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Abstract

Innate, non-specific resistance mechanisms are important to pathogens, particularly for delaying virus replication at the onset of infection.
Innate immunity constitutes the first line of defense in vertebrates and is the only one in invertebrates. Little is known about possible antiviral
substances in invertebrates. The present work concerns a study of antiviral substances in hemolymph fonrmsadattea gigasysters.

Despite the detection of cytotoxicity in fresh filtered hemolymph for both mammaliag,(C&0wg/ml) and fish cells (C&: >2000u.g/mi

for EPC cells and 34pg/ml for RTG-2 cells), an antiviral substance was detected. Fresh filtered hemolymph was capable of inhibiting the
replication of herpes simplex virus type 1 in vitro at ansg@f 425p.g/ml (total proteins) and the replication of infectious pancreatic necrosis
virus in EPC and RTG-2 cells at 217 and 1B§'ml (total proteins), respectively.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (Lee and Maruyama, 19398The literature does not clearly
mention the existence of antiviral substance€imgigas
Several molecules extracted from marine invertebrates, in-  The first bivalve virus was reported in adult eastern oys-
cluding bivalves, possess broad-spectrum antimicrobial ac-ters,Crassostrea virginicaand had a particle morphology in-
tivities, affecting the growth of bacteria, fungi and yeasts dicating membership of the familflerpesviridag(Farley et
(Nakamura et al., 1988; Mitta et al., 2000; Zasloff, 2p02 al., 1972. Since 1991, high mortalities &f. gigadarvae and
However, there is relatively little information available on juveniles have been observed regularly in association with
the antiviral defense mechanisms of bivalves. Antiviral sub- herpesvirus infections in countries around the woRdrault
stances (paolin | and Il) have been reported in cldya et al., 2001; Arzul and Renault, 2002dult oysters appear

arenaria(Li and Traxler, 1972; Prescott et al., 196&nd in less sensitive to herpesvirus infections. However, although
vitro assays were used to detect a neutralizing activity againstabnormal mortality has not occurred amddggigasadults
T3 coliphage in hemolymph from the Pacific oyst€ras- in France, the presence of viral DNA was demonstrated in

sostrea gigagBachere et al., 1990 A peptide that inhibits ~ adults of normal appearancargul et al., 2002. Thus, like
HIV-1 protease was also isolated frdbn gigashydrolysate other herpesviruses, ostreid herpesvirus 1 (OsHV-1) seems to
be able to persist in adull. gigas which are evidently able

* Corresponding author. Tel.: +33 2 97 01 71 55; fax: +33 2 97 01 70 71. {0 maintain effective immunity. Thu§;. gigasappears to be
E-mail addressnathalie.bourgougnon@univ-ubs.fr (N. Bourgougnon). an appropriate invertebrate species to study antiviral innate
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immunity. The present study led to the detection of an activ-
ity in C. gigasacellular hemolymph that inhibits growth of a
mammalian virusherpes simplexirus type 1 (HSV-1; family
Herpesviridag in vitro at concentrations causing moderate
cytotoxicity. Antiviral activity from oyster hemolymph was
also evaluated in fish cell lines infected by two fish viruses, vi-
ral hemorrhagic septicemiavirus (VHSV, fami®habdoviri-
daé and infectious pancreatic necrosis virus (IPNV, family
Birnaviridae).

2. Materials and methods
2.1. Sources of oysters and hemolymph collection

Three year-old Pacific oyster§,. gigas were obtained
from shellfish farms in the Marennes&bn Bassin (Char-
ente Maritime, France) on the French Atlantic coast. Oys-
ters were collected during the winters of 2002—-2003 and
the summer of 2003. Hemolymph was collected from the
pericardial cavity using a sterile syringe (1 ml, 23 G, no. 16,
Terumo). An acellular fraction was obtained by filtering the
crude hemolymph through a 0.@2n sterile filter. The filtered
material was stored in aliquots ai80°C. Total concentra-
tions of proteins in the extracts were determined by the Lowry
method Lowry et al., 195).

2.2. Cells and viruses

African green monkey kidney cells (Vero, ATCC CCL-81)
were grown in Eagle’s minimum essential medium (MEM,
Eurobio) supplemented with 8% fetal calf serum (FCS, Eu-
robio) and 1% of antibiotics PCS (10,000 IU/ml penicillin,
25,000 1U/ml colimycin, 10 mg/ml streptomycin; Sigma).
HSV-1 (wild type strain 17, sensitive to acyclovir) was ob-
tained from Pr. Ingrand (6pital A. Beclere, Reims, France).

The fibroblastic RTG-2 cell line, derived from rainbow
trout (Oncorhyncus mykiygonad tissue, and the epithelial
EPC Cyprini epithelioma papulosuneell line derived from
carp, Cyprinus carpio were incubated at 14T in Eagle’s
Glasgow medium (MEM, BioWhittaker) supplemented with
2% FCS and 0.1% of a 1060antibiotics solution (100 1U/ml
penicillin, 0.1 g/ml streptomycin). IPNV (VRg strain) and
VHSV (07.71 strain) were propagated in both RTG-2 and
EPC cells lines, aliquoted and stored-s&80°C.

Virus titers were estimated from cytopathogenicity ac-
cording to theReed and Muench (1938)lution method, and
expressed as 50% infectious doses per milliliters(fnl).
The HSV-1 stock had a titre of 2 10°-8%1D5¢/ml. The IPNV
and VHSV stocks had titers of 2 10°-26|1Dgg/ml.

2.3. Cytotoxicity assays based upon cell viability
Using the Vero cell/HSV-1 model, cytotoxicity was eval-

uated by incubating cellular suspensions (3.50° cells/ml)
with various dilutions (total protein concentration from 200 to

1100ug/ml, 4 wells per concentration) of oyster hemolymph
in 96-well plates (48 h, 37C, 5% CQ) in Eagle’s MEM
containing 8% FCS. The cells were examined daily under a
phase-contrast microscope to determine the minimum con-
centration of hemolymph that induced alterations in cell
morphology, including swelling, shrinkage, granularity and
detachment. Cytotoxicity by cell viability was tested us-
ing the neutral red dye methodi¢Laren et al., 1983
Optical density (OD) was measured at 540 nm using a spec-
trophotometer (SpectraCodMt, Packard). The 50% cyto-
toxic concentration (Cgg) was defined as the concentration
thatreduced the OD oftreated cells to 50% of that of untreated
cells. CGy values were expressed as the percentage of de-
struction (9%®): [(ODc)C— (ODc)MOCK/(ODc)C]x 100.
(ODc)C and (ODc)MOCK were the OD values of the un-
treated cells and treated cells, respectivélgnglois et al.,
1986.

Using fish models, cytotoxicity was evaluated by
incubating RTG-2 cells (4.7% 10°cells/ml) or EPC
cells (12.5x 10° cells/ml) with various dilutions of oys-
ter hemolymph (total protein concentration from 70 to
550ug/ml, 2 wells per concentration) in 96-well plates (48 h
at 14°C) in Eagle’s MEM containing 2% FCS. Cytotoxicity
was measured as absorbance at 590 nm after incubation for
45min in crystal violet Renault et al., 1991 CGsp values
were derived as described above.

2.4. Antiviral assays based upon cell viability

Using the Vero cell/HSV-1 model, 1QQ of cellular
suspension (3.% 1P cells/ml) in Eagle’s MEM contain-
ing 8% FCS was incubated with p0 of a dilution of
fitered hemolymph (total protein concentration from 200
to 1100wg/ml) in 96 well-plates (48 h, 37C, 5% CQ).
Three replicates were infected using@0of medium and
a virus suspension at a MOI of 0.001gfxells. After
incubation, antiviral activity was evaluated by the neutral
red dye method. The antiherpetic compound acyclovir
[9-(2-hydroxyethoxymethyl)guanine] was used as reference
inhibitor. The 50% effective antiviral concentration (§
was expressed as the concentration that achieved 50% protec-
tion of virus-infected cells from virus-induced destruction.
The OD was related directly to the percentage of viable cells,
which was inversely related to the cytopathic effect (CPE).
The linear regression was determined for each assay on the
basis of cell controls (0% CPE) and virus controls (100%
CPE). Data were expressed as a percentage of protection
(%P): [((ODt)virus — (ODc)virus)/((ODc)MOCK-— (ODc)-
virus)] x 100. (ODt)virus was the OD of the test sample,
(ODc)virus was the OD of the virus control (no hemolymph),
and (ODc)MOCK was the OD of the mock-infected control
(Langlois et al., 1986

Using fish RNA viruses, 50l of cellular suspension
(RTG-2, 4.75x 10° cells/ml or EPC, 12.5 10° cells/ml) in
Eagle’s MEM containing 2% FCS was incubated withu25
of various dilutions of oyster hemolymph (70-5o6/ml) in
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96 well-plates (48 h, 14C). At each concentration, two repli-
cates were infected by 28 of medium or virus suspension
at a MOI of 0.01 IRyg/cell. After incubation, antiviral activ-
ity was evaluated by the crystal violet method. ODs were
determined at 590 nm, and Efvalues were calculated as
described above.

2.5. Mechanism of action studies

2.5.1. Virucidal assay

A virus suspension containing 0.001gdcell of HSV-
1 or 0.01IB¢/cell of IPNV was incubated with an equal
volume of medium with or without hemolymph dilutions
(70-550ug/ml of total proteins) for 1 h at 37C for HSV-
1 and overnight at 14C for IPNV. One hundred microliters
of mixed suspension was then added to L.06f cellular sus-
pension (3x 10° Vero cells/ml or 4.75¢< 10° RTG-2 cells/ml)
in culture mediumDamonte et al., 1994, 1996; Bérgt al.,
1999. After incubation for 48 h, the virucidal effect was de-

termined using the neutral red dye method for HSV-1 and the

crystal violet method for IPNV.

2.5.2. Effect before infection
To determine whether a cellular antiviral state could be in-
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containing different concentrations of hemolymph. In Treat-
ment Ill, hemolymph was present both during and after the
adsorption period. The effect on HSV-1 adsorption was de-
termined after 2 days by the neutral red dye method.

3. Results and discussion

The antiviral evaluation consisted of testing oyster
hemolymph on a mammalian fibroblastic cell line (Vero
cells) infected by HSV-1. This model is currently used for
the screening of antiviral molecules from marine organ-
isms Bercg et al., 1999; Yasin et al., 2000; Maier et al.,
2001). The choice of a heterologous model was imposed by
the lack of bivalve cell linesRrescott et al., 1966; Li and
Traxler, 1972; Azumi et al., 1990; Tamamura et al., 1993;
Lee and Maruyama, 1998The antiviral activity of oyster
hemolymph was also evaluated in fish cell lines infected by
two fish viruses (VHSV and IPNV).

3.1. Hemolymph cytotoxicity and anti-HSV-1 activity in
a mammalian model

Investigation of antiviral activity in acellular hemolymph

duced by hemolymph, cells were incubated with hemolymph was conducted. At 48 h after infection, 100%1(6%) of cel-

(24 h, 37C, 5% CQ) and were then washed with PBS. Cells
were inoculated with virus and incubated for 48 h {87 5%
CQO;,) (Damonte et al., 1994, 1996; Bérgt al., 1990 The
effect on virus multiplication was determined by the neutral
red dye method for HSV-1 and the crystal violet method for
IPNV.

2.5.3. Effect of hemolymph addition time

Monolayers of Vero cells were inoculated with HSV-1 at
0.001 ID5¢/cell, and hemolymph was added simultaneously
orafter 1, 2, 3 or5hfollowing infection. After 48 h of incuba-
tion, the effect on HSV-1 replication was determined by the
neutral red dye method. RTG-2 cells were inoculated with
IPNV at 0.01 IBso/cell. Hemolymph was added simultane-
ously or after 1, 2, 3 or 5 h following infectiolb@monte et
al., 1994, 1996; Befget al., 1999 After 48 h of incubation,
the effect on IPNV replication was determined by the crystal
violet method.

2.5.4. Virus adsorption assay
The inhibitory effect of hemolymph on virus adsorption

lular protection was obtained for a 58@/ml protein con-
centration at a MOI of 0.001 Ig/cell (EG5o of 425u.g/ml)
(Fig. 1). Acyclovir (1pg/ml) conferred total protection
(100%) against HSV-1 with a low percentage of cell destruc-
tion (5%). Hemolymph did not inhibit viral production at a
MOI of 0.01 IDsg/cell. After 48 h of treatment, the viability
assay showed destruction of the cell monolayer at gg@€
750p.g/ml. Above 537.g/ml protein, cytotoxicity increased
from 20 to 80%, thus compromising the antiviral activity
(Fig. 2).

Prescott et al. (1966)ported that molecules (paolins)
from clams and oysters were active in vitro and in vivo
against micro-organisms, including HSV-1. Moreovese
and Maruyama (1998%olated a peptide from a hydrolysate
of the Pacific oysterC. gigas which inhibited HIV-1 pro-
tease. Although the selectivity index (1.78pble J is low,
this study highlights the presence of an antiviral activity in
adult oyster hemolymph.

3.2. Antiviral activity against fish viruses

was measured on confluent monolayers of Vero cellsinfected The evaluation of antiviral activity in fish models pro-

with HSV-1 at 0.001 I3¢/cell, under different treatments
(Damonte etal., 1994, 1996; Bérgt al., 1999 In Treatment

vided complementary information. The ggof filtered
hemolymph on EPC cells was greater than 2060ml,

I, cells were exposed to HSV-1 in the presence of various but values reached 34G.3/ml of proteins on RTG-2 cells

hemolymph dilutions. After virus adsorption (1 h at@),

cells were washed with PBS to remove both hemolymph
and unadsorbed virus and further incubated with medium.

(Table 1.
No inhibition of VHSV growth was observed on EPC and
RGT-2 cells Table 3. However, hemolymph had an antiviral

In Treatment II, cells were exposed to HSV-1 and after a effect against IPNV (a non-enveloped RNA virus) in fibrob-

virus adsorption period (1 h at°€), unadsorbed virus was

lastic and epithelial cells. It completely inhibited (100% of

removed and cells were further incubated with the medium protection) the growth of IPNV in RTG-2 cells at a total
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Fig. 1. Putative anti-HSV-1 activity of filtered oyster hemolymph. This figure shows the antiviral and cytotoxic activities of acellular hemobsenygdadfter
incubating for 48 h Vero cells infected by HSV-1 (MOI 0.001sHxell) with various concentrations of hemolymph. Vero cells are mammalian fibroblastic cells
and HSV-1 is herpes simplex virus type 1. Antiviral activity is expressed as the percentage of viable virus-infected cells (% of protectiong. &Zyivitpxs
observed as the percentage of viable mock-infected cells (% of destruction). The 50% effective antiviral concentrggjoma&E425.9/ml of total protein.

The 50% cytotoxic concentration (G§) was 75Qug/ml of total protein. Evaluation was carried out in triplicate.

protein concentration of 1564g/ml. The effect was greater  rally active against a variety of viruses, including DNA and
in fibroblastic cells (EGp: 90wg/ml) than in epithelial cells  enveloped and non-enveloped RNA viruses.
(ECs0: 156.4p.g/ml).

The results using fish models confirm the presence of an3.3. First approach to determining the mechanism of
antiviral activity in adult oyster hemolymph. The selectivity action
index in fish models (3.84 in the RTG-2/IPNV model and
12.78 in the EPC/IPNV model) was greater than that in the A first approach to determine the mode of action of
mammalian model (1.76). However, hemolymph produced hemolymph was initiated by carrying out different treatments
major cytotoxicity in both fibroblastic cell lines (RTG-2 and in the HSV-1/Vero and IPNV/RTG-2 models.
Vero cells), with CGgvalues of 346.2 and 750g/ml, respec-
tively. EGsg values in the HSV-1/Vero models were close to  3.3.1. Virucidal assay
the CGy values, and it is thus difficult to differentiate cyto- Preincubation of the virus with hemolymph did not protect
toxicity from antiviral activity. Filtered hemolymph did not  Vero cells against HSV-1Table 3. IPNV suspension mixed
inhibit VHSYV, an enveloped RNA virus, but exerted an an- for one night at 14C with hemolymph did not protect RTG-2
tiviral activity against IPNV, a non-enveloped RNA virus. cells againstinfection. These results indicate that hemolymph
Moreover, no cytotoxic effect was detected on EPC cells.  does not irreversibly neutralize HSV-1 or IPNV.

Antiviral substances from invertebrates have been re-
ported previously. HalocyaminAgumi et al., 199D iso- 3.3.2. Effect before infection
lated from ascidian hemocytes induced an inhibition of IPNV  Vero cells were not protected from HSV-1 infection when
growth in RTG-2 cells for 10Q.g/ml of pure peptide. More-  hemolymph was present only before virus infectialfle 2.
over, Pan et al. (2000ylemonstrated that crustacean tissue The hemolymph did notinduce a durable antiviral state in the
extracts from crab, shrimp and crayfish are broadly antivi- target cells.

Table 1
Hemolymph activity (EGp and CGyp) against fish viruses
EPC/IPNV RTG-2/IPNV EPC/VHSV RTG-2/VHSV HSV-1/Vero
ECso (p.g/ml) 156.4 90.0 >2000 >2000 425
CCsp (pg/ml) >2000 346.2 >2000 346.2 750
Sl 12.78 3.84 <1.00 <0.17 1.76

This table shows the antiviral and cytotoxic activities of acellular hemolymph observed after incubating for 48 h a 96-well plate containirgifitdctsd

by fish viruses in the presence of different concentrations of hemolymph. EPC are carp epithelial cells, RTG-2 are rainbow trout gonad fibilebkastic cel
Vero are mammalian (simian) fibroblastic cells. IPNV is infectious pancreatic necrosis virus, VHSV is viral hemorrhagic septicemia virus, aischei®és
simplex virus type 1. Results are expressed agHthe 50% antiviral effective concentration), €g&the 50% cytotoxic concentration) and Sl, the selective
index (CGo/ECsp). Evaluation was carried out in triplicate.
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Table 2
Approach to determine the mechanism of action of filtered oyster hemolymph
Mechanisms B %D ECso control
Virucidal assay 48h 0.00 30.00 .04
Effect before infection 48h 0.00 35.00 2P
Effect of time of hemolymph addition Oh 89.0&21) 20.00 &4) 0.32
1h 98.00 {-4) 38.00 (£24) 032
2h 100.00 £0) 33.00 ¢0) 0.40
3h 0.00 (£4) 33.00 (1) 045
5h 0.00 ¢-0) 41.00 &3) 0.53
Virus adsorption assay Treatment | 35.50 16.00 .900
Treatment Il 74.00 35.00 .04
Treatment Il 98.50 44.00 .06

An approach to determine the mode of action of hemolymph was initiated

by carrying out different treatments on the HSV-1/Vero model, and the results

are shown in this table. Results are expressed as percentage of viable virus-infected cells (% of protB}tamd &s the percentage of viable mock-
infected cells (% of destruction: B§. Hm: Hemolymph, Addition time: Hm was added simultanously, or 1, 2, 3 or 5h after virus inoculation. Treatment

I: Virus + cells + Hm— (1 h, 4°C) — PBS— cells; Treatment II: Virus + cells>

(1h, 4°C)— PBS— cells+ Hm; Treatment IlI: Virus + cells + Hm> (1 h,

4°C)— PBS— cells + Hm. Effect before infection: cells and Hm were incubated for 24 h aC33efore virus inoculation. Virucidal assay: virus and Hm
were incubated for 1 h at 3T before addition to cell suspension. Evaluation was carried out in triplicate.

3.3.3. Effect of hemolymph addition time

Vero cells were optimally protected (89-100%) when
hemolymphwas added at 0-2 h after infectidalfle 9. After
3 h, antiviral activity decreased dramatically. The cytotoxic-
ity increased from 20 to 41% between 0 and Jhlle 2.
In comparison, the E£p of acyclovir increased from 0.32 to
0.53p.g/ml between 0 and 5 @ble 3. Similar results using
hemolymph were observed in the fish model (data not shown).

3.3.4. Virus adsorption assay

With Treatment |, a low antiviral activity (35% of pro-
tection) and 16% of cell destruction were observed. With
Treatment Il, a high percentage of cell protection (74%) was
seen. With Treatment Ill, a higher percentage of protection
than in Treatment Il (98%) was notediable 3. Vero cells
were not protected from HSV-1 infection when hemolymph
was present before infectiofigble 2.

Hemolymph did not exert a virucidal effect on HSV-1.
Moreover, virus inhibition required the simultaneous pres-
ence of hemolymph, virus and cells, suggesting the reversible
nature of the inhibition. The antiviral activity might be medi-
ated throughout an intracellular mechanism in infected cells.
Liand Traxler (1972also reported virus inhibition by paolins
from clams in infected cells. Oyster hemolymph inhibits
HSV-1 replication at an early stage of the replication cycle,
between 0 and 2 h after initiation of infection. It may thus in-
terfere with the adsorption process, resulting in inhibition of
virus attachment to the cell surface. Because of the low selec-
tive index observed due to a high degree of cytotoxicity, we
could not determine the mode of action of hemolymph. Nev-
ertheless, we suggest that acellular hemolymph contains dif-
ferent components, which could induce cytotoxicity as well
as antiviral activity.

Knowledge of the immune mechanisms activated after vi-
ral infection of vertebrates would suggest an interferon-type

mechanism. However, the presence of interferons has not yet

been observed in invertebrates. However, antiviral molecules
have been isolated in shrimps and inseBigl¢t et al., 1999;
Chernysh et al., 2002 Two antiviral and antitumoral pep-
tides called alloferons have been isolated from the blood of
the blow fly Calliphorta vicina(Chernysh et al., 2002This
study showed that the alloferon molecules induced cytokine-
like synthesis and were able to modulate the activity of human
natural killer cells.

Despite a high level of cytotoxicity detected in oyster
hemolymph, a putative antiviral substance was detected, and
is of potential interest in understanding invertebrate immu-
nity. This study should open the way to more effective veteri-
nary medicine in various cultivated marine species, both in
terms of antiviral therapeutic agents and the identification of
new targets involved in controlling infections. Further inves-
tigations are in progress to confirm the presence of antiviral
molecules in adul€. gigas
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