytotoxicity assays 

The cytotoxic ity of CVPS, sCVPS, and HS (H7640; sulfur content:
5–7%; Sigma–Aldrich, USA) was evaluated by the MTT (3-(4,5-
dimethylthi azol-2-yl)-2,5-diphenyl tetrazoliu m bromide; Sigma–
Aldrich, USA) method (Wang et al., 2011b ). Thereafter, 2.5 �
104 DEF cells were added to each well of 96-well plates and incu- 
bated at 37 �C for 24 h. The growth medium was withdrawn;
MM containing twofold dilutions of compounds was added in trip- 
licate. After 72 h of incubation at 37 �C, 10 lL of PBS containing 
MTT (final concentration: 0.5 mg/mL) was added to each well.
Plates were reincubated at 37 �C for 4 h, the supernate in each well 
was aspirated, and 200 lL of dimethyl sulfoxide was added to sol- 
ubilize the formazan crystals. After vigorous shaking, absorbance 
values were measure d in a microplate reader (Bio-Rad, USA) at
570 nm. The 50% cytotoxic concentratio n (CC50) was calculated 
as the compound concentratio n required to reduce cell viability 
by 50%.

2.4. Antiviral activity of sCVPS and HS

Antiviral activity was evaluated by plaque reduction assay 
(Talarico et al., 2005 ). The DEF monolayer in 24-well plates was in- 
fected with about 50 plaque-formi ng units (PFU)/well with or
without various concentrations of test polysacchar ides. After 
adsorptio n for 1 h at 37 �C, the medium was replaced with MM
containing 1% methylcellul ose and a correspondi ng dose of each 
compound. After incubation for 72 h at 37 �C, the cells were 
stained with 0.1% crystal violet in 20% methanol. Plaques were 
counted, and the 50% inhibitory concentr ation (IC50) was calcu- 
lated as the compound concentratio n required to reduce virus pla- 
ques by 50% accordin g to the Reed–Muench method (Reed and 
Muench, 1938 ).

2.5. Inhibitory action assays 

2.5.1. Pretreatment assay 
Dilutions of test polysacchari des were added to each well of 24- 

well plates containing a DEF monolayer, and the plates were incu- 
bated at 37 �C for 1 h. The compound s were removed, and the 
monolay er was washed thrice with PBS (pH = 7.4). Virus suspen- 
sions (50 PFU/well) were then added to each well. After incubation 
at 37 �C for 1 h, the cells were rinsed thrice with PBS and overlaid 
with MM containing 1% methylcellul ose. The plates were incu- 
bated at 37 �C for 72 h. Plaques were counted, and the IC50 was
calculated .

2.5.2. Virus adsorptio n assay 
A DEF monolay er grown in 24-well plates was infected with 

about 50 PFU/well with or without various concentrations of test 
polysacchari des. After incubation at 4 �C for 1 h, the monolay er
was washed thrice with cold PBS to remove unadsorb ed viruses 
and then overlaid with MM containing 1% methylce llulose. Plates 
were incubated at 37 �C for 72 h. Plaques were counted, and the 
IC50 was calculated.

2.5.3. Virus penetratio n assay 
A DEF monolay er grown in 24-well plates was infected with 

about 50 PFU/well and incubated at 4 �C for 1 h. Virus inocula were 
aspirated and washed twice to remove unadsorbed viruses. Dilu- 
tions of test polysacchari des were added to each well, and plates 
were incubated at 37 �C for 1 h to allow penetration. After removal 
of compounds, the monolay er was rinsed with a citrate buffer (pH
3.0) to inactivate virions that had not penetrated the cells. MM
containing 1% methylcellulos e was then added to each well, and 
plates were incubated at 37 �C for 72 h. Plaques were counted,
and the IC50 was calculated.

2.5.4. Virus replication assay 
A DEF monolay er grown in 24-well plates was infected with 

about 50 PFU/well and incubated at 37 �C for 2 h to allow adsorp- 
tion and penetrati on. MM containing 1% methylcellul ose and dilu- 
tions of test polysaccharide s was then added to each well, and 
plates were incubated at 37 �C for 72 h. Plaques were counted,
and the IC50 was calculated.

2.5.5. Virus inactivati on assay 
MM containing dilutions of test polysaccharide s was incubated 

with an equal volume of virus suspension (5 � 105 PFU) at 37 �C for 
1 h. The solution was then diluted 104 times, and the titer of resid- 
ual infectious virus was quantified by plaque assay.

2.6. Plaque size assay 

A DEF monolayer grown in 6-well plates was infected with 
about 100 PFU/well. After incubation at 37 �C for 2 h to allow pen- 
etration, the inocula were removed . MM containing 1% methylcel- 
lulose and sCVPS 1.37 (50, 100, and 200 lg/mL) was then added, and 
plates were incubated at 37 �C for 72 h. The plaque size was calcu- 
lated using Nikon Imaging Software-Elemen ts. The average plaque 



Table 1
Antiviral activity of sCVPS, HS and CVPS against duck enteritis virus in duck embryo 
fibroblast.

Compounds CC50 (lg/mL)a IC50 (lg/mL)b SIc

sCVPS1.37 >2000 77.12 ± 2.36 >26 
sCVPS 0.95 >2000 94.04 ± 2.30 >21 
sCVPS 0.69 >2000 104.81 ± 1.75 >19 
HS >2000 132.61 ± 3.65 >15 
CVPS >2000 – –

a Cytotoxic concentration 50% (CC50), concentration required to reduce DEF via- 
bility by 50%, was measured by MTT method.

b Inhibition concentration 50% (IC50): concentration required to reduce virus 
plaques by 50%.

c SI: Selectivity index is defined as the ratio of CC50 to IC50 (SI = CC50/IC50).
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size was obtained by measuring 20 plaques from each group (An-
toine et al., 2012 ).

2.7. Direct immunofluorescence assay 

A DEF monolayer grown in cover slips was infected with DEV 
(multiplicity of infection [MOI] = 1.0) with or without sCVPS 1.37

(200 lg/mL). After 48 h of infection, the monolayer was washed 
with cold PBS and fixed in methanol at �20 �C for 15 min for cyto- 
plasmic immunofluorescence. The monolayer was permeabilized 
using 0.5% (v/v) Triton X-100 in PBS for 5 min, washed thrice with 
PBS, and incubated with fluorescein isothiocyan ate-labeled rabbit 
anti-DEV (bs-1672R-FITC; Beijing Biosynthesis Biotechn ology) at
37 �C for 1 h. Cells were finally washed and directly observed using 
a fluorescence microscope (Eclipse 80i, Nikon, Japan) (Xu et al.,
2012).

2.8. Transmission electron microscopy assay 

A DEF monolayer grown in culture flasks was infected with DEV 
(MOI = 1.0) with or without sCVPS 1.37 (200 lg/mL). The monolayer 
was washed and scraped with a cell scraper (Nunc, USA) 48 h after 
infection. Cells were then collected by centrifugation at 1000 rpm 
for 5 min and fixed in 2.5% glutaraldehyde at 4 �C for 2 h. After sev- 
eral buffer washes, fixed samples were post-fixed in 1% osmium 
tetroxide at 4 �C for 2 h. Samples were dehydrated in a graded ace- 
tone series prior to infiltration and embedding. Ultrathin (100 nm,
Leica UC6) longitudina l sections were cut, stained with uranyl ace- 
tate and lead citrate, and examine d under a Tecnai G2 F20 electron 
microscope (FEI, USA).

2.9. Fluorescent quantitative polymerase chain reaction assay 

A DEF monolay er grown in 6-well plates was infected with DEV 
(MOI = 0.1) with or without sCVPS (400, 200, and 100 lg/mL) and 
HS (100 lg/mL). After incubation at 4 �C for 1 h, the monolayer 
was washed thrice with cold PBS to remove unadsorbed viruses.
Total DNA was extracted from cells by using DNAiso Reagent 
(D305; Takara, China) according to the manufacturer’s instruc- 
tions. The primers and probe based on the UL30 gene of DEV (CH
virulent strain; Genbank: JQ647509) were designed using Primer 
Premier Software (version 5.0; Premier Biosoft Internationa l, Palo 
Alto, CA). The forward and reverse primers were 50-CCCAAACAC-
GAAACATGC -30 (positions: 61418–61435) and 50-TGTCCGGTTA-
CAATATCGTT- 30 (positions: 61522–61541), respectively . A 22 bp
probe, 50-FAM-CTCC TTTGTTCATCG CCCCGTA-T AMRA-3 0 (positions:
61436–61457), was also selected. A 124 bp fragment was ampli- 
fied with the primers and cloned in pMD 19-T Vector (D102; Taka- 
ra, China), used as a standard DEV DNA. The recombinant plasmid 
was subsequently quantified by measuring the optical density at
260 nm, and correspondi ng copy numbers were calculated using 
the equations described previousl y (Wang et al., 2002 ). Serial 10- 
fold dilutions of standard DEV DNA from 1 � 101 to 1 � 106 cop-
ies/reaction tube were prepared to construct a standard curve by
using Premix Ex Taq TM(Probe qPCR) (DRR390; Takara, China). Fluo- 
rescent quantitative polymera se chain reaction (FQ–PCR) was per- 
formed at 95.0 �C for 30 s, 95.0 �C for 5 s (40 cycles), and 57.5 �C for 
30 s by using a Bio-Rad CFX96 Touch TM real-time PCR detection 
system.

3. Results 

3.1. Characterizati on of sCVPS 

Sulfated derivatives of CVPS were prepared as described above.
The sulfur contents (S%) of the three sCVPSs (14.55%, 11.71%, and 
9.48%) were determined by the barium chloride–gelatin method 
(Dodgson and Price, 1962 ). The degrees of sulfation (DS) of
sCVPS1.37, sCVPS 0.95, and sCVPS 0.69 were 1.37, 0.95, and 0.69,
respectivel y, as determined by the following equation : DS = (1.62
� S%)/(32–1.02 � S%) (Guo et al., 2009b ). The average molecula r
weights of sCVPS 1.37, sCVPS 0.95, and sCVPS 0.69 were 1.20 � 105 Da,
2.54 � 105 Da, and 3.81 � 105 Da, respectively , as determined by
gel permeation chromatograp hy. The sCVPSs were homogeneous,
as shown by agarose gel electrophor esis. The monosaccha ride 
compositi on slightly changed, as determined by gas chromatogr a-
phy–mass spectrometry analysis.

3.2. Antiviral activity of sCVPS and HS

The antiviral activities of sCVPS and HS, which were evaluated 
for their ability to inhibit DEV plaque formation in DEF, are sum- 
marized in Table 1. Test polysaccharide s exhibited no cytotoxicity 
at the maximum concentr ation tested (2000 lg/mL). CVPS initially 
exhibited no anti-DEV activity; however, sulfated derivatives 
exhibited activity with varying levels of effectivenes s according 
to the DS. Among the three sCVPSs, sCVPS 1.37 exhibited the highest 
activity (IC50 = 77.12 lg/mL). sCVPS 0.95 exhibited a higher degree of
inhibitory action (IC50 = 94.04 lg/mL) than did sCVPS 0.69

(IC50 = 104.81 lg/mL). sCVPS also showed higher anti-DEV activity 
than did HS (IC50 = 132.61 lg/mL). Moreove r, the anti-DEV activi- 
ties of sCVPS and HS were specific in terms of selectivity index.

3.3. Inhibitory action studies 

Five tests were designed to analyze the influence of test poly- 
saccharide treatment during various phases of the viral life cycle.
Pretreatm ent assay that tests polysacchar ides with DEF monolay -
ers prior to virus infection detected no activity (Table 2), suggest- 
ing that the test polysacchari des cannot bind to virus receptors on
the cell surface involved in the initial virus attachme nt. However,
when added to the monolay er during virus adsorption, sCVPS 
and HS showed markedly enhanced inhibitory effects with IC50 val-
ues ranging from 82.83 lg/mL to 109.28 lg/mL for sCVPS and an
IC50 of 150.22 lg/mL for HS (Table 2). In the penetration experi- 
ment, the virus was incubated with the DEF monolayer at 4 �C
for 1 h to allow adsorptio n prior to addition of test polysacchari des.
Compound dilutions were then added during a 1 h penetration 
step at 37 �C. sCVPS and HS exhibited very poor inhibition of virus 
penetrati on at the maximum concentr ation tested (2000 lg/mL)
(data not shown in Table 2). After penetrati on into host cells, the 
virus began its replication by using host resource s. Experiments 
were thus conducted to measure the effect of test polysacchar ides 
on virus replication. No compound exhibited an inhibitory effect 
during virus replication (Table 2). In the antiviral trials of test poly- 
saccharides designed according to the viral life cycle, compound s
were at times directly incubated with the virus during infection.
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Fig. 1. The relative plaque size of untreated and sCVPS-treatment groups. DEF 
monolayer grown in 6-well plates was infected with about 100 PFU/well. After virus 
penetration, MM containing 1% methylcellulose and sCVPS 1.37 (50, 100, 200 lg/mL)
was then added and plates were incubated at 37 �C for 72 h. The size of Plaques was 
determined and values were obtained by three independent experiments. The 
different letters on a column differ significantly (P < 0.05).

Table 2
Effect of sCVPS, HS and CVPS on pretreatment, adsorption, penetration, replication and inactivation assay against duck enter itis virus in duck embryo 
fibroblast.

Compounds Pretreatment a Adsorption a Penetration a Replication a Inactivation a

sCVPS1.37 – 82.83 ± 2.16 – – –
sCVPS 0.95 – 101.14 ± 3.83 – – –
sCVPS 0.69 – 109.28 ± 1.36 – – –
HS – 150.22 ± 3.00 – – –
CVPS – – – – –

a Values shown represent the concentration required to inhibit plaque formation by 50% and are given in units of lg/mL.

X. Song et al. / Antiviral Research 98 (2013) 344–351 347
To test whether the observed antiviral effects of sCVPS were re- 
lated to its inactivation, concentr ated DEVs were incubated with 
dilutions of test compounds in vitro. Meanwhile, inactivation was 
measured, but no activity was detected (Table 2).

3.4. Plaque size study 

A study of the mode of action revealed that the sCVPS exerted 
no effect on virus replication after virus penetrati on into host cells.
However, mature progeny virions were released into extracellular 
spaces after complete virus replication (Fig. 3B) and subsequent ly
spread laterally between adjacent cells. Consequentl y, whether 
sCVPS can inhibit progeny virions from infected adjacent cells is
determined; thus, sCVPS was present during plaque formation. Pla- 
que size in the sCVPS-treated groups was significantly reduced 
(P < 0.05) by almost 40% of that in the untreated group (Fig. 1). A
significant differenc e in plaque size was indicated between the 
sCVPS group with a concentratio n of 200 lg/mL and the sCVPS 
group with a concentration of 50 lg/mL.

3.5. Direct immunofluorescence study 

Direct immunofluorescence assay measure d the effect of sCVPS 
on viral antigen expression. Cells were infected with DEV 
(MOI = 1.0) with or without sCVPS 1.37 (200 lg/mL). Viral antigen 
expression was observed by immunofluorescence assay 24 h after 
infection. High fluorescence of viral antigens was detected in
DEV-infected cells without sCVPS treatment (Fig. 2A). By contrast,
virus antigen expression in DEV-infected cells with sCVPS treat- 
ment drastical ly decrease d, and very low fluorescence was de- 
tected in cells (Fig. 2B). Non-fluorescence was also observed in
non-infecte d cells (Fig. 2C).
3.6. Transmiss ion electron microscopy study 

Transmis sion electron microscopy (TEM) was used to describe 
the state of virus propagation in DEV-infected cells. Cells were in- 
fected with DEV (MOI = 1.0) with or without sCVPS 1.37 (200 lg/
mL). The cells were processed for TEM 48 h after infection. In
DEV-infe cted cells without sCVPS treatment, many DEV particles 
(approximately 150 nm in diameter; Guo et al., 2009a ) were found 
in vacuoles in the cytoplasm (Fig. 3B and C), and mature progeny 
viruses remained unrelease d into extracellular spaces (Fig. 3B).
Vacuolar degeneration caused by DEV infection was also observed 
(Fig. 3C). In sCVPS-tr eated cells, a small number of DEV particles 
were found in both intracellular and extracellular spaces (Fig. 3D
and 3E), and the cells were shown to exhibit a normal structure .
No virus particles were observed in uninfecte d cells (Fig. 3A).
3.7. Fluoresce nt quantitative polymerase chain reaction study 

FQ–PCR was employed to quantify the amount of virus inhib- 
ited by sCVPS and HS during adsorption. Cells in 6-well plates were 
infected with DEV (MOI = 0.1) with or without sCVPS and HS. After 
adsorptio n at 4 �C for 1 h, the total DNA in each well was extracted.
The standard curve with detection ranging from 1 � 101 to 1 �
106 copies/react ion (R2 = 1.00; data not shown) indicates that both 
sCVPS and HS can significantly (P < 0.05) reduce all viruses at- 
tached to cells (Fig. 4). sCVPS showed higher activity than did HS
(P < 0.05), and sCVPS 1.37 showed the highest activity among all test 
polysacchari des (P < 0.05). Significant differenc es in the three 
sCVPS groups were observed among the test concentrations (400,
200, and 100 lg/mL).
4. Discussion 

A number of sulfated naturally and chemically synthesized poly- 
saccharides have shown antiviral activity against herpesvirus es,
particular ly against the herpes simplex virus (HSV-1 and HSV-2)
(Pujol et al., 2007; Wijesekara et al., 2011; Yasuhara-Be ll and Lu,
2010). In the present study, sulfated modification of CVPS was suc- 
cessfully performed by the chlorosulfon ic acid–pyridine method.
This study is the first to report on the anti-DEV activity of CVPS 
derivatives (Table 1): sCVPS was a potent inhibitor of DEV in DEF 
(IC50 < 105 lg/mL), with the selectivity index (>19) evaluated by
plaque reduction assay. These results support the view that sulfated 
modification is one of the most effective approach es to improving 
the antiviral activity of polysacchar ides. Another techniqu e in poly- 
saccharide modification to enhance antiviral activity has been re- 
ported: phosphorylated modification of Polygonatum cyrtonema 
polysacchari de can increase its anti-herpetic activity (Liu et al.,
2011).

Compare d with the potency of other sulfated polysacchar ides 
against herpesvirus , the inhibitory activity of sCVPS was weaker gi- 
ven that the IC50 values of many sulfated polysaccharide s were 
lower than 50 lg/mL, whereas that of sCVPS was 77.12 lg/mL



Fig. 2. Anti-DEV effect of sCVPS by immunofluorescence assay. Cells were infected 
with DEV (MOI = 1.0) in the presence (B) or absence (A) of sCVPS 1.37 (200 lg/mL). At
24 h post-infection, viral antigen expression was observed by immunofluorescence
assay. (C) Mock infected cells.
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(Table 1) (Harden et al., 2009 ). Similar results were observed in sul- 
fated agarans from Bostrychia montagnei , Calendula officinalis, and 
Georgiella confluens: the IC50 values against HSV-1 and HSV-2 were 
higher than 50 lg/mL when the sulfur content ranged from 6.4% to
12.6% (Damonte et al., 2004 ). Spirulan from Spirulina platensis (sul-
fur content = 3.24%) was also found to exhibit weak inhibitory 
activity, with an IC50 value of 155 lg/mL against HSV-1 (Hayashi
et al., 1996 ). Thus, differences in efficacy were caused mainly by
sulfur content and the characteri stics of the polysacchari des them- 
selves, including sugar compositi on, molecular weight, and molec- 
ular conformati on (Harden et al., 2009 ).

Generally, the antiviral activity of sulfated polysacchari des in- 
creases with the DS within a certain range (Damonte et al.,
2004). In some cases, the highest DS is not accompanied by the 
highest antiviral activity. In the present study, sCVPS with a higher 
DS exhibited higher anti-DEV activity (sCVPS1.37 > sCVPS 0.95 > -
sCVPS0.69), suggesting that the sulfation of CVPS was within an
optimal scope, leading to an inhibitory effect that accompanies DS.

HS proteoglyca ns are expressed by most mammalian cells, fre- 
quently present in cell membranes , where they act as cell surface 
receptors during initial virus attachment to host cells. These viruses 
include the herpes virus, dengue virus, adeno-assoc iated virus, and 
human immunodeficiency virus type 1 (Pourianfar et al., 2012; Rab- 
enstein, 2002; Waarts et al., 2005 ). Therefore, HS and its analogs ex- 
hibit a broad spectrum of antiviral activity because of their 
significant effect on virus infection (Lee et al., 2006; Nyberg et al.,
2004; Pourianfar et al., 2012 ). The first to evaluate the antiviral 
activity of HS against DEV, the present study found that HS effec- 
tively inhibited DEV with an IC50 of 132.61 lg/mL, but such efficacy
was lower than that of sCVPS (Tables 1 and 2). This difference in
efficacy between HS and sCVPS was due to the difference in sulfur 
contents ; the sulfur content of HS was about 7% lower than that 
of sCVPS (9.48–14.55%).

Binding to the cell surface receptor is a critical step in cell inva- 
sion by a virus. In antiviral drug development, preventio n of viral 
infection at this early stage is considered less toxic than chemother- 
apy (Liu and Thorp, 2002 ). Previous studies showed that the antivi- 
ral activity of sulfated polysacchari des primarily resulted from 
interfere nce with the initial adsorption of the virus to the host cells 
(Damonte et al., 2004 ). This finding is consistent with the results of
the present study. The antiviral activities of sCVPS and HS were 
attributed to the inhibition of virus adsorptio n measure d by plaque 
reduction assay (Table 2) and further confirmed by direct immuno- 
fluorescence assay (Fig. 2) as well as TEM (Fig. 3). This study also 
established a new FQ–PCR method to detect DEV by which sCVPS 
and HS significantly reduced the amount of virus during adsorption 
in a dose-dependent manner with MOI of 0.1 (Fig 4). Thus, the pre- 
vention efficacy for binding DEV–DEF by sCVPS and HS was inde- 
pendent of the input viral count.

The mechanism of action is mediated by the interactions of an- 
ionic charges in sulfated polysacchari des with positively charged 
domains of viral envelope glycoproteins. These interactio ns shield 
the functional domain involved in virus attachment to cell surface 
receptors (Damonte et al., 2004; Harden et al., 2009; Witvrouw and 
De Clercq, 1997 ). The envelope glycoprotein C of DEV is nonessen- 
tial for propagation but responsible for virus binding (Li et al.,
2009; Wang and Osterrieder , 2011 ). Therefore, sCVPS was believed 
to act on glycoprotein C and competitive ly inhibit the binding of
DEV–HS proteoglycans on the cell surface.

After binding to host cells, a virus immediately penetrates by
the fusion of the virion envelope with a cell plasma membran e.
This process requires the interaction of several envelope glycopro- 
teins with cell surface receptors. No sCVPS and HS can inhibit 50%
DEV penetration into DEF at the maximum concentr ation (Table 2),
which may be due to the ineffective interactio n of sulfated polysac- 
charides with envelope glycoprotei ns for DEV fusion. Although no
inhibition of virus replicatio n was detected, sCVPS prevented the 
cell-to-cel l spread of DEV. This observation was reflected by the 
plaque size (Fig. 1) and attributed to the interference with virus 
adsorptio n. Inhibitio n of DEV infection by sCVPS prevented both 
the entry and the spread of DEV.

Inactivat ion is an important antiviral property of sulfated 
polysacchar ides because of its association with increased anti-her- 



Fig. 3. Anti-DEV effect of sCVPS by transmission electron microscopy assay in DEF. DEF monolayers were infected with DEV (MOI = 1.0) in the presence (D and E) or absence 
(B and C) of sCVPS 1.37 (200 lg/mL). At 48 h post-infection, virions in cells were examined by transmission electron microscopy. Without sCVPS-treated, many DEV particles 
were observed in DEF (B and C, denoted by arrowhead) and the mature progeny viruses had yet been released into extracellular spaces (B, denoted by white arrowhead).
Vacuolar degeneration caused by DEV infection was also observed (C). In contrast, few virions were found in sCVPS-treated cells (D and E, denoted by arrowhead) and the cells 
were shown to exhibit a normal structure. (A) Mock infected cells.
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pesvirus activity in vivo (Carlucci et al., 2004 ). The mechanis m of
virus inactivation by sulfated polysaccharide s involves the forma- 
tion of a stable virion-sulfa ted polysacchari de complex, causing 
the occupancy of sites on the viral envelop required for viral infec- 
tion (Harden et al., 2009 ). The study on the mode of inhibitory action 
indicated that sCVPS and HS mainly inhibited viral activity by
preventin g virus adsorption but did not inactivate the virus inocula 
by pre-incubation with sCVPS and HS. This finding might have been 
due to the reversibility of the complex sCVPS–DEV or HS–DEV.
When the virus inocula containing sCVPS and HS were diluted 104 -
times for plaque measurement, the number of sulfated polysaccha- 
rides decrease d sharply, leading to undetected inactivation. Similar 
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Fig. 4. Anti-DEV effect of sCVPS and HS by fluorescent quantitative polymerase chain reaction assay. Cells in 6-well plates were infected with DEV (MOI = 0.1) in the presence 
or absence of sCVPS (400, 200 and 100 lg/mL) and HS (100 lg/mL). After 1 h adsorption at 4 �C, total adsorped number of viruses was quantified according to standard curve 
with detection ranged from 1 � 101 to 1 � 106 copies/reaction (R2 = 1.00, data not shown). The different letters on a column differ significantly (P < 0.05).

350 X. Song et al. / Antiviral Research 98 (2013) 344–351
results were reported for dextran sulfate and other sulfated polysac- 
charides (Harden et al., 2009 ).

DVE is one of the most widespread and devastating waterfowl 
diseases, causing severe economic loss in the waterfow l industry 
(Wu et al., 2012b ). DVE can be transmitted by direct contact with 
infected birds as well as indirect contact with a contaminated envi- 
ronment; thus, water seems to be a natural channel of DEV trans- 
mission. (Saif et al., 2008 ). Adding sCVPS to drinking water may be
a primary and simple method of preventing DEV infections in
waterfowl. In vivo sCVPS protection from DEV infections through 
various administrat ion routes remains under investiga tion. Sul- 
fated polysacchari des also exhibited numerous advantag es over 
other classes of antiviral drugs, such as relatively low production 
costs, a broad spectrum of antiviral properties, and low cytotoxic- 
ity (Wijesekar a et al., 2011 ). Moreover, sulfated modification of
polysacchari des can increase immunity-e nhancing activity (Ma
et al., 2010; Huang et al., 2008b; Guo et al., 2009b; Wang et al.,
2010b). Given its abundant sources, potent anti-DEV activity, and 
predicted immunity-enhanc ing activity, sCVPS exhibits potential 
for the control of DEV infection in ducks.
5. Conclusions 

Sulfated modification of CVPS was successfully conducte d. This 
study was the first to demonst rate that sCVPS inhibits DEV and 
performs more efficiently than does heparan sulfate (positive con- 
trol). The mechanism of action was related to the inhibition of
virus adsorption. With the promising in vitro antiviral properties 
reported in this study, sCVPS exhibits potential for further antiviral 
research.
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