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Abstract

Polyinosinic:polycytidylic acid (poly(I:C)) is a ligand of toll-like receptor (TLR) 3 that has been used as an immunostimulant in
humans and mice against viral diseases based on its ability to enhance innate and adapt immunity. Antiviral effect of
poly(I:C) has also been observed in teleost, however, the underling mechanism is not clear. In this study, we investigated the
potential and signaling mechanism of poly(I:C) as an antiviral agent in a model of Japanese flounder (Paralichthys olivaceus)
infected with megalocytivirus. We found that poly(I:C) exhibited strong antiviral activity and enhanced activation of head
kidney macrophages and peripheral blood leukocytes. In vivo studies showed that (i) TLR3 as well as MDA5 knockdown
reduced poly(I:C)-mediated immune response and antiviral activity to significant extents; (ii) when Myd88 was
overexpressed in flounder, poly(I:C)-mediated antiviral activity was significantly decreased; (iii) when Myd88 was inactivated,
the antiviral effect of poly(I:C) was significantly increased. Cellular study showed that (i) the NF-kB activity induced by
poly(I:C) was upregulated in Myd88-overexpressing cells and unaffected in Myd88-inactivated cells; (ii) Myd88
overexpression inhibited and upregulated the expression of poly(I:C)-induced antiviral genes and inflammatory genes
respectively; (iii) Myd88 inactivation enhanced the expression of the antiviral genes induced by poly(I:C). Taken together,
these results indicate that poly(I:C) is an immunostimulant with antiviral potential, and that the immune response of
poly(I:C) requires TLR3 and MDA5 and is negatively regulated by Myd88 in a manner not involving NK-kB. These results
provide insights to the working mechanism of poly(I:C), TLR3, and Myd88 in fish.
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Introduction

Polyinosinic:polycytidylic acid (poly(I:C)) is a structural ana-

logue of double-stranded RNA (dsRNA). It has been used widely

in the study of immune responses associated with viral infection.

Poly(I:C) exerts its biological effect by interacting with the toll-like

receptor (TLR) family member TLR3, which is broadly expressed

and well conserved among vertebrates. In mammals, TLR3

expression has been confirmed in immune and non-immune cells,

such as dendritic cells, B cells, macrophages, epithelial cells,

endothelial cells, fibroblasts, keratinocytes, and tumor cells [1–4].

In contrast to other TLRs, TLR3 signaling occurs via TIR-

domain-containing adapter-inducing interferon-b (TRIF)-depen-

dent pathways and does not require myeloid differentiation

primary response 88 (Myd88)-dependent pathways [5]. Upon

binding to dsRNA, TLR3 signaling is activated, which leads to

three major outcomes in inflammation and innate immunity: (i)

development of antiviral response mediated by activation of IFN

regulatory transcription factor (IRF) 3 and IRF7 and by

production of type I IFN [6]; (ii) generation of a pro-inflammatory

environment by the activation of pro-inflammatory and pro-

survival transcription factors, nuclear factor-kB (NF-kB), and

activator protein 1 (AP-1) [7]; (iii) induction of cytopathic effect or

cell death in a caspase-8-dependent fashion via receptor interact-

ing protein 1 (RIP1) [2]. In addition, TLR3 signaling also

modulates adaptive immune responses, e.g. enhancing the

cytotoxic activity of cdT cells and mediating cross-priming of

cytotoxic T lymphocytes (CTLs) against cell-associated antigens in

CD8+ dendritic cells (DCs) [8,9]. TLR3 signaling can also

upregulate the expression of positive and negative co-stimulatory

molecules on DCs and influence the magnitude of CD8+ T cell

responses [10].

In teleost, orthologs of mammalian TLR3 have been identified

in a number of species, i.e. Japanese flounder (Paralichthys
olivaceus) [11], catfish (Ictalurus punctatus) [12], fugu (Takifugu
rubripes) [13], rainbow trout (Oncorhynchus mykiss) [14], zebrafish

(Danio rerio) [15], and Atlantic salmon (Salmo salar) [16]. In some

of these species, poly(I:C) is known to exhibit an inhibitory effect

on the infection of fish viruses such as hemorrhagic septicemia

virus [17], infectious hematopoietic necrosis [18], infectious
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salmon anaemia virus [19], haematopoietic necrosis virus [20],

infectious pancreatic necrosis virus [21], and channel catfish virus

[22]. However, the working mechanism of poly(I:C) in teleost is

unclear, and very little is known about the relationship between

poly(I:C)-induced antiviral effect and TLR3 signaling.

Japanese flounder is an economically important fish species

farmed widely in the world. In the present study, with flounder as

a host model and megalocytivirus as the infectious agent, we

investigated the effect of poly(I:C) on antiviral immunity and the

signaling pathway that mediates this effect. We found that

poly(I:C) exhibited apparent immunostimulatory properties, which

are dependent on TLR3 and negatively regulated by Myd88.

Materials and Methods

Ethics statement
Experiments involving live animals were conducted in accor-

dance with the ‘‘Regulations for the Administration of Affairs

Concerning Experimental Animals’’ promulgated by the State

Science and Technology Commission of Shandong Province. The

study was approved by the ethics committee of Institute of

Oceanology, Chinese Academy of Sciences.

Fish
Clinically healthy Japanese flounder (Paralichthys olivaceus)

were purchased from a local fish farm and acclimatized in the

laboratory for two weeks before experimental manipulation. Fish

were fed daily with commercial dry pellets and maintained at 22uC
in aerated seawater. Before experiments, fish (5% of stock) were

randomly sampled for the examination of bacteria or mega-

locytivirus in blood, liver, kidney, and spleen. No bacteria or virus

were detected from the sampled fish. For tissue collection, fish

were euthanized with tricaine methanesulfonate (Sigma, St. Louis,

MO, USA) as described previously [23].

Cell line
FG-9307, a cell line established from Japanese flounder gill cells

[24], was cultured as reported previously [24] at 22uC in L-15

medium (Thermo Scientific HyClone, Beijing, China) supple-

mented with 100 U/ml penicillin (Sangon, Shanghai, China),

100 mg/ml streptomycin (Sangon, Shanghai, China) and 10% fetal

bovine serum (FBS) (Thermo Scientific HyClone, Beijing, China).

Effect of poly(I:C) on viral infection
Japanese flounder (average 10.3 g) were divided randomly into

two groups (12 fish/group) and administered intramuscularly (i.m.)

with poly(I:C) (InvivoGen, San Diego, CA, USA) at 20 mg/fish or

with phosphate buffered saline (PBS) as a control. At 24 h post-

administration, the fish were challenged intraperitoneally (i.p.)

with 100 ml of megalocytivirus that had been suspended in PBS to

56106 copies/ml. At 3 d, 5 d, and 7 d post-challenge, kidney,

spleen, and liver from the fish (three fish/time point) were

collected, and the viral amounts in the tissues were determined by

absolute quantitative real time PCR as reported previously [25].

Preparation of head kidney macrophages (HKM) and
peripheral blood leukocytes (PBL)

Head kidney was removed from Japanese flounder, washed

three times with PBS, and passed through a sterile metal mesh.

The cells were resuspended in L-15 medium (Thermo Scientific

HyClone, Beijing, China) and placed onto a 34/51% Percoll

(Solarbio, Beijing, China) gradient. After centrifugation at 4006g
for 30 min, the cells at the 34/51% interface were recovered,

washed twice with PBS, and resuspended in L-15 medium

containing 10% FBS (Thermo Scientific HyClone, Beijing,

China), 100 U/ml penicillin (Sangon, Shanghai, China), and

100 mg/ml streptomycin (Sangon, Shanghai, China). The cells

were distributed into 96-well tissue culture plates (,16105 cells/

well) and incubated at 22uC for 2 h. Non-adherent cells were

washed off after the incubation. PBL were isolated from Japanese

flounder as reported previously [26].

Effect of poly(I:C) on the respiratory burst of HKM
Japanese flounder were divided randomly into four groups (20

fish/group) and administered i.m. with poly(I:C) at different doses

(4 mg/fish, 20 mg/fish, and 100 mg/fish) or with PBS as a control. At

1 d, 3 d, 5 d, and 7 d post-poly(I:C) administration, HKM were

prepared from the fish (four fish/time point) as described above and

used for respiratory burst assay as reported previously [27].

Determination of the cytotoxicity of PBL by lactate
dehydrogenase (LDH) assay

Cytotoxicity was performed with the LDH kit (Roche Applied

Science, Indianapolis, IN, USA) according to the manufacturer’s

Figure 1. Antiviral effect of poly(I:C) in Japanese flounder.
Flounder pre-administered with or without (control) poly(I:C) were
infected with megalocytivirus. The amounts of virus in kidney (A),
spleen (B) and liver (C) were determined at 3 days (d), 5 d, and 7 d post-
infection. Data are expressed as the mean 6 SE (N = 3). N, the number
of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g001

Poly(I:C)-Induced Antiviral Immune Response in Flounder
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instructions. Briefly, for effector cell preparation, Japanese

flounder were injected i.m. with 20 mg poly(I:C) or PBS (control).

At 5 d post-injection, PBL were prepared as described above and

designated as effector cells. For target cell preparation, flounder

were infected with megalocytivirus as described above. At 5 d

post-infection (dpi), PBL were prepared as described above and

designated as target cells. For LDH assay, the target PBL cells

were distributed into a 96-well U-bottomed plate (16105 cells/

well), and the effector PBL were added to the plate to the ratios

(effector:target) of 1:1, 2:1, 4:1, and 8:1. The plate was incubated

at 22uC for 24 h and centrifuged at 250 g for 10 min. Aliquots

(100 ml/well) were transferred to a fresh 96-well flat-bottom plate.

To determine the LDH activity in the culture supernatant, an

equal volume of freshly prepared reaction mixture (from the LDH

kit) was added to the plate. The plate was incubated in the dark at

room temperature for 30 min, and absorbance at 492 nm was

measured. Cytotoxicity was calculated using the following formula:

cytotoxicity (%) = {[A492 (effector/target)2A492 (effector control)2

A492 (target control)]/[A492 (target maximum)2A492 (target

control)]}6100%.

Quantitative real-time reverse transcription-PCR (qRT-
PCR)

Total RNA was extracted from cells or tissues with the

RNAprep Tissue Kit (Tiangen, Beijing, China). One microgram

of total RNA was used for cDNA synthesis with M-MLV reverse

transcriptase (Invitrogen, Carlsbad, CA, USA). qRT-PCR was

carried out in an Eppendorf Mastercycler (Eppendorf, Hamburg,

Germany) using the SYBR ExScript qRT-PCR Kit (Takara,

Dalian, China) as described previously [28]. Melting curve analysis

of amplification products was performed at the end of each PCR

to confirm that only one PCR product was amplified and detected.

The expression level of the target gene was analyzed using

comparative threshold cycle method with beta-actin (for samples

without viral infection) or elongation factor-1-alpha (EF1 alpha)

(for samples from virus-infected fish) as the internal reference

[28,29]. All data are given in terms of mRNA levels relative to that

of the internal reference and expressed as means plus or minus

standard errors of the means (SE).

RNA interference
(i) In vitro RNA interference. Three small interfering (si)

RNA targeting different regions of TLR3 were synthesized by

Ribobio (Guangzhou, China) and named siTLR3, siR2, and siR3.

The sequences of siTLR3, siR2, and siR3 are 59-GCUGGAG-

GAUUCAGUUCUAdTdT-39, 59-GCUGCAGAAAGGAAAU-

CUAdTdT-39, and 59-GGUUGAAUAUGGCGAGUAAdTdT-

39 respectively. The control siRNA (named siRC) was provided by

the company (sequence not disclosed by the company). In vitro
transfection of siRNAs was carried out using Lipofectamine

RNAiMAX (Invitrogen, Carlsbad, CA). To examine transfection

efficiency, FG cells were transfected with fluorescent-labeled

siRNAs (final concentration 100 nM) for 24 h according to the

manufacturer’s instructions. Transfection efficiency was deter-

mined with the riboMONITOR Kit (Ribobio, Guangzhou,

China) as described previously [27]. To examine the potential of

the three siRNAs to block TLR3 expression, FG cells were

transfected with each of the siRNA or siRC for 24 h, and the

expression of TLR3 was determined by qRT-PCR as described

above. For melanoma differentiation associated gene 5 (MDA5)

knockdown, three siRNA targeting MDA5 were synthesized by

Ribobio (Guangzhou, China) and named siMDA5 (59- GGAGA-

GAUCCAACAAAGAAdTdT -39), siR6 (59-GCAGAGUCUUG-

CAGGGAAUdTdT-39), and siR7 (59-GCCAUUCAUGCU-

CAUGCAAdTdT-39). The control siRNA (named siRC2) was

provided by the company (sequence not disclosed by the

company). FG cell transfection with siMDA5, siR6, and siR7

and examination of gene expression were performed as above.

(ii) In vivo RNA interference. For in vivo knockdown of

TLR3 expression in flounder, siRNA was dissolved in 0.9% NaCl

and mixed with Lipofectamine RNAiMAX according to manu-

facturer’s instructions. Flounder were divided randomly into four

equal-sized groups named A to D. Groups A and B were injected

i.p. with siTLR3 and siRC (10 mg/fish) respectively, while groups

C and D were injected with PBS. At 24 h post-injection, groups A,

B, and C were injected i.m. with 20 mg poly(I:C), and group D was

injected similarly with PBS (control). At 24 h post-injection, three

fish were removed from each group, and the spleen of the fish was

used for qRT-PCR analysis of the expression of TLR3, interleukin

(IL)-1b, IL-6, tumor necrosis factor alpha (TNF-a), type I

interferon (IFN-I), Mx and IFN-stimulated gene (ISG) 56 as

described above.

Figure 2. Effect of poly(I:C) on the activation of head kidney
macrophages (HKM) and peripheral blood leukocytes (PBL). (A)
Flounder were treated with or without (control) different concentra-
tions of poly(I:C); at different days post-treatment, HKM were collected
from the fish and examined for respiratory burst activity. (B) PBL
collected from flounder treated with or without (control) poly(I:C) were
used as effector cells, while PBL collected from megalocytivirus-infected
flounder were used as target cells. The effector (E) and target (T) cells
were mixed at different ratios and incubated at 22uC for 24 h. The
cytotoxicity of the effector cells was then determined by LDH assay. For
both panels, data are presented as means 6 SE (N = 3). N, the number of
experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g002
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Plasmid construction
To construct pCNMyd88, which expresses constitutively a His-

tagged flounder Myd88 under the human cytomegalovirus

immediate-early promoter, the open reading frame of Myd88

was amplified by PCR with primers Myd88F1 (59-GATATCGC-

CACCATGGCCTGTGCAGACT-39, underlined, EcoRV site)

and Myd88R1 (59-GCGCGATATCATGGCCTGTGCA-

GACTTTG-39, underlined, EcoRV site); the PCR products were

ligated with the T-A cloning vector pBS-T (Tiangen, Beijing,

China), and the recombinant plasmid was digested with EcoRV to

retrieve the Myd88 fragment, which was inserted into pCN3 [30]

at the EcoRV site.

Overexpression of Myd88 in Japanese flounder
pCNMyd88 and pCN3 were diluted in PBS to 200 mg/ml.

Japanese flounder were divided randomly into three groups (6

fish/group) and injected i.m. with 100 ml of pCNMyd88, pCN3,

or PBS. Muscle, kidney, liver, and spleen were taken from the fish

at 2 d post-plasmid administration. To examine the presence of

plasmid in the tissues, DNA was extracted from the tissues with

TIANamp DNA Kit (Tiangen, Beijing, China) and used for PCR

with the pCNMyd88-specific primers Myd88F1 (as above) and

CNR1 (59-TGCGGGCCTCTTCGCTATT-39) and the pCN3-

specific primers CNF1 (59-CTTGCGTTTCTGATAGG-

CACCTA-39) and CNR1. To examine the expression of

plasmid-derived Myd88 in the tissues, total RNA was extracted

from the tissues and used for qRT-PCR with primers Myd88F1

and HisR (59-GTGGTGGTGGTGGTGGTG-39), which amplify

the Myd88 sequence in pCNMyd88.

Effect of Myd88 overexpression on poly(I:C)-induced
antiviral activity

Flounder were injected i.m. with pCNMyd88, pCN3, or PBS as

described above. At 2 d post-plasmid injection, the fish were

injected i.m. with 20 mg poly(I:C). At 1 d post-poly(I:C) injection,

the fish were challenged with megalocytivirus as described above.

At 3 d, 5 d, and 7 d post-challenge, kidney and spleen from the

fish (three fish/time point) were collected, and the viral amounts in

the tissues were determined by absolute qRT-PCR as described

above.

Effect of Myd88 inactivation on poly(I:C)-induced antiviral
activity

Pepinh-MYD (RQIKIWFQNRRMKWKK-RDVLPGTCVN

S-NH2) is a 26-amino acid peptide that blocks Myd88 signaling

(InvivoGen, San Diego, CA, USA). Pepinh-Control (RQIKIWF

QNRRMKWKK-SLHGRGDPMEAFII-NH2) is a control pep-

tide provided by the company. To examine the effect of Myd88

inactivation on poly(I:C)-induced antiviral activity, flounder were

divided randomly into six equal-sized groups named A to F.

Groups A and B, C and D, and E and F were administered via i.p.

injection with 50 mM Pepinh-MYD, 50 mM Pepinh-Control, and

PBS respectively. At 6 h post-administration, groups A, C, and E

were injected i.m. with 20 mg poly(I:C), while the other three

groups were injected with PBS. At 1 d post-poly(I:C) injection, the

fish were challenged with megalocytivirus as described above. At

3 d, 5 d, and 7 d post-challenge, kidney and spleen from the fish

(three fish/time point) were collected, and the viral amounts in the

tissues were determined as above.

Effect of Myd88 on the expression of immune genes in
FG cells

FG cells were distributed into 12-well culture plates (46105

cells/well) in Opti-MEMI Reduced-Serum Medium (GIBCO)

without FBS. For Myd88 overexpression, the cells were transfected

with pCNMyd88 and pCN3 using Lipofectamine LTX and PLUS

(Invitrogen, Carlsbad, CA, USA) according to the instructions of

the manufacturer. Poly(I:C) was then added to the plates to the

final concentration of 20 mg/ml, and the plates were incubated at

22uC for 24 h. The cells were then used for qRT-PCR analysis of

the expression of IL-1b, IL-6, TNF-a, IFN I, IFN-c, Mx, and

ISG56 as above. For Myd88 inactivation, Pepinh-MYD and

Pepinh-Control were added to the cells to the concentration of

50 mM, and the cells were incubated at 22uC for 6 h. After

incubation, the cells were treated with poly(I:C) and examined for

gene expression as above.

Figure 3. Effect of TLR3 knockdown on poly(I:C)-induced gene expression. Japanese flounder were administered with PBS (control), siRC,
siTLR3, poly(I:C), or poly(I:C) in the presence siRC or siTLR3. The expression of immune genes in spleen was then examined by quantitative real time
RT-PCR. Data are presented as means 6 SE (N = 3). N, the number of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g003

Poly(I:C)-Induced Antiviral Immune Response in Flounder
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Luciferase reporter assay
Myd88 overexpression and inactivation in FG cells were

performed as described above. For luciferase assay, the cells were

co-transfected with the firefly NF-kB–specific luciferase reporter

vector pNFkB-Met-Luc2 (Clontech, Mountain View, CA, USA).

Transfection efficiency was monitored by co-transfection with the

pSEAP2 control vector (Clontech, Mountain View, CA, USA),

which constitutively expresses the human secreted enhanced

alkaline phosphatase (SEAP) [31]. Poly(I:C) was added to the

plates to the final concentration of 20 mg/ml, and the cells were

incubated at 22uC for 24 h. The culture medium of the

transfectants were then analyzed for luciferase activity and SEAP

activity using Luciferase Assay Kit and the Great EscAPe SEAP

Chemiluminescence Detection Kit (Clontech, Mountain View,

CA, USA) respectively.

Statistical analysis
All experiments were performed three times, and statistical

analyses were carried out with SPSS 17.0 software (SPSS Inc.,

Chicago, IL, USA). Analysis of variance (ANOVA) was used for all

analyses. In all cases, the significance level was defined as P,0.05

Results

Antiviral effect of poly(I:C) in Japanese flounder
To investigate the potential effect of poly(I:C) on viral

replication in Japanese flounder, flounder were administered with

or without poly(I:C) and then infected with megalocytivirus. At 3

days post-infection (dpi), 5 dpi, and 7 dpi, viral loads in kidney,

spleen, and liver of the fish were examined. The results showed

that treatment with poly(I:C) significantly reduced the number of

virus in all examined tissues at all examined time points (Fig. 1).

Figure 4. Effect of TLR3 knockdown on poly(I:C)-induced activation of head kidney macrophages (HKM) and peripheral blood
leukocytes (PBL). HKM and PBL were collected from flounder treated with PBS (control), siRC, siTLR3, poly(I:C), or poly(I:C) in the presence of siRC or
siTLR3. The respiratory burst activity of HKM (A) and the cytotoxicity of PBL (B) were examined. Data are presented as means 6 SE (N = 3). N, the
number of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g004

Poly(I:C)-Induced Antiviral Immune Response in Flounder
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Effect of poly(I:C) on the activity of immune cells
(i) Effect on the respiratory burst of HKM. To examine

whether poly(I:C) had any effect on the activation of immune cells,

flounder were administered with different concentrations of

poly(I:C), and at 1 d, 3 d, 5 d, and 7 d post-administration,

HKM were collected from the fish and examined for respiratory

burst activity. The results showed that treatment with 20 mg and

100 mg poly(I:C) induced significant and comparable levels of

respiratory burst activity at all examined time points, while

treatment with 4 mg poly(I:C) induced significant induction of

respiratory burst only at 5 d, which in magnitude was much lower

than those induced by higher doses of poly(I:C) (Fig. 2A).

(ii) Effect on the cytotoxicity of PBL. To examine the effect

of poly(I:C) on PBL activation, PBL were collected from flounder

pre-treated with or without poly(I:C). In subsequent LDH assay,

these PBL served as effector cells and were incubated at different

ratios (1:1, 2:1, 4:1, and 8:1) with target PBL from megalocytivirus-

infected flounder. The results showed that pre-treatment with

poly(I:C) significantly increased the cytotoxicity of the effector PBL

at all effector:target ratios (Fig. 2B).

Effect of TLR3 knockdown on poly(I:C)-induced immune
response

(i) Effect on poly(I:C)-induced gene expression. To

examine whether the above observed effect of poly(I:C) was

mediated through TLR3 signaling pathway, the expression of

TLR3 was knocked down by siRNA. For this purpose, two

siRNAs were used, i.e., siTLR3, a TLR3-specific siRNA, and

siRC, a nonspecific siRNA. The effect of siTLR3 was determined

in flounder FG cells, which showed that in cells transfected with

siTLR3, the expression of TLR3 was significantly reduced

compared to that in un-transfected cells and in cells transfected

with siRC (Fig. S1). To examine the effect of TLR3 knockdown on

poly(I:C)-induced gene expression, flounder were pre-administered

with siTLR3 or siRC before being treated with poly(I:C), and the

expression of immune genes involved in TLR3 signaling pathway

was subsequently determined by qRT-PCR. The results showed

that in fish treated with siTLR3, TLR3 mRNA level was reduced

by 55.7% (Fig. 3), suggesting that siTLR3 effectively interfered

with TLR3 expression. In fish treated with poly(I:C) alone and

with siRC plus poly(I:C), the expression levels of TLR3, IL-1b, IL-

6, IFN-I, and Mx were comparable and significantly higher than

those in the untreated control fish (Fig. 3). In contrast, in fish

Figure 5. Effect of TLR3 knockdown on poly(I:C)-induced antiviral activity. Japanese flounder were administered with PBS (control), siRC,
siTLR3, poly(I:C), or poly(I:C) in the presence siRC or siTLR3. The fish were then infected with megalocytivirus, and the amount of virus in kidney (A)
and spleen (B) was determined at different days (d) after infection. Data are expressed as the mean 6 SE (N = 3). N, the number of experimental
repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g005

Poly(I:C)-Induced Antiviral Immune Response in Flounder
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treated with siTLR3 plus poly(I:C), the expression levels of TLR3,

IL-1b, IFN-I, Mx, and ISG56 were significantly reduced

compared to those in fish treated with poly(I:C) alone.

(ii) Effect on poly(I:C)-induced activation of immune

cells. To examine whether TLR3 knockdown affected

poly(I:C)-induced activation of immune cells, poly(I:C) was

administered into flounder that had been pre-treated with siTLR3

or siRC. HKM of the fish were examined for respiratory burst.

The results showed that pre-treatment with siTLR3, but not siRC,

significantly inhibited the respiratory burst activity induced by

poly(I:C) (Fig. 4A). LDH assay showed that the cytotoxicity of the

PBL from the fish treated with poly(I:C) in the presence of

siTLR3, but not in the presence of siRC, was significantly lower

than that of the PBL from the fish treated with poly(I:C) alone

(Fig. 4B).

(iii) Effect on poly(I:C)-induced antiviral activity. To

investigate the effect of TLR3 knockdown on poly(I:C)-induced

antiviral activity, flounder pre-treated with siTLR3 or siRC were

administered with or without poly(I:C). The fish were then

infected with megalocytivirus, and the viral loads in kidney and

spleen were monitored at 3 dpi, 5 dpi, and 7 dpi. The results

showed that in both tissues and at all examined time points, the

viral amounts in the fish treated with poly(I:C) and with siRC plus

poly(I:C) were comparable and significantly lower than those in

the untreated control fish; in contrast, at 3 dpi and 5 dpi, the viral

amounts in the fish treated with siTLR3 plus poly(I:C) were

significantly higher than those in the control fish and in the fish

treated with poly(I:C) alone (Fig. 5).

Effect of MAD5 knockdown on poly(I:C)-induced immune
response

Since, as shown above, TLR3 knockdown reduced partly the

immune effect of poly(I:C), we further examined whether other

factors besides TLR3 were involved in poly(I:C)-induced response.

For this purpose, we surveyed the available genes of flounder and

selected MDA5 as a target. Three siRNAs targeting MDA5 were

examined for interfering efficiency, and one siRNA, siMDA5, was

found to be able to significantly reduce the expression of MDA5

after transfection of FG cells (Fig. S2). Consistently, when flounder

was administered with siMDA5, MDA5 expression was signifi-

cantly reduced (Fig. 6). Immune gene expression analysis showed

that in flounder treated with siMDA5 plus poly(I:C), the

expression levels of IL-1b, IL-6, IFN-I, Mx, and ISG56 were

significantly lower than those in fish treated with poly(I:C) alone or

with poly(I:C) plus the control siRNA, siRC2 (Fig. 6). Viral

infection study showed that when megalocytivirus was inoculated

into flounder pre-treated with poly(I:C) or poly(I:C) plus siRC2,

the viral loads in kidney and spleen at 3 dpi, 5 dpi, and 7 dpi were

significantly lower than those in the untreated control fish (Fig. 7).

In contrast, when megalocytivirus was inoculated into flounder

pre-treated with siMDA5 plus poly(I:C), the viral loads in kidney

were significantly increased at 5 dpi and, especially, 7 dpi

compared to those in flounder treated with poly(I:C). Similar

results were observed with the viral burdens in spleen.

Dependence of poly(I:C)-induced immune response on
Myd88

(i) Effect of Myd88 overexpression on the antiviral activity

of poly(I:C). To investigate whether Myd88 contributed to

poly(I:C)-induced antiviral activity, overexpression of Myd88 was

created in flounder by introducing into the fish the plasmid

pCNMyd88, which constitutively expresses flounder Myd88 with a

His-tag. Distribution of pCNMyd88 and expression of

pCNMyd88-derived Myd88 in fish tissues (muscle, kidney, liver,

and spleen) were confirmed by PCR and RT-PCR respectively

(Fig. S3 and data not shown). To examine the effect of Myd88

overexpression on poly(I:C)-induced antiviral activity, flounder

pre-administered with pCNMyd88 or the control plasmid pCN3

were treated with poly(I:C) and then infected with megalocytivirus.

At 3 dpi, 5 dpi, and 7 d pi, the viral loads in kidney and spleen

were monitored. The results showed that in kidney, the number of

virus in pCNMyd88-treated fish were significantly reduced at all

Figure 6. Effect of MDA5 knockdown on poly(I:C)-induced gene expression. Japanese flounder were administered with PBS (control), siRC2,
siMDA5, poly(I:C), or poly(I:C) in the presence siRC2 or siMDA5. The expression of immune genes in spleen was then examined by quantitative real
time RT-PCR. Data are presented as means 6 SE (N = 3). N, the number of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g006
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examined time points, however, the reduction folds were much

lower than those in poly(I:C)-treated fish (Fig. 8A). In fish treated

with pCNMyd88 plus poly(I:C), the viral amounts were signifi-

cantly higher than those in poly(I:C)-treated fish. Similar results

were observed with spleen (Fig. 8B).

(ii) Effect of Myd88 inhibition on the antiviral effect of

poly(I:C). To further examine the effect of Myd88 on poly(I:C)-

induced immune response, flounder were administered with

Pepinh-MYD, an inhibitory peptide that blocks Myd88 signaling,

or Pepinh-Control, a control peptide, before being treated with

poly(I:C). The fish were subsequently infected with megalocyti-

virus, and at 3 dpi, 5 dpi, and 7 dpi, the viral amounts in kidney

and spleen were determined. The results showed that for both

tissues, significant reductions of viral number were observed in fish

treated with poly(I:C), Pepinh-Control plus poly(I:C), and Pepinh-

MYD plus poly(I:C) (Fig. 9). However, in fish treated with Pepinh-

MYD plus poly(I:C), the viral amounts were significantly lower

than those in fish treated with poly(I:C) alone or with Pepinh-

Control plus poly(I:C), the latter two being comparable in levels

(Fig. 9).

(iii) Effect of Myd88 overexpression and inhibition on

poly(I:C)-induced NF-kB activity. Our preliminary study

showed that poly(I:C) treatment induced elevated NF-kB activity

in fish cells. With this observation, we wanted to examine whether

this effect of poly(I:C) on NF-kB was dependent on Myd88. For

this purpose, a condition of Myd88 overexpression in flounder FG

cells containing NF-kB-Luc2, a luciferase reporter of NF-kB

activity, was created by introducing into the cells pCNMyd88. The

cells were then treated with or without poly(I:C). Subsequent

analysis of the luciferase reporter activity showed that in cells

transfected with pCNMyd88, the luciferase activity was compa-

rable to that in the untransfected cells treated with poly(I:C)

(Fig. 10A). In cells that were both transfected with pCNMyd88

and treated with poly(I:C), the luciferase activity was significantly

higher than that in poly(I:C)-treated cells and in pCNMyd88-

transfceted cells. To examine the effect of Myd88 inhibition, FG

cells containing NF-kB-Luc reporter were treated with poly(I:C) in

the presence or absence of Pepinh-MYD or Pepinh-Control. The

results showed that the luciferase activities in cells treated with

poly(I:C), Pepinh-MYD plus poly(I:C), and Pepinh-Control plus

poly(I:C) were comparable (Fig. 10B).

(iv) Effect of Myd88 overexpression and inhibition on

poly(I:C)-induced gene expression. qRT-PCR was conduct-

ed to determine the mRNA levels of IL-1b, IL-6, TNF-a, IFN-I,

IFN-c, Mx, and ISG56 in FG cells with Myd88 overexpression or

inhibition in combination with poly(I:C) treatment as described

above. The results showed that in cells transfected with

pCNMyd88, the expressions of all genes were significantly

upregulated compared to control cells (Fig. 11A). Similar obser-

vation was made with cells treated with poly(I:C). In cells

Figure 7. Effect of MDA5 knockdown on poly(I:C)-induced antiviral activity. Japanese flounder were administered with PBS (control), siRC2,
siMDA5, poly(I:C), or poly(I:C) in the presence siRC2 or siMDA5. The fish were then infected with megalocytivirus, and the amount of virus in kidney
(A) and spleen (B) was determined at different days (d) after infection. Data are expressed as the mean 6 SE (N = 3). N, the number of experimental
repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g007
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transfected with pCNMyd88 and treated with poly(I:C), the

expression levels of IL-1b, IL-6, and TNF-a were significantly

higher than those in cells transfected with pCNMyd88 or treated

with poly(I:C) alone, while the expression levels of IFN-I, Mx, and

ISG56 were comparable to those in cells transfected with

pCNMyd88 but significantly lower than those in cells treated

with poly(I:C). In the case of Myd88 inhibition, qRT-PCR showed

that the presence of the Myd88 inhibitor Pepinh-MYD had no

effect on poly(I:C)-induced expressions of IL-1b, IL-6, and TNF-a
but significantly increased poly(I:C)-induced expressions of IFN-I,

Mx, and ISG56 (Fig. 11B).

Discussion

Previous studies have shown that poly(I:C) exerts antiviral

properties in several teleost models [18,22,32–34]. In this work, we

found that in flounder, pre-administration with poly(I:C) before

megalocytivirus infection significantly reduced viral replications in

kidney, spleen, and liver in a time-dependent manner. This

observation, together with those made previously with other teleost

species, suggests that poly(I:C) is probably a universal immuno-

stimulant that activates the fundamental antiviral immune

response preserved in higher and lower vertebrates. It is known

that in mammals, poly(I:C) stimulates the activity of various

immune cells, including macrophages [35], DCs [10], NK cells

[36], cdT lymphocytes [8], and CTLs [9]. Likewise, in our study,

we found that poly(I:C) induced activation of HKM and PBL as

reflected by the significantly enhanced respiratory burst activity

and cytotoxicity in the presence of poly(I:C).

Conflicting reports on the role of TLR3 pathway in viral

infection in humans and mice have been documented. In humans,

it has been shown that for some viruses, such as A/H1N1/2009

influenza virus, herpes simplex virus, influenza A virus, hepatitis B

virus, and HIV-1, TLR3-mediated immune response is important

for protection against viral infection [37–43], while for other

viruses such as rotavirus, tick-borne encephalitis virus, and

hepatitis C virus, TLR3 contributes to a detrimental inflammatory

response [44–46]. Similarly, in mice, antiviral effects were

observed with TLR3 signaling against poliovirus, coxsackievirus

B, and encephalomyocarditis virus [47–50], whereas host-detri-

mental effects were observed with TLR3-triggered unbalanced

inflammatory response in the infection of rhinovirus type 1B,

vaccinia virus, respiratory syncytial virus, and influenza A virus

[51–54]. In our study, we found that TLR3 knockdown

significantly attenuated poly(I:C)-induced expression of immune

genes, suggesting that poly(I:C)-mediated immune response is

TLR3-dependent. This result is in agreement with a previous

report, which showed that stimulation of TLR3-overexpressing

Figure 8. Effect of Myd88 overexpression on the antiviral activity of poly(I:C). Japanese flounder were administered with PBS (control),
pCN3, pCNMyd88, poly(I:C), or poly(I:C) in the presence pCNMyd88. The fish were then infected with megalocytivirus, and at different days (d) of
infection, the amounts of virus in kidney (A) and spleen (B) were determined. Data are expressed as the mean 6 SE (N = 3). N, the number of
experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g008
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fugu cells with poly(I:C) upregulated IFN-b expression [55]. In our

study, we also observed that TLR3 knockdown weakened

markedly the ability of poly(I:C) to activate HKM and PBLs

and, consistently, to suppress viral replication. Together these

results indicate a vital contribution of the TLR3 signaling pathway

to the antiviral activity of poly(I:C) in flounder.

In mammals, poly(I:C) as an analogue of viral double-stranded

RNA (dsRNA) can activate not only TLR3 in the endosome, but

also other dsRNA sensors, MDA5, retinoic acid-inducible gene I

(RIG-I), and laboratory of genetics and physiology 2 (LGP2), all

which belong to the antiviral RIG-I-like receptor (RLR) family in

the cytoplasm [56,57]. Upon poly(I:C) detection, MDA5 and

RIG-I transmit signals through the adaptor IFN-b promoter

stimulator 1(IPS1), while TLR3 signals through the adaptor TRIF.

Both these adaptors initiate downstream signaling pathways that

lead to activation of a set of transcription factors, including IFN

regulatory factor IRF3/7 and NF-kB, and inductions of type I

IFNs, IFN stimulated genes (ISGs), and proinflammatory cytokines

[58,59]. In teleost fish, orthologs of mammalian MDA5 have been

identified in Japanese flounder [60], rainbow trout [61], grass carp

[62,63], and zebrafish [64]. It was reported that in fish, MDA5

expression was upregulated in kidney by poly I:C, and overex-

pressing MDA5 in hirame natural embryo cells induced a lower

cytopathic effect against viral hemorrhagic septicemia virus

[60,62]. In addition, MDA5 was shown to be involved in the

antiviral immune defense against grass carp reovirus and the

spring viraemia of carp virus [63,64]. In line with these previous

reports, in our study, we observed that MDA5 expression in

flounder was drastically stimulated by poly(I:C), and that

interference with MDA5 expression significantly reduced the

ability of poly(I:C) to suppress viral replication. These results

indicate that MDA5 plays an indispensable role in the antiviral

activity of poly(I:C) in flounder.

For all signaling processes, a balance must be maintained to

prevent tissue damage and autoimmunity. In mammalian cells, the

TLR3 pathway is negatively regulated by various factors, such as

sterile a- and armadillo-motif-containing protein (SARM), recep-

tor-interacting protein 3 (RIP3), zinc-finger protein, and sodium

hypophosphite [65–68]. Recently, TLR adaptor molecules have

also been reported to play a part in the regulation of the TLR3

pathway. For example, the TLR4 adaptor molecule Mal is able to

limit TLR3-mediated JNK phosphorylation and TLR3-dependent

IFN-b production [69,70]; Myd88, which is the common

downstream adaptor recruited by all TLRs except TLR3 [7],

negatively regulates TLR3-induced corneal inflammation [71].

Myd88 has also been shown to inhibit TLR3-dependent IL-6

induction, but not IkB degradation or p38 activation, in murine

macrophages [69]. In addition, Myd88 was reported to negatively

regulate TLR3-mediated IFN-b and RANTES production, but

not TNF-a induction [72]. In our study, we found that the

Figure 9. Effect of Myd88 inhibition on the antiviral activity of poly(I:C). Japanese flounder were administered with PBS (control), Pepinh-
Control, Pepinh-MYD, poly(I:C), or poly(I:C) in the presence of Pepinh-Control or Pepinh-MYD. The fish were then challenged with megalocytivirus. At
different days (d) after challenge, the amounts of virus in kidney (A) and spleen (B) were determined. Data are expressed as the mean 6 SE (N = 3). N,
the number of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g009
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suppressive effect of poly(I:C) on viral replication was significantly

decreased in fish overexpressing Myd88 and significantly increased

in fish with Myd88 inactivated, suggesting that Myd88 is very

likely a negative modulator of poly(I:C)-induced antiviral response

in flounder. It is of note that in our study, Myd88 inhibited the

expression of IFN-I, Mx and ISG56, which are well-known

antiviral components, but had no effect on the expression of the

inflammatory cytokines IL-1b, IL-6 and TNF-a induced by

poly(I:C). These results suggest the possibility that the operation of

Myd88 does not involve NF-kB, which, as in TLR3 signaling,

promotes inflammation. This hypothesis is supported by the

observation that NF-kB activity induced by poly(I:C) was not

affected by Myd88 inhibition. We speculate that IRF3 and/or the

downstream IFN-stimulated response element (ISRE), which

mediates production of type I IFN in TLR3 signaling in mammals

[73], may possibly be affected by Myd88, thus resulting in the

enhanced antiviral effect observed in flounder administered with

both poly(I:C) and Myd88 inhibitor.

In conclusion, we demonstrate in a model of flounder that

poly(I:C) exhibits antiviral property against megalocytivirus

mediated, most likely, by TLR3 signaling pathway and MDA5,

and that poly(I:C)-mediated immune response is inhibited by

Myd88 in a manner that does not impair NF-kB activation. These

observations provide new insights to the working mechanisms of

poly(I:C), TLR3, and MDA5 in lower vertebrates and indicate for

the first time that Myd88 plays a negative regulatory role in TLR

signaling in teleost.

Supporting Information

Figure S1 Knockdown of TLR3 expression by siRNA.
FG-9307 cells were transfected with siTLR3 or siRC in the

transfecting agent Lipo-MAX, and the mRNA levels of TLR3 in

the transfectants and in the cells treated with Lipo-MAX or PBS

(control) were determined by quantitative real time RT-PCR. For

convenience of comparison, the expression level of the control cells

was set as 1. Data are presented as means6SE (N = 3). ** P,0.01.

(TIF)

Figure S2 Knockdown of MDA5 expression by siRNA.
FG-9307 cells were transfected with siMDA5 or siRC2 in the

transfecting agent Lipo-MAX, and the mRNA levels of MDA5 in

the transfectants and in the cells treated with Lipo-MAX or PBS

(control) were determined by quantitative real time RT-PCR. For

Figure 10. Effect of Myd88 overexpression (A) and inhibition on poly(I:C)-induced NF-kB activity. (A) For Myd88 overexpression,
flounder FG-9307 cells containing NF-kB-Luc2 reporter were transfected with or without (control) pCN3 or pCNMyd88. The cells were then treated
with or without poly(I:C). (B) For Myd88 inhibition, FG-9307 cells containing NF-kB-Luc2 reporter were treated with or without (control) Pepinh-
Control, Pepinh-MYD, poly(I:C), Pepinh-Control plus poly(I:C), or Pepinh-MYD plus poly(I:C). For both panels, the activity of the luciferase reporter was
determined at 24 h post-treatment. Data are expressed as the mean 6 SE (N = 3). N, the number of experimental repeat. *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0112918.g010
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convenience of comparison, the expression level of the control cells

was set as 1. Data are presented as means6SE (N = 3). ** P,0.01.

(TIF)

Figure S3 Detection of pCNMyd8 plasmid (A) and
expression of plasmid-derived Myd88 (B) in Japanese
flounder tissues. (A) Flounder were administered with PBS

(lanes 1 and 4), pCN3 (lane 2), and pCNMyd88 (lane 3). At 2 days

(d) post-administration, DNA was extracted from spleen and used

for PCR with primers specific to pCN3 (lanes 1 and 2) and

pCNMyd88 (lanes 3 and 4). (B) Flounder were administered with

PBS, pCN3, and pCNMyd88 (lanes 1, 2, and 3 respectively). At

2 d post-administration, RNA was extracted from the spleen of the

fish and used for RT-PCR with primers specific to plasmid-

derived Myd88 (upper panel) or, as an internal control, b-actin

(lower panel). M, molecular weight markers.

(TIF)
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