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Enhancement of disease resistance of olive flounder (Paralichthys olivaceus) using systems

producing CpG DNA and double-stranded RNA

Yue Jai Kang

Department of Aquatic life medicine, The Graduate School

Pukyong National University

ABSTRACT

Unmethylated CpG motifs in DNA and double-stranded RNA (dsRNA) are recognized as
pathogen-associated molecular patterns (PAMPs) by toll like receptor 9 (TLR9) and TLR3,
respectively, which trigger strong proinflammatory responses in vertebrates. In the present study,
effects of CpG DNA and dsRNA on disease resistance of olive flounder were investigated, and
various forms of CpG DNA and dsRNA were developed for practical use of them in aquaculture.

Firstly, we found that CpG-ODNs belonging to different classes have different abilities to
increase resistance of olive flounder against different pathogens, in which fish administered CpG-
ODN 2216 (A-class) showed the highest resistance against VHSV infection and the strongest
expression of Mx and ISG15 genes, whereas fish administered CpG-ODN 1668 (B-class) induced
the strongest scuticocidal activity of serum and the highest survival rate against Miamiensis avidus
infection. Secondly, we have firstly demonstrated that plasmids harboring multiple copies of CpG
1668 motifs enhanced resistance of olive flounder against M. avidus infection. The use of

plasmids containing multiple CpG motifs instead of artificially synthesized CpG-ODNs would be
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a way to low the cost. And, we constructed plasmids that harbor multi-copy of CpG motifs that
belonging to different classes, and verified that administration of the constructed plasmids
enhanced disease resistance of olive flounder against both VHSV and M. avidus infections.
Furthermore, delivery of plasmids harboring CpG motifs by auxotrophic Escherichia coli mutant
also enhanced disease resistance of olive flounder. Thirdly, we have newly cloned TLR3 cDNA of
olive flounder, and analyzed in vivo expression of the TLT3/TLR22 in response to poly (I:C).
Furthemore, using short-hairpin RNAs (shRNA) targeting TLR3 and TLR22 in HINAE cells, we
revealed the critical role of TLR22 in induction of type I interferon response. Fourthly, we
demonstrated that olive flounder leucocytes stimulated with poly (I:C) showed increased
scuticocidal activity in the presence of inactivated immune serum, and in vivo administration of
poly (I:C) increased survival rates of olive flounder agasinst M. avidus infection. Furthermore,
dsRNA containing CpG motifs sequences induced higher resistance in olive flounder against M.
avidus and VHSYV infections when compared to dsSRNA without CpG motif sequences.
Conclusionly, the present resutls indicate that plasmids and dsRNAs harboring CpG motifs
can be used as effective immunostimulants that can simultaneously enhance resistance against

viral and parasitic diseases.
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GENERAL INTRODUCTION

Various infectious diseases have largely affected on the aquaculture industry, and recently
production losses caused by infectious diseases in cultured fish in Korea has been estimated
approximately 25-30%. Although various control measures have been applied to lessen the loss, to
date, effective control measures do not exist for most infection diseases, which are the main
constraint on aquaculture animal production. Furthermore, as the restriction on the use of
chemotherapeutics is becoming strengthened world-widely, development of countermeasures

based on the bio-medicinal products is recommended or encouraged.

Immunoprophylactics using vaccines or immunostimulants would be a way to control
infectious diseases without using chemotherapeutics. As fish possess innate and adaptive immune
systems, modulation of immunity specifically by vaccines or nonspecifically by
immunostimulants is possible (Sohn et al., 2000). Although several vaccines have been
commercially used in aquaculture, their efficacy is too weak to prevent infectious diseases in
aquaculture. Also, there is still a need to develop effective vaccines for many aquatic pathogens.
Thus, at present, immunostmulant-mediated enhancement of resistance against overall infectious

diseases would be more favorable than vaccine-mediated steno-protection.

An interest in the use of immunostimulants in farm-reared fish for enhancing the activity of
innate immune factors and conferring protection against disease has increased in recent
years. Various immunomodulators have been reported to enhance the non-specific immunity in
fish, including killed bacteria and bacterial products (Anderson, 1992; Kodaina et al., 1993; Goetz

et al., 2004), chitin (Sakai et al., 1992; Anderson and Siwicki, 1994), glucans (Yano et al., 1989;
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Nikl et al., 1993; Duncan and Klesius, 1996; Ogier de Baulny et al., 1996; Santarem et al., 1997),
saponin (Ninomiya et al., 1995), glycyrrhizin (Jang et al., 1995), certain vitamins (Blazer, 1992),

(Kitlen et al., 1997), and herbal extracts (Yuan et al., 2997, 2008).

It has been reported that fish has various toll-like receptors (TLRs) that are corresponding to
mammalian TLRs, and several agonist molecules that are recognized by TLRs as pathogen-
associated molecular patterns (PAMPs) have been utilized as immunostimulants for vertebrates
including fish (Akira et al., 2006). Among them, recent studies indicate that unmethylated
cytidine-phosphate-guanosine (CpG) motifs flanked by two 5° purines and two 3’ pyrimidines are
recognized by TLR9 and are immunostimulatory in mammals (Klinman et al., 1996; Krieg et al.,
1995, 2000). Due to a combination of CpG suppression and CpG methylation, these sequence
motifs are rarely present in eukaryotic genomes but are common in prokaryotic genomes (Bird,
1980; 1987). Synthetic oligodeoxynucleotides (ODNs) containing CpG motifs mimic the activity
of bacterial DNA, and are recognized as a danger signal in mammalian immune cells (Yamamoto
et al. 1992, Krieg et al. 1995, Ballas et al. 1996, Klinman et al. 1996). In fish, there is limited
information concerning the biological effects of CpG ODN. Kanellos et al. (1999) reported that
plasmids co-injected with a recombinant protein potentiated antibody responses to the protein in
goldfish (Carassius auratus). Recently, Jorgensen et al. (2001a,b) demonstrated that plasmid DNA
and synthetic CpG-ODN induced production of IFN-like cytokine and IL-1B in Atlantic salmon
(Salmo salar) and rainbow trout (Oncorhynchus mykiss) leucocytes. Oumouna et al. (2002)
demonstrated activation of nonspecific cytotoxic cells of catfish (Ictalurus punctatus) with
synthetic ODN and bacterial genomic DNA. Tassakka and Sakai (2002) reported that
intraperitoneal injection of CpG-ODN to carp (Cyprinus carpio) enhanced the nonspecific
immune responses including phagocytic and nitroblue tetrazolium (NBT) activity in kidney

phagocytes and serum lysozyme activity. Meng et al. (2003) observed increase of respiratory burst



activity, acid phosphatase and bactericidal activity of grass carp (Ctenopharyngodon idellus)
head-kidney macrophages by in vitro incubation with CpG ODN. Recently, CpG motifs
constructed in plasmids have a strong immunostimulatory ability like CpG-ODFNs and are

actively used as an adjuvant for DNA vaccines in mammals and fish (Liu et al., 2010).

Double-stranded RNAs (dsRNAs) derived from a replication intermediate of viruses is one
of the major PAMP, which trigger innate immune responses in vertebrates (Akira et al., 2006). In
mammalian cells, endosomal TLR3 recognizes dsRNA (Alexopoulou et al., 2001; Wang et al.,
2004; Schulz et al., 2005), and recruits adaptor protein called TRIF via interaction of its TIR
domains (Yamamoto et al., 2002). TRIF then indirectly activates several transcription factors IRF3,
NFkB and AP-1, which modulate the transcription of interferon B and inflammatory cytokines
(Sharma et al., 2003; Yamamoto et al., 2003; Hoeba et al., 2003; Meylan et al., 2004; Matsuo et al.,
2008). Similar dsRNA recognizing mechanism through the TLR3 was also reported recently in
fish species (Matsuo et al. 2008). The secreted IFN regulates the expression of numerous genes
encoding antiviral proteins including dsRNA dependent eukaryotic initiation factor kinase (PKR)

and Mx proteins (de Veer et al., 2001).

The aim of the present study was to evaluate the ability of CpG DNA and dsRNA in
enhancement of resistance against a parasitic infection (Miamiensis avidus) and a viral infection
(viral hemorrhagic septicemia virus; VHSV). Scuticociliate parasites are histophagous ciliated
protozoa that cause diseases in marine and freshwater finfish worldwide (Harikrishnan et al.,
2010). Although several scuticociliate species are known to involve in scuticociliatosis in cultured
marine fishes (Dragesco et al., 1995; Munday et al., 1997; Iglesias et al., 2001; Jee et al., 2001;
Sacks et al., 2002; Kim et al., 2004a,b), the disease caused by infection of M. avidus
(=Philasterides dicentrarchi) has been the most fatal parasitic disease in farm-reared olive

flounder (Paralichthys olivaceus) in Korea, which usually lead to high cumulative mortalities
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(Kim et al., 2004; Jung et al., 2007). Since M. avidus can invade into all internal organs including
brain, treatment with chemotherapeutics would have little effect on systematically infected fish.
Therefore, immuno-prophylaxis using enhancement of adptive or/and innate immunity would be
an effective way to control scuticociliatosis. Viral hemorrhagic septicemia (VHS) caused by
infection with VHSV is one of the major causes of morbidity and mass mortality in both cultured
and wild fish worldwide (Schlotfeldt & Ahne 1988, Schlotfeldt et al. 1991, Mortensen et al. 1999,
Isshiki et al. 2003, Skall et al. 2005). VHSV is an enveloped negative-strand RNA virus and
belongs to the genus Novirhabdovirus of the family Rhabdoviridae (Lenoir & de Kinkelin 1975,
Walker et al. 2000, Tordo et al. 2005). The first epizootic of VHSV in Korea was reported from
farmed olive flounder (Paralichthys olivaceus) in 2001 (Kim et al. 2003), and since then
outbreaks of VHS have been responsible for high mortalities in cultured olive flounder from

winter to spring (Kim et al. 2009).

The contents of this thesis are as follows. In chapter I, the effects of CpG-ODNs belonging
to different classes on resistance of olive flounder against M. avidus and VHSV infections have
been investigated. In chapter II, to know whether CpG motif-containing plasmids can be used as
immunostimulants for fish instead of CpG-ODNs, effects of plasmids containing various copies of
CpG 1668 motif on resistance against M. avidus was investigated. Furthermore, in vivo
experiments using plasmids containing mixed classes of CpG 1668, 2216 and 2395 motifs were
conducted to enhance disease resistance of olive flounder simultaneously against both M. avidus
and VHSV infections. Delivery of CpG motif-containing plasmids using Escherichia coli mutants
was also investigated. In chapter III, TLR3 of olive flounder was cloned and the role of TLR3 and
TLR22 in inducing type I interferon response was analyzed using RNA interference technology.
In chapter IV, the effects of long dsRNA containing CpG motifs on disease resistance were

analyzed.



Chapter I

Effect of CpG-ODNs belonging to different classes on resistance
of olive flounder (Paralichthys olivaceus) against viral
hemorrhagic septicemia virus (VHSYV) and Miamiensis avidus

(Ciliata; Scuticociliatia) infections



INTRODUCTION

Recognition of pathogen-associated molecular patterns (PAMP) by innate immune
cells via pattern recognition receptors (PRR), such as Toll-like receptors (TLRs), leads to
generation of optimal immune responses to pathogens (Krieg et al., 1995; Takeda et al., 2003;
Iwasaki and Medzhitov, 2004). As the bacterial DNA contains a higher frequency of unmethylated
deoxycytidyl-deoxyguanosine (CpG) dinucleotides than vertebrates DNA, unmethylated CpG
motifs are recognized as a PAMP by TLR9 (Ahmad-Nejad et al., 2002; Akira and Takeda, 2004).
Synthetic oligodeoxynucleotides with CpG motifs (CpG-ODNs) mimic the bacterial DNA, and
stimulate immune cells via recognition by TLR9, which evoke a range of immunostimulatory

effects in vertebrates (Krieg, 1999, 2003; Hemmi et al., 2000; Jorgensen et al., 2001a).

Three different classes of CpG-ODNs (A, B, and C) have been characterized based on a
structural difference such as sequence and backbone composition, and each class of CpG-ODN
has unique immunostimulatory properties (Krieg, 2002). The A-class CpG-ODNs contain a
central palindromic phosphodiester CpG motif and phosphorothioated poly G motifs at the 5' and
3' ends. They are known to strongly stimulate type I interferon production and natural killer (NK)
cell activation, but are poor in B cell stimulation (Krug et al., 2001; Verthelyi et al., 2001; Ulmann
and Vollmer, 2003). The B-class CpG-ODNs contain one or more CpG motifs and are stabilized
by entirely phosphorothioated backbone. They are much more potent in B cell stimulation than
activation of type I interferon responses (Verthelyi et al., 2001; Kerkmann et al., 2003). The C-
class CpG-ODNs are known to possess features of both class-A and -B not only in structure but

also in functions. They have a central palindromic sequence, two or more CpG motifs, and
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entirely phosphorothioated backbone. The C-class ODNs were demonstrated to stimulate both B
and NK cells, and type I interferon responses (Marshall et al., 2003; Vollmer et al., 2004).
Although most of these immunostimulatory properties of CpG-ODNs belonging to different
classes were based on experiments using immune cells of human and mouse, recently Strandskog
et al. (2007) reported that Atlantic salmon leukocytes responded to different classes of CpG ODNs
in a similar way to mammalian immune cells. However, little is known regarding effects of

different classes of CpG-ODNs on the resistance of fish against different pathogens.

To effectively defense against various infectious agents, immune responses that are
adequate to each pathogen should be elicited. Since different classes and different CpG motifs
possess abilities to evoke different immune responses, selection of CpG-ODNs that can yield
optimal immune responses to the confronting pathogen would be one of the most important
factors for use of CpG-ODNSs as efficient immuno-prophylactic measures against infectious agents
in aquaculture. Olive flounder (Paralichthys olivaceus) is the most commercially important
marine species in Korea, however, diseases caused by viral hemorrhagic septicemia virus (VHSV)
and Miamiensis avidus (=Philasterides dicentrarchi) infections have been the most serious
obstacles for production of olive flounder (Kim et al., 2003, 2004, 2009; Jung et al. 2007). The
aim of the present study was to investigate the effects of the three CpG-ODN classes on in vivo

resistance of olive flounder against VHSV and M. avidus infections.



MATERIALS AND METHODS

1. CpG-ODNs

ODNs were synthesized from Bioneer Corporation (Korea). The sequence of ODN 1668

was 5-TCCATGACGTTCCTGATGCT-3', ODN 2216 was 5-GGGGGACGATCGTCGGGGGG-

3, and ODN 2395 was 5-TCGTCGTTTTCGGCGCGCGCCG-3'. ODN 1720 (5

TCCATGAGCTTCCTGATGCT-3") and ODN 2243 (5-GGGGGAGCATGCTGGGGGGG-3")

were synthesized to use as controls of ODN 1668 and ODN 2216, respectively. The underlined

nucleotides indicate phosphorothioate linkage.

2. Pathogens and growth conditions

VHSV KJ2008 isolated from a moribund olive flounder in a natural outbreak of VHS
disease on a commercial farm in Korea was propagated in monolayer of Epithelioma papulosum
cyprini (EPC) cells cultured in Leibovitz medium (L-15, Sigma) at 15°C in the presence of 2%
fetal bovine serum (FBS, Gibco) and antibiotics (penicillin 100 U/ml, streptomycin 100 pg/ml,
Sigma). Cultures displaying extensive cytopathic effect (CPE) were harvested and centrifuged

4000 g for 10 min at 4°C, and the supernatants were stored at —80°C.

Ciliates were isolated from ascitic fluid of a diseased olive flounder obtained from a marine

aquaculture farm in Korea, and were identified as M. avidus using a species specific



oligonucleotide primer pair (Kim et al., 2004). Chinook salmon epithelia (CHSE)-214 cells
incubated at 20°C in Eagle’s minimum essential medium (MEM, Gibco) supplemented with 10%

heat-inactivated fetal bovine serum (FBS, Gibco) were used to maintain and proliferate the ciliates.

3. Effects of CpG ODNs on resistance of olive flounder against VHSV and M. avidus

Olive flounder fingerlings weighing approximately 10 g were obtained from a local fish

hatchery and were acclimated at least for 2 weeks prior to the experiments.

3.1. VHSYV challenge

Fish were transferred into six 50 L tanks (15 fish/tank) equipped with a refrigerating
apparatus, then, adapted to 15°C by gradual decrease of water temperature. Fish were
intraperitoneally (i.p.) injected with 10 pg of ODN 1668, ODN 1720, ODN 2216, ODN 2243 or
ODN 2395. Fish in control group were i.p. injected with 50 ul of phosphate buffered saline (PBS).
On 24 h post-injection, three fish from each group were randomly sampled for analysis of Mx and
ISG15 genes expression. After 3 days of the injection, all remaining fish in each group were
intramuscularly (i.m.) challenged with the VHSV KJ2008 at 10° PFU/fish. Mortality was recorded

daily for 3 weeks post-challenge.

3.2. M. avidus challenge

Fish were randomly divided into 6 groups and reared in six 50 L tanks (15 fish/tank) at 22-

23°C. Fish were i.p. injected with each ODN or PBS as the same regime of the above VHSV
9



challenge groups. At 3 days post-injection, 3 fish in each group were randomly sampled for
collection of serum, and the remnant fish were challenged by i.p. injection with 5 x 10* cells of

CHSE-cultured M. avidus per fish, and the mortality was monitored for 3 weeks.

4. Semi-quantitative RT-PCR analysis

Total RNA was isolated from the kidney using RNAiso plus reagent (Takara) at 24 h post-
injection. To obtain complementary DNA (cDNA), 1 ug of purified RNA was incubated with 1 pl
of random primer (0.5 pg/ml) (Promega) at 70°C for 10 min, and further incubated at 42°C for 60
min in reaction mixture containing 4 pl of 5x reaction buffer, 4 pl of 10 mM dNTP mix (Takara),
1 pl of M-MLYV reverse transcriptase (Promega) and 0.5 pl of RNase inhibitor (Promega) in a final
reaction volume of 20 pl. PCR was done with primers Mx, ISG15 and 18S ribosomal RNA of
olive flounder, which was served as RNA normalization (Table 1). PCR was done in a 10 pl
reaction containing 5 pl of 2x Prime Taq Premix (GeNet Bio, Korea), 0.5 uM each primer and 1
ul of 107 diluted cDNA, and distilled water. The amplification procedure included 1 cycle of 4
min at 95°C, 16 (for 18S rRNA) or 30 cycles (for Mx and ISG15) of 30 s at 95°C, 30 s at 60°C,
30 s at 72°C, with a final extension step of 7 min at 72°C. PCR samples to be compared were
electrophoresed on the same 1.0% agarose gel, stained with ethidium bromide (EtBr), and
pictured with Gel Doc XR (Biorad). The intensity of bands was estimated using Quantity One
software (Biorad). Expression of Mx and ISG15 genes was calculated as relative expression to

18S rRNA gene.
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Table 1. Oligonucleotide primer pairs for semi-quantitative RT- PCR of Olive flounder

T\L‘;‘i‘;fe‘r’f Sequence (5' to 3')
(18S F AGTTGCTGCAGTTAAAAAGC
R TGGCATCGTTTACGGTCGGAACTA
ISG15 CTCCATGTAATCTGCAGCAA
R AGATCTAGTGCAGGTGTGA
Mx F AACAGCCAAGGCAAAGATTG

R AATGTCCAGCTCCTCCTTCA

5. Scuticocidal activity of serum

Scuticocidal activity of the collected serum was analyzed using 96-well flat-bottomed
micro- titration plates. All the sera were serially diluted ranging from 1/4 to 1/1024 in Hank’s
balanced salt solution (HBSS, Sigma). M. avidus were collected after 3 day of CHSE-214 cells
depletion in the culture vessels by centrifugation at 200 g for 5 min, washed three times with
HBSS and resuspended in the buffer. The ciliates were added to the wells (4 x 10 ciliates/well) of
the plate, incubated at 20°C and observed every one hour for 24 h to analysis scuticocidal activity
of the sera. The titer of each serum was the last dilution at which 100% of the ciliates were lysed
or non-motile, which was observed under an inverted microscope at 40-100x magnification. In all
assays, control wells containing heat-inactivated pooled sera (at 50°C for 30 min; 1/4 dilution) of

each experimental group and wells containing no serum were included.
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6. Statistical analysis

Data of semiquantitative RT-PCR and serum scuticocidal activity were analyzed by the

Student’s #-test. Significant differences were determined at P<0.05.
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RESULTS

1. Effects of CpG-ODNs on resistance of olive flounder against VHSYV infection

The group of fish administred CpG-ODN 2216 showed no mortality against a challenge
with VHSV (Fig. 1A). On the other hand, olive flounder i.p. injected with CpG-ODN 1668
showed no enhanced resistance against VHSV challenge. Fish administered CpG-ODN 2395 (C-

class ODN) showed intermediate resistance against VHSV between ODN 1668 and ODN 2216.

2. Effects of CpG-ODNs on resistance of olive flounder against M. avidus infection

Fish injected CpG-ODN 1668 showed the highest survival rate (Fig. 1B). As in the VHSV
infection experiment, administration of CpG-ODN 2395 elicited secondly higher survival rate.
Although fish administered CpG-ODN 2216 eventually showed 100% mortality, the cumulative

mortality until 2 weeks post-challenge was similar to the group of fish injected CpG-ODN 1668.
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Fig. 1. Cumulative mortality of olive flounder (Paralichthys olivaceus) intraperitoneally (i.p.)

injected with phosphate buffered saline (PBS), CpG-ODN 1668, 2216, 2395, or control ODN

1720, 2243 (10 pg/fish). At 3 days post-injection, fish in each group were (A) intramuscularly

(i.m.) challenged with the VHSV KJ2008 at 10° PFU/fish, or (B) challenged by i.p. injection with

5 x 10* cells of M. avidus per fish.
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3. Expression of genes

The effect of each CpG-ODN on the type I interferon response of olive flounder was
investigated by analyzing expression of Mx and ISG15 genes at 24 h post-administration. Fish
administered CpG-ODN 2216 showed the highest expression of Mx and ISG15 genes compared
to fish in other groups (Fig. 2A and 2B). Fish injected with CpG-ODN 2395, also, showed

significantly higher expression of Mx and ISG15 genes than fish in the control group.
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Fig. 2. RT-PCR amplification of ISG15 and Mx genes in olive flounder (Paralichthys olivaceus)
intraperitoneally (i.p.) injected with phosphate buffered saline (PBS), CpG-ODN 1668, 2216,
2395, or control ODN 1720, 2243 (10 pg/fish). Total RNA was isolated from kidney of olive
flounder at 24 h post-injection. Expression of ISG15, Mx, and 18S ribosomal RNA (18S) genes
was PCR amplified from reverse-transcribed cDNA samples using primers specific for each gene.
(A) Stained gel image showing the band of 18S, ISG15, and Mx. (B) A semi-quantitative analysis
of expression of ISG15 and Mx. Data was presented as mean value of relative expression to 18S
with standard deviation (n=3). Bars with an asterisk indicate statistically differences at P < 0.05,

when compared to the control PBS.
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4. Scuticocidal activity of serum

Fish injected with CpG-ODN 1668 showed the highest serum scuticocidal activity (Fig. 3).
CpG-ODN 2395 also induced significantly higher scuticocidal activity than fish injected with PBS,

CpG-ODN 2216, control ODNs 1720 and 2243.
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Fig. 3. Scuticocidal activity of sera collected from olive flounder (Paralichthys olivaceus)
intraperitoneally (i.p.) injected with phosphate buffered saline (PBS), CpG-ODN 1668, 2216,
2395, or control ODN 1720, 2243 (10 pg/fish). At 3 days post-injection, 3 fish in each group were
randomly sampled and bled to obtain serum. Values (inverse of serum dilution) are means and T-
bars indicate standard deviation. (As the CpG-ODN 2395 injected group showed no differences in
the scuticocidal activity of sera, T-bars are not shown). Bars with an asterisk indicate statistically

differences at P < 0.05, when compared to the control PBS.
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DISCUSSION

In the present study, we have firstly demonstrated that CpG-ODNSs belonging to different
classes have different abilities to increase resistance of olive flounder against different pathogens.
Although immunostimulatory effects of various CpG-ODNs on various fish species have been
reported (Tassakka and Sakai, 2005; Carrington and Secombes, 2006), most of the experimented
CpG-ODNs were B-class ODNs, and a few data on the effects according to different classes of
ODNs are available. Recently, Strandskog et al. (2007) demonstrated the different effects of
ODNs on fish according to their classes, in which A-class CpG-ODN induced strong IFN o/p
activity from leukocytes of Atlantic salmon (Salmo salar), B-class ODN stimulated leukocytes

proliferation, and C-class CpG-ODN induced both interferon and cell proliferation responses.

Little information is available on in vivo antiviral effects of CpG-ODNs against fish viruses.
Jorgensen et al. (2001a, b) reported that leukocytes isolated from Atlantic salmon or rainbow trout
secreted antiviral cytokines against infectious pancreatic necrosis virus (IPNV) by stimulation
with CpG-ODNs (ODN 1668, 1670, and 1651) that belong to the B-class CpG-ODNs. Later,
Jorgensen et al. (2003) reported in vivo enhancement of resistance against IPNV challenge in
Atlantic salmon by i.p. injection of CpG-ODN 1681 (B-class ODN). In the present results, CpG-
ODN 2216 (A-class ODN) induced distinctively high resistance against VHSV infection in olive
flounder, and administration of CpG-ODN 2395 (C-class ODN) led to slightly high protection
against VHSV infection. On the other hand, olive flounder i.p. injected with CpG-ODN 1668 (B-
class ODN) showed no enhanced resistance against VHSV challenge. It is well-known that type I

interferon responses are important for the innate immune-mediated defense against viral infections.
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In this study, fish treated with CpG-ODN 2216 showed the strongest expression of Mx and ISG15
genes. The results suggest that CpG-ODN 2216 is a potent stimulator of type I interferon in olive
flounder, which might allow the fish to defense efficiently against VHSV infection. Furthermore,
in contrast to the results of Jargensen et al. (2003), the present no protective effect of the B-class
CpG-ODN against VHSV infection indicates that the immuno-prophylactic effect of CpG-ODNs

might be influenced by fish species and ODN sequences.

Previously, we had demonstrated that olive flounder administered CpG-ODN 1668 showed
significantly higher survival against M. avidus infection (Lee and Kim, 2009). In the present study,
also, fish injected with CpG-ODN 1668 showed the highest survival rate. As in the VHSV
infection experiment, administration of CpG-ODN 2395 elicited secondly higher survival rate
against M. avidus infection. The delayed mortality of fish administered CpG-ODN 2216 suggests
that type I interferon-mediated immune responses might partly participate in defense against M.
avidus infection. The present strongest scuticocidal activity of serum in fish treated with CpG-
ODN 1668 indicates that B-class ODNs might have high potential to elicit humoral immune
responses in olive flounder. Recently, Piazzon et al. (2011) reported that humoral immune
responses played more important role than cellular immune responses in protecting fish against
scuticociliates infection. Therefore, CpG-ODN 1668 would be appropriate to use as an

immunostimulant for protection against M. avidus infection in olive flounder.

In summary, the present study demonstrates that treatment of olive flounder with a CpG-
ODN 1668 and CpG-ODN 2216 can enhance resistance of olive flounder against VHSV and M.
avidus infections, respectively, which suggests that selection of a CpG-ODN appropriate to the
characteristics of a certain pathogen is crucial to induce optimal immunostimulation-mediated

defense in fish.
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Chapter 11

Effects of plasmid-based CpG motifs on defense of olive flounder
(Paralichthys olivaceus) against Miamiensis avidus and viral

hemorrhagic septicemia virus (VHSYV)
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INTRODUCTION

Synthetic oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotides (CpG
motif) are known as the strong stimulants for enhancing innate immunity of vertebrates (Krieg et
al., 1995, 2000; Krieg, 2002), in which CpG motifs are recognized as a pathogen-associated
molecular pattern (PAMP) by the Toll-like receptor 9 (TLR9) of immune cells. TLR9-mediated
signal cascades induce diverse immune responses such as production of pro-inflammatory
cytokines and type I interferon responses (Aderem and Ulevitch, 2000; Akira and Takeda, 2004).

However, in an economical aspect, CpG-ODNS are too expensive to use in aquaculture farms.

Plasmids with stimulatory CpG motifs in their backbone also have potential to be used as
immunostimulants and vaccine adjuvants in vertebrates. According to the results of Cornélie et al.
(2004), murine TLR9 specifically binds plasmids that contain unmethylated CpG motifs. In fish,
Chen et al. (2007) had reported that plasmids harboring tandemly arranged 10 CpG-ODNs
sequence (ODN 1681, 1669, 2133, 2102, 2143, 2006, 1826, 1670, 1668, and 1651) enhanced in
vitro innate cellular immune responses such as respiratory burst and bactericidal activities of head
kidney macrophages of Crucian carp (Carassius auratus) and Japanese bass (Lateolabrax
Jjaponicus). Lately, Liu et al. (2010) also demonstrated that a plasmid (pCN6) with sequences of
four ODNs (209, 2133, 201, and 203) significantly enhanced respiratory burst, acid phosphatase,
bactericidal activities of head kidney macrophages, serum bactericidal activity, and resistance
against Aeromonas hydrophila and Edwardsiella tarda infections in olive flounder. Therefore, in

this study, we adopt bacterial plasmids as a method to deliver CpG motifs.
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It has been reported that the innate immune responses play an important role in enhancing
the resistance of fish against parasitic ciliates infections. In our previous immunization experiment
(Lee and Kim, 2008), olive flounder administered Freund’s adjuvant alone showed higher
protection against M. avidus challenge, suggesting the importance of innate immunity in defense
against scuticociliatosis. And, a little is known about the effects of CpG-ODNs on the resistance
of fish against parasites infections. So far as we know, there are only two reports on the protective
effects of CpG-ODNs against fish parasitic diseases; amoebic gill disease caused by
Neoparamoeba permaquidensis infection in Atlantic salmon (Bridle et al.,, 2003) and
scuticociliatosis caused by M. avidus infection in olive flounder (Lee and Kim, 2009). Effects of
CpG-ODN against fish viruses has been poorly reported. It has been reported that Atlantic salmon
by i.p injection of CpG-ODN 1681(B-class) has protected against IPNV challenge (Jorgensen et al.

2001a, b, 2003).

Not only different CpG motif sequences but also different copy number of CpG motif can
influence on the potency of immune responses in a species (Krieg, 2002; Pontarollo et al., 2002).
Therefore, selection of immunostimulatory CpG motif sequences and optimizing the copy number
of CpG motif sequences are essential for induction of favorable immune responses using plasmids.
In this study, to know whether the plasmid-based CpG 1668 motifs and the copy number of CpG
1668 sequences in plasmids influence on the resistance of olive flounder against M. avidus
infection, fish were injected with plasmids containing various copy numbers of the CpG 1668
motif, and the effects were analyzed by investigating serum scuticocidal activity and survival rate

of fish against M. avidus challenge.

In the previous experiments, we have verified that CpG-ODN 2216 (A-class ODN) elicited
strong type I interferon response and induced high resistance against viral hemorrhagic septicemia
virus (VHSV), whereas CpG-ODN 1668 (B-class) elicited significantly high serum scuticocidal
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activity and survival rate against Miamiensis avidus challenge. Furthermore, CpG-ODN 2395 (C-
class) showed abilities intermediate between ODN 2216 and ODN 1668 in inducing resistance
against VHSV and M. avidus. As CpG-ODNs belonging to each class possess peculiar abilities to
induce different host immune responses, we postulated that co-administration of CpG-ODNs
belonging to different classes would elicit combined immune responses, which would
simultaneously confer resistance against both viral and parasitic pathogens. Therefore, in this
study, we constructed plasmids that harbor multi-copy of CpG-ODN 2216, 1668, and 2395
sequences, and evaluated potential of the constructed plasmids to stimulate immune responses and

to protect of fish against VHSV and M. avidus infections.

A burdensome procedure is required to isolate plasmids with stimulatory CpG motifs from
cultured Escherichia coli, and cost for conducting the procedure is too high to use in aquaculture
farms. Furthermore, as CpG DNAs can be easily degraded by nucleases, their in vivo use has been
limited. Therefore, in this study, to overcome these problems, we used two kinds of E. coli
mutants, E. coli HT115 and E. coli %7213, as the delivery vehicle for CpG motifs-containing
plasmids. In the mutant E. coli HT115, a gene encoding RNase III that can digest dsRNAs is
deleted and /ac promoter-driven T7 RNA polymerase gene is inserted into the genome. Therefore,
if CpG motifs in a plasmid vector are located between two T7 promoters that are arranged in a
head to head fashion and the constructed vectors were transferred to E. coli HT115, long dsRNA
encoding the CpG motifs can be generated without degradation by RNase III. Furthermore, as the
plasmids harboring CpG motifs can be maintained in the E. coli cytoplasm, CpG DNA-mediated
effects also can be expected. In the mutant E. coli 7213, a gene encoding aspartate semialdehyde
dehydrogenase (asd) is deleted, and the asd mutant bacteria obligatory require diaminopimelic
acid (DAP), an essential constituent of bacterial cell wall, and will undergo lysis unless provided

with DAP. Thus CpG motifs-containing plasmids can be easily exposed to the immune cells of
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hosts through burst of the mutant bacteria in the hosts due to the lack of DAP. In this study, in
vivo experiments were conducted to know whether delivery of the CpG motifs-containing

plasmids by the two mutants E. coli can induce protection of fish against M. avidus infection.
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MATERIALS AND METHODS

1. Ciliates and VHSV

M. avidus were isolated from diseased olive flounders obtained from local fish farms in
South Korea. Identification of ciliates species was done by PCR using species specific
oligonucleotide primer pairs (Kim et al. 2004). M. avidus were grown using Chinook salmon
epithelia (CHSE)-214 cells incubated at 20°C in Eagle’s minimum essential medium (MEM,

Gibco) supplemented with 10 % heat-inactivated fetal bovine serum (FBS, Gibco).

VHSV KJ2008 isolated in 2008 from moribund olive flounder in a natural outbreak of VHS
disease on a commercial farm in Korea was propagated in monolayer of EPC cells [culture
condition: Leibovitz medium (L-15, Sigma) supplemented with penicillin (100 U/ml),
streptomycin (100 pg/ml) and 10% fetal bovine serum (FBS, Gibco)] at 15°C in the presence of
2% FBS and antibiotics. Cultures displaying extensive cytopathic effect (CPE) were harvested and

centrifuged 4000 g for 10 min at 4°C, and the supernatants were stored at —80°C.

2. Plasmids construction and transfomation

Fifteen copies of CpG-ODN 1668 sequence were artificially synthesized and inserted into
pUCS57 vector (Cosmo Genetech, Korea). The fragment containing 15 copies of CpG 1668
sequence was isolated by digestion of the vector with Bg/ll and BamHI, and then ligated into

Litmus28i vector (NEB) and pUCI18 vector that were pre-digested with the same restriction
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enzymes, then designated it as pLitmus28i-CpG1668 15 (pLit-CpG15) and pUC18-CpG1668 15
(pUC18-CpG15), respectively. The CpG15 fragment in the pLit-CpG15 vector was isolated by
digestion of the vector with Bg/Il and BamHI, and ligated into pUC18-CpG15 vector that was pre-
digested with BamH]I, resulting in a vector with 30 copies of the CpG 1668 motif (pUCI18-
CpG1668 30 : pUC18-CpG30). After digestion of the vector with Xbal and Kpnl, the CpG30
fragment was inserted into pLitmus28i vector that was pre-digested with the same enzymes,
resulting in pLit-CpG30. The CpG30 fragment was also isolated by digestion of the pUCI18-
CpG30 with HindlIll and EcoRl, and was ligated into the pLit-CpG30, resulting in a vector with

60 copies of CpG 1668 motif, pLitmus28i-CpG1668 60 (pLit-CpG60) (Fig. 4A).

Fragment encoding the T7 promoter region (Coordinates 2620-2603) in the pLitmus28i
vector (NEB) was removed by digestion with EcoRV and Pvull, and designated as pLitself. Green
fluorescent protein (GFP) gene was PCR amplified wusing primers GFP-F (5°-
GAATTCatgagtaaaggagaagaac-3’ with EcoR I site), GFP- R (5’-AAGCTTttatttgtagagctcatc-3’
with Hind 111 site), and pGFP as a template. The amplified product (717 bp) was cloned into the
pGEM T-easy vector (Promega) and sequenced using an automatic sequencer (Applied
biosystems). The cloned fragment was digested with EcoR 1 and Hind 111, and subcloned into the
pLitmus 28i vector that was pre-digested with the same restriction enzymes, resulting in pLit-GFP.
A fragment corresponding to randomly arranged 6 copies of each CpG-ODN sequence (CpG-
ODN 1668, 2216 and 2395) was artificially synthesized and inserted into pUC57 vector (pUC57-
CpGMix)(Cosmo Genetech, Korea). After digestion with Bg/Il and BamH]I, the CpG fragment
was ligated into pLitself that was pre-digested with the same restriction enzymes, then designated
it as pLitmus 28i-CpGMix (Lit-CpGMix) (Fig. 4B).

pLitself, pLit-GFP, Lit-CpGMix were used to transform Escherichia coli HT115 and E. coli

¥7213.
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Fig. 4. Process of vector construction. (A) Fifteen copies of CpG-ODN 1668 sequence inserted

pLit-CpGMix

into pUC57 vector (pUC57-CpG15). CpG-ODN1668 15 and 30 copies fragment was inserted into
pUCI18 vector (pUCI8-CpGl5 and pUC18-CpG30), CpG-ODN1668 15, 30 and 60 copies
fragment was inserted into pLitmus28i vector (pLit-CpG15, pLit-CpG30 and pLit-CpG60),
respectively. (B) Fragment encoding the T7 promoter region (Coordinates 2620-2603) in the
pLitmus28i vector was removed by digestion with EcoRV and Pvull(pLitself). GFP fragment was

inserted into pLitmus28i vector(pLit-GFP), A fragment corresponding to randomly arranged 6
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copies of each CpG-ODNs sequence (CpG-ODN 1668, 2216 and 2395) (CpGMix) inserted into
pUC57 vector (pUCS57- CpGMix), then designated it as pLitmus 28i-CpGMix (Lit-CpGMix).
Amp®, ampicillin resistance gene; BgllI-BamHI, Xbal-Kpnl, EcoRI-HindIII or EcoRV-Pvull,

restriction sites used for the plasmid construction.

3. in vivo experiment

3.1 Effects of plasmids harboring various copies of CpG 1668 motifs on resistance of fish

against M. avidus infection

Olive flounder fingerlings weighing approximately 6~7 g were obtained from a local fish
farm, divided into twelve 50 L tanks (20 fish/tank), and were acclimated at least for 2 weeks
before the experiment. Sea water temperature was maintained between 21-22°C during whole
experimental period. Fish in the 12 tanks were divided into two replicates, and each replicate
consisted of 6 groups. Fish in group I were intraperitoneally injected (i.p.) with 50 pl of PBS;
group II were i.p. injected with 10 pg of CpG-ODN 1668; group III were i.p. injected with 100 pg
of Litmus 28i vector; group 1V, V, and VI were i.p. injected with 100 pg of pLit-CpG15, pLit-
CpG30, and pLit-CpG60, respectively. At 3 d post-injection, 5 fish in each tank were randomly
sampled and bled to isolate serum. The rest of fish in one replicate were i.p. challenged with 1 x
10* ciliates, and fish in the other replicate were challenged with 2.5 x 10* ciliates. The mortality

was monitored for 20 days, and dead fish were necropsied to confirm the presence of ciliates.

3.2 Effects of plasmids harboring multi-copies of mixed CpG motifs on resistance of olive
flounder against VHSV and M. avidus

Olive flounder fingerlings weighing approximately 4~5 g were obtained from a local fish
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farm in Gu-jae Gyung-nam, Korea, and were acclimated at least for 2 weeks before the
experiment. Fish in each experimental group were divided into 2 subgroups, either M. avidus or
VHSYV challenge group. For M. avidus challenge experiment, fish were divided into 4 groups with
2 replicates in eight 50 L tanks (18 fish/tank). Fish in group 1, 2, 3 and 4 were intraperitoneally
injected (i.p.) with 100 pl of PBS (control), 100 pg of pLitself, 100 pg of pLit-GFP, and 100 pg of
pLit-CpGMix, respectively. Water temperature was maintained at 21-22°C. At 3 days post-
injection, 4 fish in each tank were randomly sampled and bled to isolate serum. The rest of fish in
one replicate were i.p. challenged with 2 x 10 ciliates, and fish in the other replicate were
challenged with 2 x 10° ciliates. The mortality was monitored for 17 days, and dead fish were
necropsied to confirm the presence of ciliates. The same experimental regime was used for VHSV
challenge experiment except no replicated groups. At 24 h post-injection, 3 fish in each tank were
randomly sampled for isolation of the kidney. At 3 d post-injection, the rest of fish were
intramuscularly (i.m) injected with VHSV KJ2008 at 10° PFU/fish. The mortality was monitored

for 14 days, and dead fish were PCR-analyzed for detection of VHSV.

3.3 Effects of E. coli mutants carrying CpG-plasmids on resistance of olive flounder against M.
avidus

Olive flounder fingerlings weighing approximately 7~8 g were obtained from a local fish
farm and were acclimated at least for 2 weeks before the experiment. Water temperature was
maintained at 22°C during whole experimental period. Fish were divided into 8 groups (18
fish/group), and were intraperitoneally (i.p.) injected with 50 ul of PBS, E. coli 7213 harboring
pLitself (Litself/x7213), E. coli x7213 harboring pLitmus28i-GFP (Lit-GFP/x7213), E. coli 7213
harboring pLitmus28i-CpGMix (Lit-CpGMix /x7213), E. coli HT115 harboring pLitself/HT 115, E.
coli HT115 harboring pLitmus28i-GFP (Lit-GFP/HT115), E. coli HT115 harboring pLitmus28i-

30



CpGMix (Lit-CpGMix/HT115) and mixed E. coli HT115 and %7213 harboring pLitmus28i-
CpGMix (Lit-CpGMix/HT115+47213), respectively, at a dose of 5x10° cfu/fish. At 3 d post-
injection, 3 fish in each tank were randomly sampled and bled to isolate serum. The rest of fish
were i.p. challenged with 5 x 10” ciliates. The mortality was monitored for 14 days, and dead fish

were necropsied to confirm the presence of ciliates.

4. Serum scuticocidal activity

The analysis of scuticocidal activity of serum was performed using 96-well flat-bottomed
plates. All the sera were serially diluted ranging from 1/4 to 1/4096 in Hank’s balanced salt
solution (HBSS, Sigma). The CHSE-cultured ciliates were collected after 3 d of CHSE cells
depletion in the culture vessels by centrifugation at 200 g for 5 min, washed three times with
HBSS. The ciliates were added to the wells (1x10” ciliates/well) of the plate, incubated at 20°C
and observed every one hour for 24 h to analysis scuticocidal activities of the sera. The titer of
each serum was the last dilution at which 100% of the ciliates were lysed or non-motile, which
was observed under an inverted microscope at 40-100 x magnification. In all assays, control wells

containing no serum were included.
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5. Semi-quantitative RT-PCR analysis

Total RNA was extracted from the kidney using RNAiso plus reagent (Takara) at 24 h post-
immunization. The complementary DNAs (cDNAs) synthesized from these total RNAs using M-
MLV reverse transcriptase and Oligo(dT)15 Primer (Promega) were used in reverse-transcription
polymerase chain reaction (RT-PCR). To amplify cDNA of Mx gene, PCR was done with primers
MxF (5'-AACAGCCAAGGCAAAGATTG-3") and MxR (5'- AATGTCCAGCTCCTCCTTCA-3").
ISG15 gene was PCR-amplified using primers ISG15F (5'-CTCCATGTAATCTGCAGCAA-3")
and ISG15R (5'-AGATCTAGTGCAGGTGTGA-3"). Two primers 18SF (5-AGTTGCTGCAGTT
AAAAAGC-3") and 18SR (5-TGGCATCGTTTACGGTCGGAACTA-3") were used to amplify
18S ribosomal RNA gene of olive flounder. PCR was performed using 2% Prime Taq Premix
(GeNet Bio, Korea). The amplification procedure included lcycle of 4 min at 95°C,16 (for 18S
rRNA) or 30 cycles (for Mx and ISG15) of 30 s at 95°C, 30 s at 60°C, 30 s at 72°C, with a final
extension step of 7 min at 72°C. PCR samples to be compared were electrophoresed on the same
1.0% agarose gel, stained with ethidium bromide (EtBr), and pictured with Gel Doc XR (Biorad).
Expression of Mx and ISG15 genes was calculated as relative expression to 18S rRNA gene using

Quantity One software (Biorad).

6. Statistical analysis

Data of serum scuticocidal activity were analyzed by the Student’s #-test. Significant

differences were determined at P<0.05.
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RESULTS

1. Effects of plasmids harboring various copies of CpG 1668 motifs on resistance of olive

flounder
1.1 Survival of fish after challenge against M. avidus

In a replicate challenged with 1 x 10* ciliates, the cumulative mortalities of fish injected
with CpG-ODN 1668 or plasmids harboring CpG 1668 motifs were clearly lower than fish
injected with PBS alone or Litmus 28i vector (Fig. 5A). Although the group injected with pLit-
CpG60 showed the highest survival rate, there were no great differences in survival rate among
groups of fish injected with CpG-ODN 1668 or plasmids harboring CpG 1668 motifs. In another
replicate challenged with 2.5 x 10* ciliates, only the group of fish injected with pLit-CpG60
showed clearly higher survival rate (Fig. 5B). The ciliates were recovered from the internal organs

of all dead fish.
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Fig. 5. Cumulative mortality of olive flounder (Paralichthys olivaceus) fingerling immunized by
intraperitoneal injection of phosphate buffered saline (control), pLitmus28i (Lit), pLitmus28i-
CpGl15 (Lit-CpG15), pLitmus28i-CpG30 (Lit-CpG30), pLitmus28i-CpG60 (Lit-CpG60) or CpG-
ODN 1668. Each fish in each group was challenged by i.p. injection of 1 x 10* (A) CHSE-
cultured ciliates, and fish in the other replicate were challenged with 2.5 x 10* (B) CHSE-cultured

ciliates. The mortality was monitored for 20 days.
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1.2 Serum scuticocidal activity

Fish injected with CpG-ODN 1668 or plasmids harboring CpG 1668 motif showed
significantly higher serum scuticocidal activity than fish injected with PBS alone or Litmus 28i
vector (Fig. 6). Furthermore, the serum scuticocidal activity was increased proportion to the
number of CpG 1668 motif in the plasmid. Serum scuticocidal activity of fish injected with pLit-
CpG60 was similar to that of fish injected with CpG-ODN 1668. No scuticocidal activity was

observed in the wells containing heat inactivated sera or HBSS alone.
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Fig. 6. The scuticocidal activity of sera collected from olive flounder (Paralichthys olivaceus)
injected with PBS, pLitmus28i (Lit), pLitmus28i-CpG15 (Lit-CpG15), pLitmus28i-CpG30 (Lit-

CpG30), pLitmus28i-CpG60 (Lit-CpG60) or CpGODN 1668 (CpG).
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2. Effects of plasmids harboring multi-copies of mixed CpG motifs on resistance of olive

flounder
2.1 Survival of fish after challenge against VHSV or M. avidus

At 8 days post-challege, fish in the control (PBS) and pLitself groups showed 100%
cumulative mortality. Group injected with pLit-CpGMix showed the highest survival rate (Fig.
7A). The mortality of the pLit-GFP group was 85%, whereas that of the pLit-CpGMix group was

64%.

The cumulative mortality of fish in the control and pLititself-injected groups was 100% by
challenge with low level (1 x 10%) and high level (2 x 10°) of ciliates. Fish in the pLit-GFP group
and the pLit-CpGMix group showed 78% and 64% cumulative mortality, respectively, by low
level challenge (Fig. 7B). In the high-level challenge experiment, pLit-GFP and pLit-CpGMix

group showed 78% and 71% cumulative mortality, respectively (Fig. 7C).
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Fig. 7. Cumulative mortality of olive flounder (Paralichthys olivaceus) fingerling
intraperitoneally injected with phosphate buffered saline (control), pLitmus28i (Lit), pLitmus28i-
GFP (Lit-GFP), and pLitmus28i-CpGMix (Lit-CpGMix). (A) After 3 days of the injection, all
remaining fish in each group were intramuscularly (i.m.) challenged with the VHSV KJ2008 at
10° PFU/fish. Mortality was recorded daily for 14 days. (B) Fish in each group was challenged
by i.p. injection with 2x10* of CHSE-cultured ciliates, and (C) the other replicate were challenged

with 2x10° of CHSE-cultured ciliates. The mortality was monitored for 17 days.
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2.2 Analysis of genes expression in olive flounder using semi-quantitative RT-PCR

The effect of type I interferon response of olive flounder was investigated by analyzing
expression of Mx and ISG15 genes at 24 h post-injection. Fish administered pLit-CpGMix

showed the highest expression of Mx and ISG15 genes compared to fish in other groups (Fig. 8).
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Fig. 8. Analysis of ISG15 and Mx genes expression in olive flounder i.p. injected with phosphate
buffered saline (control), pLitmus28i (Lit), pLitmus28i-GFP (Lit-GFP) and pLitmus28i-CpGMix
(Lit-CpGMix) by semi-quantitative RT-PCR. Total RNA was isolated from kidney of olive
flounder at 24 h post-injection. Expression of ISG15, Mx, and 18S ribosomal RNA (18S) genes

was PCR amplified from cDNA samples using primers for each gene.

39



2.3 Scuticocidal activity of serum

At 3 days post-injection, sera from 4 fish in each tank (total 8 fish/ group) were collected,
and the obtained sera of two fish were pooled for measurement. Fish injected with pLit-CpGMix
showed the highest serum scuticocidal activity. Fish injected with pLit-GFP group also showed
significantly higher scuticocidal activity than fish injected with PBS or pLit (Fig. 9). No

scuticocidal activity was observed in the wells containing heat inactivated sera or HBSS alone.
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Fig. 9. Scuticocidal activity of sera collected from olive flounder i.p. injected phosphate buffered
saline (control), pLitmus28i (Lit), pLitmus28i-GFP (Lit-GFP) and pLitmus28i-CpGMix (Lit-
Mix6). Values (inverse of serum dilution) are means and T-bars indicate standard deviation. Bars

with an asterisk indicate statistically differences at P < 0.05, when compared to the control PBS.
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3. Effects of RNase IIlI knock-out or asd knock-out Eschrichia coli harboring CpG motifs-

containing plasmids on resistance of olive flounder against M. avidus infection
3.1 Survival of fish after challenge against M. avidus infection

By a challenge with 5 x 10* ciliates, fish in the group administered E. coli %7213 harboring
Lit-CpGMix showed the highest survival rate (Fig. 10). The groups administered E. coli HT115
harboring Lit-CpGMix and mixed E. coli 7213 harboring Lit-CpGMix + HT115 harboring Lit-
CpGMix showed same mortality. The ciliates were recovered from the internal organs of all dead

fish.
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Fig. 10. Cumulative mortality of olive flounder (Paralichthys olivaceus) fingerling i.p injected
with phosphate buffered saline (control), E. coli HT115 harboring pLitself (Lit/HT115), HT115
harboring pLitmus28i-GFP (LitGFP/HT115), HT115 harboring pLitmus28i-CpGMix (Lit Mix
/HT115), E. coli ¥7213 harboring pLitself (Lit/y7213), x7213 harboring pLitmus28i-GFP (Lit
GFP/y7213), %7213 harboring pLitmus28i-CpGMix (Lit Mix/x7213), and mixed HT115 and
%7213 harboring pLitmus28i-CpGMix (Lit Mix/HT115 %7213). Fish in each group was challenged

by i.p. injection of 5 x 10" ciliates. The mortality was monitored for 14 days.
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3.2 Scuticocidal activity of serum

Fish injected with pLit- CpGMix/HT115, pLit-GFP/y7213, pLit- CpGMix/x7213 and pLit-
CpGMix/y7213+ pLit-CpGMix/HT115 showed higher serum scuticocidal activity than fish
injected with PBS, pLit/ HT115, pLit-GFP/ HT115 and pLit-GFP/ %7213 (Fig. 11). Serum
scuticocidal activity of fish injected with pLit-CpGMix/HT115 and pLit-GFP/¢7213 or pLit-
CpGMix/y¢7213 and mixed pLit-CpGMix/x7213+ pLit-CpGMix/HT115 were similar each other.

No scuticocidal activity was observed in the wells containing heat inactivated sera or HBSS alone.
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Fig. 11. The scuticocidal activity of sera collected from fish administered phosphate buffered
saline (cont.), E. coli HT115 harboring pLitself (p/H), HT115 harboring pLitmus28i-GFP
(pGFPH), HT115 harboring pLitmus28i-CpGMix (pMixH), E. coli 7213 harboring pLitself (p/y),
%7213 harboring pLitmus28i-GFP (pGFPy), 7213 harboring pLitmus28i-CpGMix (pMixy), and

mixed HT115 or %7213 harboring pLitmus28i-CpGMix (pMixHy).
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DISCUSSION

Lately, we have compared immunoprophylactic potential of CpG-ODNs belonging to three
different classes (A, ODN 2216; B, ODN 1668; C, ODN 2395) against M. avidus infection, and
found that CpG-ODN 1668 has the highest capability to enhance resistance of olive flounder
against the ciliates challenge (Kang and Kim, 2011). However, since the cost for synthesis of
CpG-ODNss is too high to use them in aquaculture, the use of plasmids containing multiple CpG
motifs instead of artificially synthesized CpG-ODNs would be a way to low the cost. Therefore,
the present results suggest that plasmids harboring CpG motifs can be used as immunostimulants
in fish instead of costly CpG-ODNs. According to the recent structure-based classification of
CpG-ODNs (Krieg, 2002), CpG-ODN 1668 is belonging to the B-class ODN that is characterized
by possessing at least one CpG motif and phosphorothioate backbone. The present study showed
that the copy number of CpG 1668 in one plasmid exerts an effect on the protective efficacy
against M. avidus infection. When olive flounder were challenged with a relatively low number of
M. avidus, the copy numbers in a plasmid shown similar survival rates to CpG-ODN 1668 were
15, 30, and 60. Whereas, when fish were challenged with a high number of M. avidus, only fish
administered with plasmids harboring 60 copy number of CpG 1668 showed a higher survival rate
than fish administered ODN 1668, suggesting that plasmids containing more than 60 copies of
CpG 1668 sequence might be required to exceed the immunostimulatory effects of CpG-ODN

1668 in olive flounder.

In the present study, we have firstly demonstrated that plasmids harboring multiple CpG
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1668, CpG 2216, and CpG 2395 sequences enhance the resistance of olive flounder against M.
avidus and VHSV infection, respectively. It has been demonstrated that different classes of CpG-
ODNs showed class-specific immunostimulatory effects that are ranging from humoral to cellular
immune responses (Krieg, 2002). To effectively defense against infectious agents, cooperation
between humoral and cellular immune factors is essential. Thus combination of different CpG
motf sequences in a plasmid may stimulate more diverse innate immune factors that can confer

more effective protection against various kinds of pathogens.

We have verified that plasmids harboring 15-60 copies of CpG-ODN 1668 sequence
enhanced serum scuticocidal activity and resistance against M. avidus in olive flounder. In the
present M. avidus challenge experiment, fish in the group administered plasmids harboring three
classes of CpG motifs showed the highest survival rates, suggesting that the plasmid with different
CpG motifs has the same potential to induce anti-scuticociliate immune responses as the plasmid
with multicopy of CpG-ODN 1668 sequence. Although Piazzon et al. (2011) reported that turbot
leucocytes were not helpful to kill Philasterides dicentrarchi, in our previous experiments,
leucocytes stimulated with poly I:C contributed to killing of scuticociliates in the presence of
immune serum. In spite of low copy number (6 copy) of CpG 1668 motif in the present plasmid
compared to the previous used plasmid harboring 15-60 copies of CpG 1668 motif, the protective
efficacies were similar to each other, suggesting that CpG 2216 motif-mediated stimulation of
cellular immune responses including type I interferon responses or CpG 2395 motif-mediated
supplemental stimulation might participate in the present enhancement of anti-scuticociliates

responses.

Interestingly, in the present study, fish administered plasmids containing different CpG
motifs also showed enhanced resistance against VHSV infection. Previously, we had verified that

administration of CpG-ODN 2216 induced greatly enhanced survival rate of olive flounder
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against VHSV challenge. Thus the presence of CpG 2216 motif in the present vector might play

an important role in induction of protective immune responses against VHSV infection.

A-class CpG-ODNs are known to induce type I interferon response that is a key innate
immune factor for protection against viral infections, whereas B-class CpG-ODNs are known to
enhance humoral immune responses (Verthelyi et al., 2001; Krieg, 2002; Vollmer et al., 2004 ). In
the present study, the simultaneous stimulation of humoral and cellular immune responses was
verified by enhanced serum scuticocidal activity and up-regulated Mx gene expression in fish
administered plasmids harboring three classes of CpG motifs. The increased serum scuticocidal
activity and type I interferon responses might involved in the present increased survival rates
against M. avidus and VHSV infections. These results suggest that CpG motifs in the plasmids

might have capability to class-specifically stimulate immune factors as in CpG-ODN.

Although fish administered GFP-containing vector showed lower survival rates, lower
serum scuticocidal activity, and lower Mx gene expression when compared to mixed CpG motifs-
containing vector, the GFP-containing vector elicited higher survival rates against M. avidus and
VHSYV infections, higher serum scuticocidal activity, and higher expression of type I interferon-
induced genes compared to control, suggesting that GFP sequence, also, might have some

imunostimulating properties. To know this mechanism exactly, further studies are needed.

Delivery of CpG motifs-containing plasmids using E. coli has several merits in that the E.
coli used for vehicle is not virulent to fish, there is no need for isolation of plasmids or dsSRNAs
because the plasmids can be autonomously amplified in the E. coli, the plasmids or produced long
dsRNAs are protected from nucleases attacks, and E. coli itself can be acted as an
immunostimulant. Although attenuated bacteria have been utilized as delivery vehicles for DNA

vaccines in mammals (Dietrich et al., 2001; Woo et al., 2001; Mohamed et al., 2002; Schoen et al.,
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2004), little is known on the use of live bacteria as a carrier for immunostimulating plasmids

or/and long dsRNAs in fish.

In the present study, we used E. coli HT115 or 7213 as the delivery vehicle for CpG
motifs-containing plasmids, and investigated their effects on resistance against M. avidus infection
in olive flounder. The results showed that E. coli ¥7213 transformed with plasmids harboring
mixed CpG motifs induced the highest survival rate against the scuticociliates challenge, and E.
coli HT115 harboring the plasmids or mix of the two E. coli strains harboring CpG plasmids
induced higher survival rates than controls. These results suggest that the mutated E. coli has a

possibility to be used as a vehicle for in vivo delivery of immunostimulating plasmdis.

As E. coli HT115 lacks RNase III gene and possess a cassette for expression of T7 RNA
polymerase, long dsRNA might be produced in the cytoplasm of the bacteria transformed with the
CpG motifs-containing plasmids. Thus, in the E. coli HT115, both CpG plasmids and CpG-
containing long dsRNAs would be present simultaneously. However, the effects on the resistance
against M. avidus infection was not higher than E. coli x7213 that is an asd mutated auxotrophic
mutant. The serum scuticocidal activity was also increased by administration of fish with the .
coli strains harboring CpG motifs-containing plasmids, suggesting that humoral immune
responses that are important to defense against M. avidus infection (Piazzon et al., 2011) might be

effectively induced by delivery of CpG plasmids through E. coli mutants.

In the results of this study, the scuticocidal activity of serum was increased in proportion to
the copy number of CpG 1668 sequence in a plasmid, and the activity of serum isolated from fish
injected with plasmids containing 60 copies of CpG 1668 sequence was equal to that of fish
administered CpG-ODN 1668, suggesting that plasmids containing CpG 1668 sequence can

stimulate innate humoral immunity of olive flounder as in CpG-ODN 1668 (Kang and Kim, 2011),
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which increased resistance of fish against M. avidus infection. And, we have verified that plasmids
harboring different classes of CpG motifs simultaneously enhanced resistance of olive flounder
against M. avidus and VHSV infections, and could simultaneously induce each-class-specific
immune responses that can synergistically attack the intruding pathogens. In addition to, the
results suggest that exposure of immune cells to the CpG motifs-containing plasmids by rupturing
of the E. coli %7213 due to inability to synthesize cell wall might be more effective to induce
protective immune responses against M. avidus than CpG plasmds and long dsRNAs present in

the cytoplasm of E. coli HT115.
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Chapter 111

Molecular cloning of toll-like receptor 3 (TLR3) from olive
flounder (Paralichthys olivaceus) and transcriptional response to

poly I:C in relation to TLR22
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INTRODUCTION

Toll-like receptors (TLRs) are a family of transmembrane sensor proteins that recognize
pathogen associated molecular patterns (PAMPs), and play crucial roles in both innate and
adaptive immune responses (Schnare et al., 2001; Takeda et al., 2003; Iwasaki and Medzhitov,
2004). TLRs contain an extracellular leucine-rich repeat (LRR) domain that is responsible for
recognition of PAMPs and an intracellular Toll/Interleukin-1 receptor (TIR) domain that is
involved in cellular signaling. The recognition of PAMPs by each TLR is highly specific. Of
TLRs, TLR3 recognizes double-stranded RNA (dsRNA) that is generated as a replication
intermediate or by-product of many viruses (Jacobs and Langland 1996; Alexopoulou et al., 2001;
Sen and Sarkar 2005; Haller et al., 2006). Signaling through TLR3 results in type I interferon

responses in mammals (Alexopoulou et al. 2001; Hoebe et al. 2003).

Mammalian TLR3 homologs have been reported in several fish species, such as fugu
Takifugu rubripes (Oshiumi et al. 2003), zebrafish Danio rerio (Meijer et al. 2004; Jault et al.
2004), channel catfish Ictalurus punctatus (Bilodeau and Waldbieser 2005), rainbow trout
Oncorhynchus mykiss (Rodriguez et al., 2005), and grass carp Ctenopharyngodon idella (Su et al.,
2009). Unlike mammals, however, TLR22 has been identified as an additional dsRNA recognizing
TLR in a number of fish species including goldfish (Stafford et al., 2003), zebrafish (Jault et al.,
2004), olive flounder Paralichthys olivaceus (Hirono et al., 2004), rainbow trout (Rebl et al.,

2007), and fugu (Matsuo et al., 2008).

In the present study, we firstly cloned the cDNA of olive flounder TLR3 gene and analyzed
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molecular pattern and change in transcription level in response to poly (I:C) injection in olive
flounder. Furthermore, to know the functional role of TLR3 and TLR22 in induction of type I
interferon response, TLR3 or TLR22 transcriptom in hirame natural embryonic cells (HINAE
cells) was knock-downed by short-hairpin RNA (shRNA), and analyzed the effects of each gene

knock-down on the type I interferon response.
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MATERIALS AND METHODS

1. Fish

Juvenile olive flounder (approximately 10 g in body weight) were obtained from a
commercial farm in South Korea. Fish were fed with commercial pellet, and water was renewed

once a day. Before experiment, fish were acclimatized for at least 2 weeks.

2. Complementary DNA cloning of Olive flounder TLR3

Total RNA was isolated from the kidney of the fish using RNAiso reagent (Takara), and one
pg of purified total RNA was incubated with 1 pl of random primer (0.5 pg/ml) (Promega) at
80°C for 10 min, and further incubated at 42°C for 60 min in a reaction mixture containing 4 pl of
5% reaction buffer, 4 pul of 10 mM dNTP mix (Takara), 1 pl of M-MLV reverse transcriptase
(Promega) and 0.5 pl of RNase inhibitor (Promega) in a final reaction volume of 20 pl. Using two
degenerate oligonucleotides (fTLR3-Fw: 5’-CTCAGYAAYAAYAAYATYGCMAACAT-3’ and
fTLR3-Re: 5’-TCCAGWAGAAYYGRATYCTCCA-3’), a partial fragment of olive flounder
TLR3 c¢DNA was obtained by PCR reaction. The amplified PCR product was run on an agarose
gel (1.5%), purified using a gel purification kit (Cosmo Genentech, Korea), subcloned into
pGEM-T easy vector (Promega), and sequenced using ABI 3700 (PE Applied Biosystems). To
obtain  full open reading frame (ORF) sequence, 5-RACE  (primer-1; 5'-
AGCTAAGCCTCTCAAACAATCTCCTCAACAGTCTGAAGG-3": primer-2; 5’-GCTGTGATT
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TCCCGAATTGCAGTTTGCTGTAAC-3":  primer-3; 5’-CCTGGTGAAAGGTCGAACCTCC

GCCA-3’) and 3'-RACE (primer; 5'-ATCCTGTGGTTTGTGACGTGGTTGAACAAC-3"). PCR
reactions were performed separately using the SMART RACE cDNA Amplification Kit
(Clontech) according to the manufacturer's instructions. All RACE PCR products were purified
using spin column (Labopass), cloned into pGEM-T easy vector, and sequenced. Multiple
sequence alignments were generated using the CLUSTALW 1.8 program, and amino acid
sequence identity was verified through BLAST using the protein database in the National Center

for Biotechnology Information(NCBI).

3. Expression analysis of TLR3, TLR22, ISG15 and Mx genes in olive flounder after poly ( 1:C)

injection

A total of 18 olive flounder were randomly divided into 3 groups, and fish of each group
were intraperitoneally injected with either 1 mg of poly (I:C) (Sigma) suspended in 100 pul of PBS
(pH 7.6) or the same volume of PBS only. One group was received no treatment and served as a
no handling control. At 12 and 24 h post injection (p.i.), 3 fish were sampled from each group, and
total RNA was extracted from kidney using RNAiso reagent. Total RNA (0.5 pg) was then
reverse-transcribed to cDNA as mentioned above in order to be used for gene expression assay.
Semi-quantitative RT-PCR was carried out to determine the relative mRNA expression level of
TLR3. PCR in a reaction volume of 10 ul was performed with 2xPrime Taq Premix (Genet Bio)
and 1 pul of 10" diluted cDNA template. Oligonucleotide primer pairs for TLR3, TLR22, ISG15,
Mx and internal control (18S rRNA) genes are shown in Table 4. Thermal cycling conditions were
1 cycle of 4 min at 95°C (initial denaturation) followed by 17 cycles (for 18S rRNA), 26 cycles

(for ISG15 and MX), or 32 cycles (for TLR3 and TLR22) of 30 s at 95°C, 30 s at 60°C, 30 s at
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72°C, with a final extension step of 7 min at 72°C. PCR samples to be compared were
electrophoresed on the same 1% agarose gel and visualized with ethidium bromide (Et-Br)

staining.

4. Expression analysis of TLR3, TLR22, IRF3, IRF7 and ISG15 genes in HINAE cells after

stimulated poly (1:C)

HINAE cells were sub-cultured in wells (2x10°cells/well) at 20°C in Leibovitz medium (L-
15, Sigma) containing with 10% FBS and penicillin (100 U/ml), streptomycin (100 pg/ml).
Total RNA extracted after 6, 12, 24 and 48 h after stimulation with 100 pg/ml of
polyinosinic:polycytidilic acid (poly I:C) (Sigma) or with the same volume of PBS (pH 7.6) only.
The complementary DNAs (cDNAs) synthesized from these total RNAs using M-MLV reverse
transcriptase and Oligo(dT)15 Primer (Promega, USA) were used in reverse-transcription
polymerase chain reaction (RT-PCR). Oligonucleotide primer pairs for TLR3, TLR22, IRF3,
IRF7, ISG15 and internal control (18S rRNA) genes are shown in Table 4. Thermal cycling
conditions were 1 cycle of 4 min at 95°C (initial denaturation) followed by 17 cycles (for 18S
rRNA), 30 cycles (for IRF3, 7 and ISG15), or 33 cycles (for TLR3 and TLR22) of 30 s at 95°C,
30 s at 60°C, 30 s at 72°C, with a final extension step of 7 min at 72°C. PCR samples to be
compared were electrophoresed on the same 1% agarose gel and visualized with ethidium

bromide (Et-Br) staining.

5. Construction of shRNA-producing vector targeting the fTLR22 and fTLR3 of olive flounder

Using Ambion’s “siRNA Target Finder and Design Tool”, siRNA target sequences for
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fTLR22 and fTLR3 genes of Olive flounder were designed (Table 2). The fugu U6 promoter-
driven shRNA expression vector (Zenke & Kim, 2008) was used for construction of plasmids
producing shRNA targeting the fTLR22 and fTLR3 of olive flounder. Each shRNA-producing
cassette was made by following three-step PCR reactions, and amplification conditions were 1
cycle of 3 min at 95°C (initial denaturation), 5 cycles of 30 s at 95°C, 30 s at 48°C, 30s at 72°C,
and followed by 30 cycles of 30 s at 95°C, 30 s at 65°C, 30s at 72°C. Using cloned fugu U6
promoter as the template, the first-step PCR was performed with two primers U6F-Sphl and each
of shRNAR1 which contains the last 16 bps of fugu U6 promoter, shRNA sense and loop. Each
amplified product from the first PCR was purified, and used as the template for second-step PCR
with U6F-Sphl and each of sShARNAR2 which contains 10 bps of shRNA sense, loop and 4 bps of
shRNA antisense. One-tenth of the second PCR product was then used as the template for the
third-step PCR with U6F-Sphl and each of shRNAR3-Sacll which contains 5 bps of shRNA sense,
loop, shRNA antisense and termination. Intermediately, after the U6 promoter sequence, one
guanine residue which is predicted to be a transcription start point of shRNA was included in this
construct. Each PCR product was gel-purified and cloned into pGEM T-easy vector (Promega)
resulting in vector pFuguU6shRNAs (pshTLR22:903, pshTLR22-1726, pshTLR22-1726cont and
pshTLR3-939). The pshTLR22-1726c¢ont vector, was used as a two nucleotide sequence different

compared with pshTLR22-1726.

To select shRNA clones which effectively suppress target fTLR22 expression, a dual vector
harboring each shRNA producing cassette and fTLR22 gene expressing cassette was constructed.
The fTLR22 gene ORF which contains HindIll and BamHI sites was cloned into pGEM T-easy
vector, and then inserted into the pcDNA 3.1(+) vector (Invitrogen)(Table 3). The cassette
including CMV promoter, fTLR22 ORF and BGH polyadenylation signal was digested using

Bglll and Sall restriction enzymes, and inserted into each above shRNA expression vector,
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resulting in pshTLR22:903-fTLR22, pshfTLR22-1726-fTLR22, pshTLR22-1726cont-fTLR22 and

control vector is p-fTLR22.

To use as a selection marker, a neomycin resistant cassette, including the SV40 early
promoter and the SV40 polyadenylation signal in the pcDNA 3.1 vector, was inserted into the
Apal and Aafll sites of each shRNA expression vector, and named pNeoshTLR22-1726,
pNeoshfTLR22-1726cont, pNeoshTLR3-939 and control vector is pNeo. The integrity of DNA
sequence of the vectors was confirmed by sequencing using an automatic sequencer (Applied

biosystems).

6. Transfection of EPC cells with shRNA producing vectors and expression analysis of fTLR22

gene

EPC cells were sub-cultured in wells of 6-well plates (3x10°cells/well) at 28°C in L-15
medium containing 20 mM HEPES and 10% FBS. Cells were grown to about 80% confluence
and transfected with p-fTLR22, pshTLR22-:903-fTLR22, pshTLR22-1726-fTLR22 and
pshTLR22-1726cont-fTLR22 vectors using FuGENE 6 (Roche) according to the manufacturer’s

instructions.

7. Transfection of HINAE cells with shRNA producing vectors and Selection

HINAE cells were sub-cultured in wells of 6-well plates (2x10°cells/well) at 20°C in L-15
medium containing 20 mM HEPES and 10% FBS. Cells were grown to about 80% confluence
and transfected with pNeo, pNeoshTLR22-1726, pNeoshTLR22-1726cont, pNeoshTLR3-577,

pNeoshTLR3-939 vectors using FuGENE 6 (Roche) according to the manufacturer’s instructions.
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Selection by antibiotics was performed in this study. To select HINAE cells harboring
shRNA producing vectors, 400 pg/ml of G-418 was added to the culture medium of cells
transfected with each pFuguU6shRNA-Neomycin plasmid. The surviving cells were then
trypsinized using TrypLE Express (Gibco) and plated in new T25, and were grown in L-15
medium containing 10% FBS, antibiotics (penicillin 100 U/ml and streptomycin 100 pg/ml) and

400 pg/ml of G-418. And the cells were selected for six month.

8. Expression analysis of selected HINAE cell TLR3, TLR22, ISG15 and MX genes after

stimulated poly (1:C)

Total RNA extracted after administered polyl:C for 12h of seleted HINAE eclls harboring
shRNA producing vector(pNeo, pNeoshTLR22-1726, pNeoshTLR22-1726cont, pNeoshTLR3-577,
pNeoshTLR3-939) grown in culture medium containing G-418 (400 pg/ml, Sigma) for six month.
Total RNA (0.5 pg) was then reverse-transcribed to cDNA as mentioned above in order to be used
for gene expression assay. Semi-quantitative RT-PCR was carried out to determine the relative
mRNA expression level of TLR3. PCR in a reaction volume of 10 pl was performed with 2xPrime
Taq Premix (Genet Bio) and 1 pl of 10" diluted cDNA template. Oligonucleotide primer pairs for
TLR3, TLR22, IRF3, IRF7, ISG15 and internal control (18S rRNA) genes are shown in Table 4.
Thermal cycling conditions were 1 cycle of 4 min at 95°C (initial denaturation) followed by 17
cycles (for 18S rRNA), 25 cycles (for MX and ISG15), or 30 cycles (for TLR3 and TLR22) of 30
s at 95°C, 30 s at 60°C, 30 s at 72°C, with a final extension step of 7 min at 72°C. PCR samples to
be compared were electrophoresed on the same 1% agarose gel and visualized with ethidium

bromide (Et-Br) staining.
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Table 2. For production of various pFuguU6shRNA vectors

Name of Restriction
. Sequence (5' to 3')
primer enzyme
U6 F GCATGCCACTGGATCCATCTGACACTAA Sphl
R1 TCTCTTGAAAAGGAAATAGAAGTCGTCTCAACAGCTAGCAACATC
shfTLR3
577 R2 TTTCCTTTCTCTTGAAAAGGAAATAG
R3 CCGCGGAAAAAAAGACGACTTCTATTTCCTTTCTCTTGAAAAGGAA Sacll
RI TCTCTTGAACTTGGTCAGGTGCTTGATACAACAGCTAGCAACATC
shfTLR3
039 R2 GACCAAGTCTCTTGAACTTGGTCAGG
R3 CCGCGGAAAAAATATCAAGCACCTGACCAAGTCTCTTGAACTTGG Sacll
RI TCTCTTGAAGTTAGCGCTGTGATATTGTCAACAGCTAGCAACATC
Shﬂ;gzz R2 GCTAACTCTCTTGAAGTTAGCGCTG
R3 CCGCGGAAAAAAACAATATCACAGCGCTAACTCTCTTGAAGTTAG Sacll
RI TCTCTTGAAGTTACGAGGCAATTGAGACCAACAGCTAGCAACATC
51";%‘222 R2 CGTAACTCTCTTGAAGTTACGAGGC
R3 CCGCGGAAAAAAGTCTCAATTGCCTCGTAACTCTCTTGAAGTTAC Sacll
RI TCTCTTGAAGTTACGAGGCAtTGAGACCAACAGCTAGCAACATC
ShfTLR22 CGTAACTCTCTTGAAGTTACGAGGC
1726 control
R3 CCGCGGAAAAAAGTCTCAtaTGCCTCGTAACTCTCTTGAAGTTAC Sacll

Underline : U6 promoter 3’ region

Bold : restriction enzyme site

Small letter : two substituted nucleotides in target sequence

58



Table 3. For construction for TLR22 of Olive flounder

Name of Sequence (5' to 3) Restriction
primer enzyme
F AAGCTTATGGGTCCCGGAGGAAAAGGAGATGAAAG Hindlll
fTLR22 ORF
R GCGGCCGCTTACCACTGATTATCCACCACAGTGAGGCG Notl

Underline : restriction enzyme site

Table 4. Oligonucleotide primer pairs for semi-quantitative RT- PCR of Olive flounder or EPC cell

Name of
. Sequence (5' to 3")
primer
F AGTTGCTGCAGTTAAAAAGC
f18S
R TGGCATCGTTTACGGTCGGAACTA
F GGCTCATTTCAGTGGCTCACCAGACTTCAGACTC
f TLR3
R GCTGCCCCTTTCAGAAACATCACCGGC
F GACGATGCCTTCAGTTCTCTTCAGAGTCTT
f TLR22
R CAAGCCGCGGAATTCTCCATGTTT
F ACCCTGCTTTGTTTGAGAAGTGCG
fIRF3
R TGTGCAGTTCGTTCAGACACTCCT
F ATTTCACGGCCTTGGATCTGGGTA
fIRF7
R TTGCCTCGTAGAAAGTGGGCTGAT
F AACAGCCAAGGCAAAGATTG
fMX
R AATGTCCAGCTCCTCCTTCA
F CTCCATGTA ATCTGCAGCAA
f1SG15
R CAGATCTAGTGCAGGTGTGA
F TAGTTGGTGGAGCGATTTGTC
EPC
18S rRNA
R CACTTGTCCCTCTAAGAAGTTG
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RESULTS

1. Complementary DNA and deduced amino acid sequences of olive flounder TLR3

Full length olive flounder TLR3 ¢cDNA (Fig. 12) consisted of 2736 bp ORF encoding 912
amino acids, 25 bp 5° UTR, and 606 bp 3° UTR. Conserved domain analysis using the SMART
program revealed that olive flounder TLR3 consisted of 15 leucine-rich repeats (LRR) in addition
to a C-terminal cap (LRR-CT), a transmembrane domain, and an intracellular Toll/Interleukin-1
receptor (TIR) domain (Fig. 13). At the amino acid level, olive flounder TLR3 showed high

identity with other TLR3s of other fish species.
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Start codon

1 mmhm@wmmmmmﬂmmhmhmmm 100

101 TTGGCCTCCCACAAGAAGACGTCCTGCAACGTGCAAGACGGCAGAGCGGACT GCAGCCACCTCAGCCTCAGTGCCATCCCTCCGAACCTGCCGGGGAACA 200
201 TCTCCAGCCTGGACATGTCCCACARCCGACTGGTGGGGATTCCCCCTGCGTCACTCARCCCCTACCCAGGGCTCCTCCACCTCGACGTCAGCTACAACAG 300
301 TGETCACGAAGCTGGACGAGCATTTGTGCCAGACGCTGCCGCTGCTGCAGRCGCTGAACACCCARCATANTGAAGTGCACTTGCTGAAGGAGGAGGATCTG 400
401  AGTCACTGTACGAGCCTAMCATGGETTGAATATGGCGAGTANTAGGCTAMAGCTACATGGGGAGCCCTTCTCTGCACTARAGHATCTGARATCTCTCGATG 500
501 TTTCCATGAACARAATGGTGTCAGCCAAGCTCAGCTCTCGGCCTCAGCTGCCCARACTGGTGTCCCTCAATCTGGCATTGARCGATTTCACCACACTGAR 600
601 GAAAGACGACTTCTATTTCCTTGAAAATTCAGCACTCCAAGTCCTTGATCTCTCATCCOGTGCCTCTARAAACATTGGAGCCTGGTTGCCTTAAGCCCATT 700
701 TCAGGCCTGCGTACTTTAATCATGGATGGGAGCAATATGGGTGCTCAGGT TCTT TCCARACTCTGCTCTGAGCTGTCGGAGRCATCTATCGATGCCTTGT 00
801 CTCTACGAAAAAATAACCTGGTCACACTCACAAACTCGACCTTTGCAGGGCTGCAGAAAGGAAATCTAACCTTTCTGGATCTGTCCCATAACAGCATGGG 900
301 GAARAATACTGGAAGGCTCATTTCAGTGGCTCACCAGACTTCAGACTCTAATTTTGGCTGACAACARTATCAAGCACCTGACCAAGGCCACCTTTCAGGGG 1000
1001 CTCAARAGTTTGACARAANCTCACACTGACARAAGCCCTGETGAAAGGTCGAACCTCCGCCACCCCAATAATCGATGATTTCTCTTTTCARCCATTAAGCA 1100
1101 COCTGGAGAGTTTAATGTTACAGCAAACTGCAATTCGGGAAATCACAGCGCAAACATTTATAGGCTTGACAAGTCTTAAAGAGCTTGATATGAGCTGGTG 1200
1201 TAGTTGCATATCACTCCGAGATATCACCANCAAMACTTTATTGTCACTTGCAGGATCGCCTCTCAGAAAACTAAATCTGACAGCAACAGCTATGACARAC 1300
1301 ATAAATCCTGGAAGCTTCTCCTTTTTGACAAACCTCACCAATCTTCTTCTAGATTTARATTACT TACAGCARRCTCTCACTGGARARAGAGTTTGAAGGCC 1400
1401 TGGETCAGATTCAGGAGATTCACATGACCTACAACCACTGGAAMAATCCAGCTGAGCTCCACCTCGT TCATCAATGTGCCCAACCTTAGGGTCCTGACATT 1500

1501 GGGAAMAAGTCTGAACAGCAATGCTTTGAATCTGGATCCATCACCATTCCAGCCCCTGTOCAMCCTCACCTACCTGGATCTCAGTARCARCAACATCGCA 1600

1601 AACATCAGACAGGATATGTTGGAAL TTGAGHRACCTGAAGGT GCTGAAGCTCCAACACAACAATTTGGCGCGET TGTGGARGCACGCCAACCCAGGTG 1700

1701 GGCCGGTGATGTTTCTGAAAGEGGCAGCAAAGTTGATGACCT TATGETTGGATAACAMCGGECTGGATGAGATCCC? TCTGAA TTTGAG 1200

1801 CARCCTCAGGGAGCTAAGCCTCTCAAACAANTCTCCTCARCAGTCTGAAGGACTCTGTGTTTGATGATCTGAAGTCCTTGOGGETTTTGCGTTTACAGAAG 1900

1901 AACCTGATCACAARCTGTGAAGCCCGAAGTGTTCAGCACTCCCATGAGCAACCTCAGCCTACTGGTCATGGACAAAAATCCATTTGACTGCACATGTGAGA 2000

2001 GCATCCTGTGGTTTGTGACGTGGTTGAACARCACARACATGACCAGTGTGCCAGACCTCAGCGACCAGTATATGTGCAACACTCCCCTTACCTACTTTAA 2100

2101 TCACTCAATCCTGATGTTTGACACCCTCTCOCT GCARAGATATGACCCCATTTCAGGCTCTCTACATACTGAGCAGCACCGCAGTCTTGATGCTGATGGTA 2200

2201 TCGGCGCTGTTTGTGAGGTTCCACGGCTGGAGGATOCGATTCTACTGGAACATACTGGTCAGTCGCACGTTAGGAT TTAGTGATGCCAGTGTTGAAGAGG 2300

2301 GCAGGGAATTTCAGTATGACGCTTACATCATACATGC! WCAGCAGATGGGT TGATGGTCCCCTT TGA GTGCAGGTT 2400

2401 CTATTTGGAGGATCGAGATGCAGTCCCTGGGETGTCGATGATCGAATCCATCAT \WCAT GGTCC TCTTGTTTGTCGTCACTGAR 2500

2501 AGTCTTCTCAGGGATCCCTGGTGTAGACGATTCAAAGCCCACCATGCACTGCACCAGGTCATTGAGGCCAGCAGGGACTCTGTGGTTCTGGTCTTCCTGE 2600

2601 AGAATGTGCACGACTACAAGTTATCTCGCACGCTCTTCCTCCGCAGGGGCATGTTGCGGOCATGTTGTATCTTGGAATGGCCCGAAGATAAGGATAGGGT 2700
Stop codon

2701 GCTGGCCTTTCACCAGAAACTCCTCATTGCACTTGGTATGACCAATAGH' ARAGGTCCAGTGTGTAAGATTTAGGTG 2800

2801 AAAGGGAACTATTGGCAGAAACTGAATGTAGAATAATCCTCATGATGTTTTCACTCGTTCATTTAATCTAAATTGTATGAATTGTATGAAAAGAAAARAT 2900

2901 GCTCTTTATATTTARATACTTTATATTTACATCAAGAGGACCCTCTCTACGGAGACTGGACARACTARACACCTTTTGAGT TTATGACAATTTAAGTCAA 3000

3001 CCATAGGTTCTTTTTCATGTTT TGAGGT TGTTCAGCTGCARCATGCAACT TCARCACTAGATGTCACAAGATTCTACACACT 3100

3101 GAACCTTCAATAGTAATGGARAAATTOCACTTGTAATAATAGGTTTGTCCAGTTTTACCCAATTGCTTGAAGTTGCTCATTATTTTGTCCTTTGTAAGAR 3200

3201 TGCATGAAMCATCATACATGATATATATACACACANTGTATATACTGTATATGAARACATTTGETTTCTGTTGTTTGTTTTGTGTTTGTTCTTTTTTCCT 3300

3301 TGTTAAAGGAAAATATTTGAAGCARAATAMAATGTATTCCAGACAARAMAR ARAR A 3367

Fig. 12. The full length cDNA sequence of olive flounder TLR3. The Full length cDNA TLR3
contains a 2736 bp ORF which has both the start codon(ATG) and the stop condon (TGA), 25 bp

5’ —UTR and 606 bp 3’ —UTR containing 23 bp poly A tail. The start and stop codon is boxed.
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GLLHLSVSYNIIARLDERLCETLERLTLDVARNVLALREEDLSRCSELTALILRSH -RLELGE

NLVHNIDASYNSLAGTERDLCLSLEPHL FLNVOHN VY LI SERNLENCFHLTQLDL
LYSHLVNVDASYNSLTAIEKDLCLSLPHLOILNVOHNE VY LMNEKVLENCFHLMRLDL
RYRSLEHIDASYNSLEAVPRELOOATPELHWLTLRHNE VHLLODRODLENCTRLTHLDL
TYPELVHLDVEFNSLIELEDSLCQTLELLRTLTVHNE VHW LREEDLSNCTHLTELNLACH -RLELREEFFARTOSLILL
RYSQLATLDE SISELEPELCQILPLLEVLNLOHNELSQISDOTFVECTHNLIELDIMSN STHKIKSNEFENQENLIEL
RYSQLTSLOVCEFNTISELEFEELCOELPMLEVLNLOHNE LSO LSDETFAFCTNLTELHLMSN S IQEIENNEFVECENLITL

DVSMNEMVSEELSSRPQLPELYVSLNLALNDFT TLEEDDF Y FLEN-SALOVLDLS SWP-LET LEPCCLEPISCLRTLIMDG
DVSLHNLOSARLESA QL DALY LA L AN ITVLERDDFSFLNHS SSLAVLNLS SV P-LETLEPECLEPISCLSTLILDG
CVSRNELTSARLGTE PQLPNLVILVLS G INILYENDF SFLSNSSSFRVLILS SLI-LERVEN ZCFEAIDTLSOLVLDS
EISALOKNDEFSFLSNSSAFRVLILSSLE-LEEVEN ATSRLSDLVLDW
DIZDLEEDDFYFLNESSLFRTLSLSSLP-LEREVDRGCFEDL?

DVSRNELITARLGSREPQLESLOTLVVE

DVSENDLETANLETRLOLESLVTILILSSNSISTFEEDDE MSSSLRVLHLSNLITLAEFECDCLER:
DLSHNELSSTELGTEVLLENLGELLLARNE ILALRSEELEFLEN-SSLRKLDLS SHE-LEE FSPECFQTICKLEALLLEN
DLSHNGL K QU LENLOELLLSHNEIQALESEELDI FAN- LEELEL MQ-IEEFSPECFHATIGRLFCGLELNN

SHMGAQVLSKLCSELSETSIDALSLRRNNLVI LTINS TFACLOECGH LT FLOLSHNSMEKILECSFQWLTRLOTLILADNNI
SHMGALVIACICSOLSCTAISSLSLRNMELASLENTTFACLORTHLSCLDLSRNCLEKIEN WHLPRLETLITMENNI
SELTSQFITSLFEELADTALRNLSLESTEQVILSN I TFQCLERETKITVLDLSENRISKIVDCAFQWLPQLEFLSLEHNTI
SRLETQFITNLCEELACTALRNLSLENTFOVILSDTIFRGLDEINITVLDLS YNTMSEIR PRLEFLSLEHNSL
CELNEPSFMSRLCEELSDTSLRNLS IQFTQOVMLNN STFEGLERTNLT ILDLSHNNMARITDCAF QW F EMLE YLSLEHNHL
SELGPSLTSKLCTIELSGTAIRSLSLORTOLVI LD T TFRELEETHLT TLOLSHN S IAKIGDESFQWLSMLEVLSLEQNNL
A LMNPHLTEELCWELSHNTSIQHNLSLANNOLLATSESTF SCLEWTHLTOLDLS YNNLHDVE FSYLPSLRYLSLEYNNI
VOLEESLIEELCLELANTSIRNLSLANSQLSTTSNTTF LGLEW THLTMLDLS¥NNLHVVENDS FANLPQLE¥ FELE YNNI

FHLTEATFOCLESLTELTLTRALVES—-RTSATPI IDDFSFRELSTLESTMLOOTAIRET I}_Q}I FIGLTSLEELDMSWCS
EHLIRDTE L SLRTLOLTRALVEC——-HISATPIIDNFSFQPLITLESLVLORTAIREITTLT
RHLTNDSE! CHLRQLNLREALIKS——HAS-LEVIDDFSFQHLVOLEYLCMANTAFRELTEQL
BHLTKDTFSELENLRQLNLORALIKS——HIS5LPI IEDFSFHELVLEHLCHMANTAFREITEHT FECLLHLKTLDLSHSS
FHLTEGTFLGLESLRELNLSALARG—-HASELEVIDDFSFOPLVELEYLYMERKTSFREITENT LECLRELNLEWSS
EFRLIENTFNGLENLT RLNLNMA LVKS——RIS5Y I IDDFSFOPLRALESLSMENTAFRNISVLT FACLMSLROLHLSRTS
QRLSPRSFYCLSNLRYLSLERAFTEQSVSLASHEN IDDESEQHLE Y LEYLNMDDNN I PSTESNT FIGLVSLEYLSLSKTF
QHLFSHSLHCLFNVRYLNLERSFTEQSISLASL.PE IDDESFOHLECLEHLNMEDND I FCIE SHMFTCLINLEYLSLSNSE

——
CISLRDITNRILLSLACS P-LRELNLTATAMTN INPESFSFLINLTNLLLDLN Y LOOTLTCEEFE QIQE THMTYNEW
CLSLETITHETFLSLARSP-LRRLNLT ARV IS PEEFSTLRESLIVLLLDSNFIRQTLTCREFECLELLEE THMSLHED
TE-IKTVINET FACLOE SPLLOTLNLTGMETNELE PAFSSLENLSNLIMSRNF INQOTL.OCGHEFRGLSNIEE IDMS TR
LETVINETFASLOESPLLE TTN LT AMC INRLEPEAFSSLENLTTLLLERNFINQOLREDEFEELTSIRETDMSTHRD
TE-LEIVSNTTFASLNGSSLLOMLNLTEM: IETLE PEAFSSLENLEI LVLSHNY INGGLTEEEFQELNS IRETHLSFNGR
CMSLEIITHTFVSLASS P-LIMLELTSTA I SRLDPEAFSSLENLT TLLLENNS ISQTLTCRE FOELEQLOE IYLENGHE
I5-LOTLINETFVSLAHSP-LLTLNLTENHI SEIANGT FSWLERLRI LDLELNE IEQKLSCREWRGLRNI FEIYLSYN-K
T5-LRTLINETFVSLAHSP-LHILNLTENEI SKIESDAFSHLEHLEVLDLCLNE ICOELTGREWRELENIFEIYLSYN-K
LRR

EIQLSSTSFINVENLRVLTLEESENSHATLNLDPSPFOPLSNLT Y LDLSNNN I ANTRODMLE CLENLEVLELOHNNLARTH
EVNLSSASFRAVPRLEVLTLEESLTSTALNVD PSP FSPLVN LT FLDLSNMN IANIRRTLLECLVNLRVLELOHNNEARLH
SISLTHASEVHVSTLRILELGRALEG-TLDME PSTFRELVNLT ILDLSHHN IANINADTL.LE CLYNLEVVEMOHNNLARLH

ISLINTSFIHVETLRTLELGRALKC-TLDIE FSEFRFLVN ITVLDLSNNN I ANINDEMLRC LY HLEVLEMOHNNLARLH
MITLMSTSFIHVPTLRTLMLEHALSS—-NLEVE PSP FRLLVN LI LLDLSNNN IANTEN CLL.DELHHLSVIELOHNNLARYH
ELILSFMSFVHVPALRTLMLERALTS-TLY¥MNTSP FRFLESNLT ILDLSNMN IAN IRI DL LD CLENLEVLEFQHNNLARLH
YLOLSTSSFALVESLORLMLR VALK -NVDIS PSP FRCLAN LT ILDLSNNN IAN INEDLLECLENLE ILDFQHNNLARLH
YLOLTRNSFALVPSLORTMLRRVEALE-NVDSSPSP RO LAN LT ILDLSNNN I AN INDDMLE CLEELE TLDLOHNNLARTH

EHANDCCPVMELE

A ARLMIIWLDNNGLDE IPEEALEC LN LRELSLENHNLLNSLEDSVFDDLESLRVLRLOFNLITIVE

LUELSLENHLLNSLARPSVEDDLISLRALELOENVITSVR
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Oliver flounder TLR3
Fugu rubripes
zebrafish

Grass carp

Channel catfish

Rainbow trout ¥VLTSTAVLTIMVISLLVRE KDETWVERSLLELEDEQ 791
house mouse FIISTSMLLVFILVVLLIHI IHEHEDRDWY FSEMEEQD
Human FMINTSILLIFIF

BE Loop

Oliver flounder TLR3 --CREYLEDADRAVDE
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zebrafish SRLETIVDNMVYSREI IFVITEMLLEDCWCRQFELAHHATHHVMEDNRDSLILIFLEDVIDYNLN 860

Grass carp
Channel catfish

X SQLNTIIENMEQRSERT IFVITEMLLEDEHCRQFEEHHATLHVMENE
EDRDEMPESSRLETIVDNMRISREILFVVIEALLNDEHCRD!

SLILIFLQDVIDYNLN B61
EVHHALHQILMEENRDSLVLIFLEDVADYRLT B62

Rainbow trout QORDAVECDSRLESIVENMRRSREILFVVIETLLEDSMCROFMAHHATHOVIEDSRDSVVLVFLEDVDYELS 870
house mouse QSLEFCLEERDFEASNVLCLEATVNSIERSERI IFVI THELLEDCLCRRFEVHHAVG A TEQNLDSTILIFLONIDDYRELN 862

Human WELEFCLEERL LEAIVHSIRRSREIIFVITHHLLEDFLCRRFEVHHAVOORTEQNLDSIILVELEEIPDYRLN 861

Oliver flounder TLR3 RILFLRRCMLREFCCILEWPEDEDRVLAFHQELLIALCMINRFEE 511
Fugu rubripes RTLFLRRCMLRSCCVLYWIVHEERVPAFHOKLLIALCMTNRLOD 894

zebrafish RSLHLRRGMLEFECVL 303
Grass carp RELYLRRCMLEFRCVLYWELHRERIEE 304
Channel catfiah QSILMLRRKCMLEHRCMLOWELOKERIE ALRSSNRVS— 505
Rainbow trout RCLLLRRCMILRENCLINWELORERVEAFHQRLERIATETTHRVE— 513

house mouse
Human
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MNSEH- 305
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Fig. 13. Alignment of the olive flounder TLR3 TIR domain with those of fugu, zebrafish, grass
carp, channel catfish, Rainbow trout, house mouse and human genes. The leucine-rich repeat
(LRR) domains are underlined (32 ~ 376, 461 ~ 646), transmembrane (TM) (655 ~ 678), TLR/IL-

1 receptor (TIR) (706 ~847).
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2. Effect of poly I:C injection on expression of TLR3, TLR22, ISG15, and Mx genes in olive

flounder

Expression of TLR3 and TLR22 of olive flounder in response to poly I:C injection was
analyzed by semi-quantitative RT-PCR. Expression of ISG15 and Mx genes were also analyzed to
measure interferon responses. In the PBS injected control group, no or very weak expression of
the above genes was observed throughout the experimental period. Upon injection of poly I:C,
although both TLR22 and TLR3 were up-regulated at 12 and 24 h, TLR22 showed higher
expression than TLR3. Expression of ISG15 and Mx genes was highly elevated by poly I.C

injection (Fig. 14).

Kidney PBS polyl:C PBS polyI:C
) 1 2 3 1 (B 3 [ DO 3 1 2 3

- TLR22
. TLR3
prp—— w  ISG15

C R e Mx

GG T WD W R e W SR e VRS e 18S

12h 24h

Fig. 14. Effect of poly I:C injection on expression of TLR3, TLR22, ISG15, and Mx genes in
olive flounder. At 12 and 24 h post-injection with polyl:C or PBS, the expression of each gene in the

kidney was analyzed by semiquantitative RT-PCR.
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3. Expression of TLR3, TLR22, IRF3, IRF7 and ISG15 genes in HINAE cells by stimulation

with poly (1:C)

Expression of genes in HINAE cells stimulated with poly I:C was analyzed by semi-
quantitative RT-PCR using primers specific for fTLR3, TLR22, IRF3, IRF7, ISG15 and 18S. All
analyzed genes were up-regulated by poly (I:C) stimulation (Fig. 15). Especially, expression of
TLR22, IRF3, IRF7, and ISG15 genes was clearly up-regulated at 6 and 12 h post-stimulation,

whereas expression of TLR3 was more increased at 24 and 48 h post-stimulation.

poly 1.C

IRF3

IRF7

ISG15

6h 12h 24h 48h

Fig. 15. Effect of poly I:C on the expression of TLR3, TLR22, IRF3, IRF7, and ISG15 genes of
HINAE cells. At 6, 12, 24, 48 h post-stimulation, expression of above genes and 18s rRNA gene
(control) was analyzed by RT-PCR. Mark ‘-’ is non-stimulated and mark ‘+’ stimulated by poly

I.C.
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4. Selection of an effective sShRNA clone targeting TLR22

To select effective shRNA sequence targeting TLR22, EPC cells were transfected with

plasmids p-fTLR22, pshTLR22-903-fTLR22, pshTLR22-1726-fTLR22 and pshTLR22-1726cont-

fTLR22, and inhibitory effect on TLR22 expression was analyzed by semiquantitative RT-PCR.

Expression of TLR22 gene was clearly reduced in EPC cells by transfection with pshTLR22

-1726-fTLR22. However, cells transfected with pshTLR22-939-fTLR22, pshTLR22-1726cont-

fTLR22 showed no reduction in expression of TLR22 gene (Fig. 16).

A

- s o .
L 8

1 2 3 4

(A)18S

(B) fTLR22

Fig. 16. Effect on expression of fTLR22 and 18S genes in each transfected EPC cells. EPC cells

transfected with p-fTLR22 (lane 1), pshTLR22-903-fTLR22 (lane 2), pshfTLR22 -1726-fTLR22

(lane 3) or pshTLR22-1726cont-fTLR22 (lane 4) vectors. (A) 18S rRNA of EPC cell (18S), (B)

TLR22 of olive flounder (fTLR22).
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5. Effect of shRNAs targeting TLR22 and TLR3 on expression of type I interferon-induced

genes in HINAE cells

HINAE cells harboring pNeo, pNeoshTLR22-1726, pNeoshTLR22-1726cont, pshTLR3-577
and pNeoshTLR3-939 were selected using G-418 supplementation. The selected cells were
stimulated with poly I:C, and at 12 h post-stimulation, expression of 18S rRNA, TLR22, TLR3,
ISG15 and MX genes were analyzed by semi-quantitative RT-PCR (Fig. 17). Expression of
TLR22 gene was clearly reduced in HINAE cells harboring pfTLR22 1726, whereas cells
harboring pfTLR22 1726cont showed no decrese in TLR22 expression. Both ISG15 and Mx
genes were highly down-regulated by knock-down of TLR22, however, the effect of TLR3 knock-

down on Mx and ISG15 genes was not evident.
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18S

TLR22

TLR3

ISG15

Fig. 17. Effects of shRNAs targeting TLR22 and TLR3 on expression of TLR22, TLR3, ISG15,
and Mx genes were analyzed by semi-quantitative RT-PCR. At 12 h post-stimulation of HINAE
cells with poly I:C, 18S rRNA, TLR22, TLR3, ISG15 and Mx mRNA were PCR amplified. Lane
1, HINAE cells (no handling); lane 2, HINAE cells harboring pNeo; lane 3, HINAE cells
harboring pNeoshTLR22:1726; lane 4, HINAE cells harboring pNeoshTLR22 -1726cont; lane 5,

HINAE cells harboring pNeoshTLR3-939.
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DISCUSSION

In mammals including human, TLR3 is located in the endosomal membrane or the cell
surface, participates in recognition of dsRNA. However, in fish, an additional TLR, TLR22, is
also known to respond to dsRNA. Recently, Matsuo et al. (2008) reported that fish TLR22 might
play a role that was conducted by human cell-surface TLR3. In the present study, we analyzed in
vivo transcriptional change of TLR3 and TLR22 genes after poly IC treatment, and found that
olive flounder TLR3 was up-regulated by extrinsically administered poly IC. However, the
increased level of TLR3 was lower than that of TLR22. These results suggest that olive flounder

TLR22 is a more susceptible receptor for extracellular dsSRNA than TLR3.

In the present results, HINAE cells stimulated with poly I:C showed highly up-regulated
TLR22 at relatively early time (6 and 12 h post-exposure), while TLR3 expression was stronger at
24 and 48 h post-exposure, suggesting that TLR22 might recognize extracellular dsSRNA more
quickly than TLR3 and/or TLR22 might be located cell surface, while TLR3 might respond

slowly to extracellular dSRNA and/or TLR3 might be located on endosomal membrane.

Recently, plasmid vector based short hairpin RNAs (shRNAs) are widely used to induce
RNA interference (RNAI) in vertebrate cells, and provide a tool to create continuous cell lines in
which suppression of a target gene is stably maintained by RNAi. Previously, we had
demonstrated successful transcription of shRNA by fugu U6 promoter in bluegill fry (BF-2) cells
and efficient knock-down of a target gene by the shRNA in BF-2, grunt fin (GF), and Chinook

salmon embryo (CHSE) cells (Zenke and Kim, 2008). In the present study, we established HINAE
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cells that stably express shRNAs by transfection with the fugu U6 promoter-driven shRNA
expressing vector and selection with G-418 (geneticin). Through the present RNAi experiment,
the important role of TLR22 in recognition of extracellular poly (I:C) and in induction of type I
interferon response was verified. HINAE cells harboring TLR22-targetting shRNA vector showed
greatly reduced TLR22 expression, which resulted in large reduction of ISG15 and Mx genes
expression, suggesting that TLR22 might play an important role in induction of type I interferon
response to extracellular dsSRNAs. While inhibition of TLR3 expression by transfection of HINAE
cells with TLR3-targeting shRNA vector weakly reduced the expression of ISG15 and Mx genes
by poly IC exposure, suggesting that TLR3 partially participate in the induction of type I

interferon response in cells stimulated with extracellular poly (I:C).
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Chapter IV

Protective effect of long double-stranded RNA with CpG motifs
against Miamiensis avidus and viral hemorrhagic septicemia virus

(VHSY) infections in olive flounder (Paralichtys olivaceus)
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INTRODUCTION

Double-stranded RNA (dsRNA), a by-product of viral replication, is recognized as a
pathogen-associated molecular pattern (PAMPs) by toll like receptor 3 (TLR3), which trigger
strong proinflammatory response in vertebrates (Alexopoulou et al., 2001; Schulz et al., 2005;
Wang et al., 2004). Binding of dsRNA to TLR3 recruits the adaptor protein TRIF (Yamamoto et
al., 2002), and activates transcription factors, such as IRF3, NF-xB and AP-1, which induce
transcription of type I interferon and inflammatory cytokines (Sharma et al., 2003; Yamamoto et
al., 2003; Hoebe et al., 2003; Meylan et al., 2004). Unlike mammals, another dsSRNA recognizing
TLR, TLR22, has been reported in several fish species (Stafford et al., 2003; Jault et al., 2004;
Rebl et al., 2007; Matsuo et al., 2008) including olive flounder Paralichthys olivaceus (Hirono et

al., 2004).

Unmethylated CpG motifs in DNA of various pathogens are also recognized as a PAMP by
TLRY in vertebrates including fish (Ahmad-Nejad et al,, 2002; Akira and Takeda, 2004).
Recognition of CpG DNA by TLR9 triggers recruitment of the adaptor molecule MyD88, which
activates signal cascade that results in the production of various cytokines and chemokines (Krieg,
2002; Klinman, 2004). Artificially synthesized CpG oligodeoxynucleotides (CpG-ODNs) also can
be recognized by TLRY, and are categorized into three classes (A, B, and C) based on the
structural and functional characteristics (Krieg, 1999, 2003; Hemmi et al., 2000; Jergensen et al.,
2001a). It has been demonstrated that the immunostimulatory effects of each CpG-ODN class are
class-specific (Krieg, 2002). Recently, the protective effect of CpG-ODN 2216 (A-class) and

CpG-ODN 1668 (B-class) against viral hemorrhagic septicemia virus (VHSV) and Miamiensis
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avidus infection, respectively, has been demonstrated by our previous experiments (Kang and Kim,
2011), and we have further demonstrated that olive flounder administrated with plasmids
harboring mixed CpG motifs of class A, B, and C showed high survival rates against VHSV and

M. avidus infections.

Artificially synthesized polyinosinic—polycytidylic acid (poly I:C), an analog of dsRNA
(Alexopoulou et al., 2001), is well-known to stimulate antiviral immune responses via induction
of type I interferon responses in mammals (Heitmeier et al., 1998; Auch et al., 2004; Kulka et al.,
2004) and in fish species (Fernandez-Trujillo et al., 2008; Plant et al., 2005; Jensen et al., 2002b;
Saint-Jean and Pérez-Prieto, 2006; Jensen and Robertsen, 2002a; Jensen et al., 2002¢). However,
no information is available concerning the ability of dsSRNA to increase resistance of fish against
diseases caused by extracellular parasites. Furthermore, whether specific sequence motifs in
dsRNAs can modulate immunostimulatory effects has not been reported. Thus, the aims of the
present study were 1) to know whether dsRNA can enhance disease resistance of olive flounder
against M. avidus infection, and ii) to investigate whether CpG motifs in dSRNA can modulate

resistance against VHSV and M avidus infections.
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MATERIALS AND METHODS

1. Vector construction

The fragment GFP (ORF 717bp) sequence was ligated into Litmus 28i vector (NEB) that
was pre-digested with EcoRl and Hindlll, then designated it as pLit-GFP. A fragment
corresponding to randomly arranged 6 copies of each CpG-ODN sequence (CpG-ODN 1668,
2216, and 2395) was artificially synthesized and inserted into pUCS57 vector (pUC57-CpG
Mix)(Cosmo Genetech, Korea). After digestion with Bg/ll and BamHI, the CpG fragment was
ligated into Litmus 28i vector that was pre-digested with the same restriction enzymes, then

designated it as pLit-CpGMix (Fig. 18).

Hind Il

pLit-GFP pLit-ODN Mix6

Fig. 18. Map of vectors with the double T7 promoter-driven long double-stranded RNA

expression cassette.
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2. dsRNA purification

To produce long dsRNA, E. coli HT115(ARNase III) was transformed with the constructed
vectors, pLit-GFP or pLit-CpGMix, inoculated in 200 ml of LB with 0.1mg/ml ampicillin in 300
ml flask, and incubated at 37°C overnight. The cultured samples were centrifuged at 8,000 rpm,
for 10min at 4°C, removed supernatant and suspended with 0.5% SDS at 95°C for 2 min. After 10
min incubation on ice, the lysate was digested with RNase (Promega) and DNase (ELPIS) at 37°C
for 10 min. The dsRNAs were purified by RNAiso (Takara), electrophoresed on 1% agarose gel,

stained with ethidium bromide (EtBr), and pictured with Gel Doc XR (Biorad) (Fig. 19).

4 1

Fig 19. Purification of dsRNA in E. coli HT115 harboring dsRNA producing vectors. Lane 1 is

dsRNA of CpGMix, lane 2 is dsRNA of GFP, lane M is 1 kb ladder (EPIS, Korea).
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3. Iimmuno-stimulation and challenge test

Olive flounder fingerlings weighing approximately 4~5 g were obtained from a local fish
farm, divided into twelve 50 L tanks (18 or 17 fish/tank), and were acclimated at least for 2 weeks
before the experiment. Fish in each experimental group were divided into 2 subgroups, either M.
avidus or VHSV challenge experiment. For M. avidus challenge experiment, fish in the 8 tanks
were divided into two replicates, and each replicate consisted of 4 groups. Fish in group 1, 2, 3
and 4 were intraperitoneally injected (i.p.) with 50 pl of PBS, with 50 pg/50 pl/fish of poly I:C,
with 50 pg/ 50 pl/ fish of dsRNAs (GFP or CpGMix), respectively. Water temperature was
maintained at 21-22°C during whole experimental period. At 3 d post-injection, 4 fish in each tank
were randomly sampled and bled to isolate serum. The rest of fish in one replicate were i.p.
challenged with 2 x 10* ciliates, and the other replicate were challenged with 2 x 10° ciliates. The
mortality was monitored for 14 days, and dead fish were necropsied to confirm the presence of
ciliates. The VHSV challenge experiment had same groups with M. avidus experiment. Fish in
group 1, 2, 3 and 4 were i.p. injected with the same regime of above. Water temperature was
maintained at 15°C. At 24 h post-injection, 3 fish in each tank were sampled for isolation of
kidney. The rest of fish were intramuscularly (i.m) challenged with VHSV KJ2008 at 10°

PFU/fish. The mortality was monitored for 14 days.
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4. Serum scuticocidal activity

The sera collected from fish in the M. avidus challenge experiment were used to examine
scuticocidal activity. The analysis of scuticocidal activity was performed using 96-well flat-
bottomed plates. All the sera were serially diluted ranging from 1/4 to 1/4096 in Hank’s balanced
salt solution (HBSS, Sigma). And diluted sera put in 50ul to the wells of the plate, The ciliates
were collected after 1 days of CHSE cells depletion in the culture vessels by centrifugation at 200
g for 5 min, washed three times with HBSS. The ciliates were added to the wells (1x10°
ciliates/well) of the plate, incubated at 20°C and observed every one hour for 24 h to analysis
scuticocidal activities of the sera. The titer of each serum was the last dilution at which 100% of
the ciliates were lysed or non-motile, which was observed under an inverted microscope at 40-100

X magnification.

5. Semi-quantitative RT-PCR analysis

Total RNA was extracted from the kidney using RNAiso plus reagent (Takara) at 24 h post-
immunization. The complementary DNAs (cDNAs) synthesized from these total RNAs using M-
MLV reverse transcriptase and Oligo(dT)15 Primer (Promega) were used in reverse-transcription
polymerase chain reaction (RT-PCR). To amplify cDNA of Mx gene, PCR was done with primers
MxF (5'-AACAGCCAAGGCAAAGATTG-3") and MxR (5'- AATGTCCAGCTCCTCCTTCA-3").
ISG15 gene was PCR-amplified using primers ISGI5F (5'-CTCCATGTAATCTGCAGCAA-3")
and ISGI5SR  (5-AGATCTAGTGCAGGTGTGA-3').  Two  primers I8SF  (5'-

AGTTGCTGCAGTTAAAAAGC-3") and 18SR (5'-TGGCATCGTTTACGGTCGGAACTA-3")
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were used to amplify 18S ribosomal RNA gene of olive flounder. PCR was performed using 2x
Prime Taq Premix (GeNet Bio, Korea). The amplification procedure included lcycle of 4 min at
95°C,16 (for 18S rRNA) or 30 cycles (for Mx and ISG15) of 30 s at 95°C, 30 s at 60°C, 30 s at
72°C, with a final extension step of 7 min at 72°C. PCR samples to be compared were
electrophoresed on the same 1.0% agarose gel, stained with ethidium bromide (EtBr), and
pictured with Gel Doc XR (Biorad). Expression of Mx and ISG15 genes was calculated as relative

expression to 18S rRNA gene using Quantity One software (Biorad).
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RESULTS

1. Effects of long double-stranded RNA containing CpGMix motif on resistance of olive

flounder against VHSV infection

Cumulative mortality of fish in the control group was 100% by a challeng with VHSV at
10° PFU/fish (Fig. 20A). The group of fish administered the dsRNA encoding GFP sequence
showed lower mortality than control group. Groups of fish injected with dsRNA containing
CpGMix motifs or with poly I:C showed greatly significantly increased survival rates compared to

the control group.

2. Effects of long double-stranded RNA containing CpG motifs on resistance of olive flounder

against M. avidus infection

In the challenge experiment with low level 1 x 10* or high level 2 x 10° ciliates, the
cumulative mortalities of fish injected with dsSRNAs were clearly lower than fish injected with
PBS alone. The groups injected with dSRNA-CpGMix and poly 1:C showed the highest survival

rates (Fig. 20B, 20C). The ciliates were recovered from the internal organs of all dead fish.
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Fig. 20. Cumulative mortality of olive flounder (Paralichthys olivaceus) fingerlings
intraperitoneally injected with phosphate buffered saline (control), polyl:C, dsRNA-GFP and
dsRNA-CpGMix. After 3 days of the injection, all remaining (A)fish in each group were
intramuscularly (i.m.) challenged with the VHSV KJ2008 at 10° PFU/fish. Mortality was recorded
daily for 14 days. (B) Fish in each group was challenged by i.p. injection with 2x10° of CHSE-
cultured ciliates, and (C) the other replicate were challenged with 2x10* of CHSE-cultured ciliates.

The mortality was monitored for 17 days.
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3. Analysis of genes expression in olive flounder using semi-quantitative RT-PCR

The effect of each dsRNA on the type I interferon response of olive flounder was
investigated by analyzing expression of Mx and ISG15 genes at 24 h post-administration. Fish
administered poly I:C or dsSRNA-CpGMix showed higher expression of Mx and ISG15 genes

compared to fish in other groups (Fig. 21).

—"E L  E E T T E EET"E "M I8S
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control polyL:C dsRNA -GFP dsRNA-CpGMix

Fig. 21. RT-PCR amplification of ISG15 and Mx genes in olive flounder (Paralichthys olivaceus)
intraperitoneally (i.p.) injected with phosphate buffered saline (PBS), poly I:C, dsSRNA-GFP or
dsRNA-CpGMix(50 pg/fish). Total RNA was isolated from kidney of olive flounder at 24 h post-
injection. Expression of ISG15, Mx, and 18S ribosomal RNA (18S) genes was PCR amplified

from cDNA samples using primers for each gene.
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4. Scuticocidal activity of serum

Fish injected with dSRNA-CpGMix showed significantly higher serum scuticocidal activity
than fish injected with PBS alone or dsSRNA-GFP (Fig. 22). Serum scuticocidal activity of fish
injected with dsSRNA-CpGMix was similar to that of fish injected with poly I:C. No scuticocidal

activity was observed in the wells containing heat inactivated sera or HBSS alone.
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Fig. 22. Scuticocidal activity of sera collected from olive flounder i.p. injected phosphate buffered
saline (control), poly [:C, dSRNA-GFP (dsGFP) or dsRNA-CpGMix (dsMix6). Values (inverse of
serum dilution) are means and T-bars indicate standard deviation. Different letters on the bar

indicate statistically differences at P < 0.05.
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DISCUSSION

Synthetic poly (I:C) or naturally occurring dsRNAs have been known to enhance immune
responses in vertebrates, and have been used to increase resistance to viral infections. Previously,
Sugiyama et al. (2005) reported that single-stranded RNA expressing unmethylated CpG motifs
and a poly(G) tail stimulated human monocytes and PBMC to produce IL-6, IL-12, and to activate
NF-«xB, p38 MAPK, which was similar to the immunostimulatory effect of CpG-ODNs. However,
there are no reports concerning on the CpG motifs presented in dsRNA can exert further
immunostimulatory effects on hosts. In the present study, we firstly demonstrated that dsSRNA

containing CpG motifs can also further stimulate immune responses of olive flounder.

In this study, CpG motifs-containing dsRNA induced high survivability of fish against
VHSYV infection, and the survival rate was comparable to that of fish administered poly (I:C).
However, GFP sequence-containing dsSRNA was not effective to protect fish against VHSV. These
results suggest that CpG motifs in the dsRNA were recognized by certain receptor(s) of olive

flounder, which led to stimulation of protective immune responses.

In the present study, fish administered poly (I:C) showed enhanced survival rates against M.
avidus challenge. In a previous study, we have verified that scuticocidal activity of olive flounder
leucocytes was distinctly increased by stimulation with poly (I:C). These results suggest that
interferon-mediated cellular immune responses might actively participate in the protective
responses of fish against intruding scuticociliates. Furthermore, in this study, serum scuticocidal

activity of fish administered poly (I:C) was stronger than that of control fish suggesting that not
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only cellular but also humoral immune responses might be stimulated by poly (I:C).

In the present results, fish administered dsSRNA containing mixed CpG motifs showed high
survival rates against M. avidus challenges, and the survival rates were equal to those of fish
administered poly (I:C). This result suggests that olive flounder can recognize CpG motifs that are
present in dsRNA. Although it has been demonstrated that fish can recognize dsRNA and
unmethylated CpG DNA through TLR3 (TLR22) and TLR9Y, respectively, which receptor(s) can
bind to CpG motfs on dsRNA is not known, even in human. Furthermore, fish administered
dsRNA encoding partial GFP showed higher survival rates than control fish, but lower survival
rates than fish administered dsRNA containing CpG motifs, suggesting that differences in
sequence, structure, or presence of certain motifs in dsRNA might be important factors for

modulating immune responses.

This is the first report to show that sequences of CpG motifs in dSRNA might be important
to enhance immune responses and disease resistance against M. avidus and VHSV infections in
olive flounder. Further studies concerning on the receptors that can recognize CpG motifs on
dsRNA are needed to elucidate the immunostimulatory mechanism of dsRNA containing CpG

motifs.
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71X AWl Miamiensis avidus ¢ vlol#]2=A A<l VHSV o] g Ho] & o
MA e S FAEH. B3 CpG motif & A dsRNA & AlAFste] g x| A

AR A Polol JF FEA Fojw gk,

1. 37}A] class CpG-ODN €] AYA=3 Ao t3l Wojad}

CpG-ODN 2216 (A-class)& TAFH WA= Mx ¢ ISG15 frxizte] 23 wdst
VHSV el a2 488 Bol& W, CpG-ODN 1668 (B-class)& FAF

-

ol F= M. avidus el tgk =& BEEH F7HE serum scuticocidal activity &
HolFoh, ®g CpG-ODN 2395 (C-class)® VHSV 9t M. avidus 7F<iel
FTAAEe wadE Yehfglth o]ZFE 27+ class © &3k CpG-ODNs &
Mz e HdAel oid Holsds veds & & AdTh
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2. CpG 1668 motif & 498 7l 7} plasmid ¢} CpG motif 3 719] class 7} mix &
plasmid & &% VHSV ¥ M. avidus o & Hojad ¢ o]l& delivery &5 J&
mutant E. coli & ©]8-3F M. avidus o 3 P&z} 4

CpG 1668 motifs = 15 7§, 30 7§ % 60 71 7} plasmid & A Ztsle] ol &S
ARlo FoId & M. avidus 72 Wt AgAS B35 A3 60 71 motif &
A plasmid 7F 7FF =& serum scuticocidal activity % =& HEE&S
FEshglith o= wWlwA Awgo]l a7kel Qs @A CpG-ODNs thalel
%!

Ao el 71se multiple CpG motifs & A% plasmid & AMg3tol =

T 3 79 class o 438k CpG motif & A% plasmid & AlF3ste] gX ol
b A3 VHSV ¢ Mavidus AW Ethe] el dis) S7td Wolds Ho

o
FRom w3 FHL& serum scuticocidal activity @ Mx, ISG15 =19
3]

s
rlo

Delivery system 2% CpG motif 7} &A% plasmid S auxotrophic Escherichia
coli mutant ©l| transformation 3] @x|ol T8t A3} M. avidus ol gk o] H o]

sAES & 5 AU

U

3. ¥YX TLRS3 cloning ¥ in vivo ¢ in vitro 9|4 TLR3/ TLR22 ¢] &g £A

Yz TLR3 cDNA £ cloning 3t9em™, poly (I:C) A=) <3 y|x9

TLR3/TLR22 ¢] #3d& EA3s3rt. T3 shRNA = o] &3] HINAE cell °lA9]

TLR3 =& TLR22 ¢ ¥dS Adjste AeS 53] TLR22 7} 9F-olA Fojd
I8

i
dsRNA ©f 9]&t type I interferon REg-F%d F83% 9&& S 4 4 ATh
4. CpG motif & Ad dsRNA ¢ AH Hol% 3 &3}
CpG motif & Ad dsRNA 7} CpG motif 7} §1= dsRNA o W& M. avidus ¢

= 5 O O =FLO = 51O = 5
VHSV EFel tia] 2 Adde =ds 94 dds g & 5 dden, &3
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CpG motif & A dsRNA = Mx ¢ ISG15 A= 7

scuticocidal activity = SRES Ho]FA
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