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The induction of cellular and humoral immunity and cytokine gene expression by synthetic CpG
oligodexoynucleotides (CpG-ODNSs) has not been investigated systematically in olive flounder
Paralichthys olivaceus in vivo. We optimized the proper concentration of CpG-ODNs using an in
vitro assay for the superoxide anion (OQ;). CpG-ODNs induced O, and nitric oxide (NO)
production, lysozyme activity, and the proinflammatory cytokine gene expression of IL-1p and
TNF-a in olive flounder significantly in vivo, whereas non-CpG-ODNs did not produce these
effects or produced them to a lesser extent. This implied that CpG-ODNs could stimulate cellular
and humoral immunity and cytokine gene expression in olive flounder. This is the first evidence
of NO production and the first study on the mRNA expression of the proinflammatory cytokine
genes IL-1p and TNF-a in olive flounder in response to CpG-ODNs. Comparison of the variation
in NO production and lysozyme activity to that of other studies led us to postulate that a group-
specific difference exists in the immune responses of olive flounder against CpG-ODNs.
Furthermore, the detailed immunostimulatory spectrum of CpG-ODNs in olive flounder could be
a useful index with which to analyze the effect of CpG-ODNs against the challenge test prior to
field applications.
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Introduction
Bacterial DNA and synthetic oligodeoxynucleo-
tides (ODNs) containing CpG motifs are powerful
activators of innate defenses in mam-mals (Lipford et
al.,, 1998; Asmi and Sakai, 2005). In contrast to
vertebrate DNA, bacterial DNA has a relative abun-

dance of unmethylated CpG motifs, which contribute -

to the immuno-stimulatory activity (Lipford et al.,
1998; Hicker et al., 2002; Kreig, 2002).

In mammals, CpG-ODNs stimulate antigen-
presenting cells (APCs) to secrete interleukin-1 (IL-
1), IL-6, IL-12, tumor necrosis factor a (TNF-a), and
interferon y (IFN-y) (Klinman et al., 1996; Lipford et
al., 1997; Sparwasser et al., 1998; Sun et al., 1998; Yi
et al., 1998).

Yamamoto et al. (1992) reported that bacterial

DNA enhances the lytic activity of natural killer (NK)
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cells and induces IFN-y production; this activity was
attributed to the palindromic sequences present in
bacterial DNA.

In vitro studies in fish have revealed that oligo-
deoxynucleotides containing CpG motifs have immu-
nostimulatory effects (Jorgensen et al, 200lab;
Tassakka and Sakai, 2003). Kanellos et al. (1999)

. found an adjuvant effect of plasmid DNA containing

CpG-ODNs in gold fish Carrasius auratus L. in vivo.
The effects of CpG-ODNs on the immune responses
of fish in vitro and in vivo have been reviewed by
Tassakka and Sakai (2005). In olive flounder Paralichthys
olivaceus, Lee et al. (2003a,b) investigated the in
vitro and in vivo immunostimulatory effects of
synthetic CpG-ODNs within a limited scope. Thus,
the in vivo immunostimulatory effects of CpG-ODNs
in olive flounder have thus far received little attention.

We systematically investigated the in vivo effects
of CpG-ODN5s containing CpG motifs that differed in
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structure and repeats on the production of bactericidal
free radicals such as the superoxide anion (O;") and
nitric oxide (NO), and more specifically, on the
induction of serum lysozyme activity as the basic
element of immune response. We also examined their
effects on the expression of the proinflammatory
cyto-kine genes IL-1B and TNF-a in P, olivaceus.

Materials and Methods
Fish
Olive flounder (approximately 200-300 g in body
weight) were obtained from a local fish farm. Fish
were stocked in 50 L tanks at four fish per tank and
allowed to acclimate for at least 2 weeks. Seawater
was supplied to the tanks at ambient temperature,
which ranged from 18 to 22°C during the course of
the study. The fish were handfed daily to satiation
until 48 h prior to the start of experiments.

Oligodeoxynucleotides (ODNs)

Non-CpG-ODN 1720 and CpG-ODNs 1668, 1670,
and 1826 were purchased from Takara Co. (Tokyo,
Japan; Table 1). Various concentrations of CpG-

ODNs diluted in 100 pL of phosphate buffered saline

(PBS; pH 7.5) were used for in vitro and in vivo
experiments.

Isolation of head kidney leukocytes

The head kidney of P. olivaceus was excised and
placed on a 60 mm Petri dish containing 1 mL of L-
15 medium (Gibco, Grand Island, NY, USA) supple-
mented with penicillin G-streptomycin sulfate at
10,000 units/mL. The head kidneys were homo-
genized with sterile nylon mesh. The cell suspension
was placed onto the top layer of a 51% Percoll
gradient and centrifuged at 1,600 rpm for 30 min at
4°C. The leukocyte layer was collected with a syringe
and washed twice with L-15 medium. The pellet was
resuspended in L-15 medium and cell viability was

examined using the troypan blue exclusion test. Cells
were adjusted to 1x10° cells/mL PBS (pH 7.5).

Superoxide anion (O;") production

The O, production was examined via the reduce-
tion of the redox dye nitroblue tetrazolium (NBT) as
described by Chung and Secombes (1988). For this
test, 100 pL of lipopolysaccharide (LPS; 1 pg/mL)
was added to 100 pL of the cell suspension. After
incubation for 1 h at 20°C, NBT (1 mg/mL in PBS,
pH 7.5) was added to each well and incubated for 1 h
at 20°C. The supernatant was removed carefully by a
pipette, and the remaining cells were washed with
70% methanol. Cell lysis was achieved by adding 120
uL of 2 M KOH and 160 pL of dimethyl sulfoxide
(DMSO) and mixing vigorously by pipetting. NBT
reduction was then measured at 630 nm.

Nitric oxide (NO) production

Leukocytes were stimulated with 100 uL of LPS (1
ug/mL) and incubated for 48 h at 20°C. A 100 pL
aliquot of the supernatant was placed onto a 96-well
plate, and an equal volume of Greiss reagent (Sigma,
St. Louis, MO, USA) was added. After incubation for
10 min at room temperature, the absorbance was
measured at 540 nm.

Lysozyme activity

The lysozyme activity of serum was determined by
the turbidimetric method (Parry et al., 1965). A
suspension of Micrococcus lysodeikticus (0.2 mg/mL)
in PBS (pH 6.0) was mixed with 100 pL of serum to
give a final volume of 2 mL. The reaction was carried
out at room temperature and the absorbance was read
at 530 nm at 0.5 and 4.5 min. The unit of lysozyme
activity was defined as the amount of lysozyme that
caused a decrease in absorbance of 0.001/min.

Total RNA extraction from tissue preparation

The head kidney of P. olivaceus was excised and
minced with a micropestle, after which the total RNA
was extracted according to the procedure recom-
mendded by the manufacturer of the RNA extraction
kit (Invitrogen, Carlsbad, CA, USA). Total RNA was
suspended in 50 pL of diethylpyrocarbonate (DEPC)-
treated water, and formaldehyde-1.2% agarose gel
electrophoresis was performed to maintain RNA-gel

Table 1. The ODNs used and their in vivo effects on the immune response in olive flounder Paralichthys

olivaceus
ODNs Sequence CpG motif(No.) 0 N L | T
1720 TCCATGAGCTTCCTGATGCT Non-CpG - - - +/- +/-
1668 TCCATGACGTTCCTGATGCT GACGTT(1) + + - + +
1670 ACCGATAACGTTGCCGGTGACG AACGTT(1) - - + + +
1826 TCCATGACGTTCCTGACGTT GACGTT(2) + - + +/- +/-

Abbreviations: O, O,7; N, NO; L, Lysozyme; I, IL-1B; T, TNF-a.
Symbols: -, no induction; +/-, weak induction, +, good induction.
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integrity. The RNA concentration was determined
spectrophotometrically by measuring the absorbance
at 260 nm in a microcuvette using an MBA 2000
spectrophotometer (PerkinElmer, Wellesley, MA,
USA).

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA from the head kidney was used for
cDNA synthesis using an Advantage® RT-for-PCR
kit according to the manufacturer’s protocol (BD Bio-
science Clontech, Palo Alto, CA, USA). Genespecific
primers for P olivaceus were chosen from the
GenBank database: IL-1B (AB-070835), forward 5'-
ATGGAATCAAGATGGAATGC-3', reverse 5'-AAC
ATCCAGCATCAGAGTTAA-3'"; TNF-0 (AB040448),
forward 5'-ATGGTGAAATACACAAGTGCA-3', re-
verse, 5'-TCAAAGTGCAAAGACACCGAA-3"; and
GAPDH (AB029337), forward 5'-CCCATGTTCGT
CATGGGCG-3', reverse 5'-GAGCTCAGGGATGA
CCTT-3". All PCR reactions were performed accord-
ing to the following protocol. A 2-uL aliquot (5 ug)
of cDNA was mixed with 2.5 puL. of 10xbuffer, 2 uL.
of dNTPs (2.5 uM of each dNTP), 0.05 uL of Ex Taq
polymerase (5 units/uL), 1 pL of each genespecific
primer, and 16.45 pL of sterile water to give a final
volume of 25 pl. For semiquantitative analysis, the
PCR was run for 21 cycles at 95°C for 45 s, 58°C for
45 s, and 72°C for 1 min, with the denaturation step
prolonged to 5 min in the first cycle and the DNA
synthesis step prolonged to 10 min in the last cycle.
The PCR reactions were performed using DNA
Engine, DYAD™ (MJ Research, Inc., Watertown,
MA, USA), and the PCR products were electro-
phoresed on 1.5% agarose gel to detect the specific
bands.

Statistics

One-way of analysis variance (ANOVA) followed
by Turkey multiple comparisons were used to
evaluate the level of significance of all measurements.
The results were considered significant at P <0.05.

Results

In vitro assay

To determine the optimal concentrations of ODNss,
0.2, 1, 2.5, and 5 uM concentrations of the ODNs
were used directly to stimulate the head kidney
leukocytes, and the production of O, was measured
by the NBT reduction assay. Compared to the control
and non-CpG-ODN 1720, significantly higher O,
production was recorded in CpG-ODN 1668 at 1,

025
ozum * *
£ .
€ o2 H@'om
o W 25™
ey Ws50M
= 015
> 7
@
@ 010}
©
l—
@ 005}
z
0.00

control 720 6 1670 826 (ODNs)

Fig. 1. In vitro superoxide anion (O,") production in
head kidney cells of olive flounder Paralichthys
olivaceus exposed to 0.2, 1, 2.5, or 5 uM synthetic
non-CpG-ODN 1720 or CpG-ODN 1668, 1670, or
1826 for 60 min at 20°C. The level was measured
using the NBT reduction assay. Values are the means
+ standard deviation of four fish (*P <0.05).

2.5, and 5 uM (all P<0.05), in CpG-ODN 1670 at
2.5 uM (P<0.05) and 5 uM (P <0.01), and in CpG-
ODN 1826 at 1, 2.5, and 5 uM (all P <0.05; Fig. 1).

In vivo assay

To examine the immune responses of P. olivaceus to
various ODNs in vivo, the optimal concentration of 5
uM ODN, determined from the in vitro assay (Fig. 1),
was injected into the intraperitoneal cavity of the fish.
After 3 and 5 days, head kidney tissues were obtained
from various treated individuals as de-scribed in the
Materials and Methods, and the O, production of the
head kidney leukocytes (1x10° cell/mL) was mea-
sured. CpG-ODN 1668 significantly induced O,
production at 3 days (P <0.05), but the other CpG-
ODNs did not (Fig. 2A). In contrast, CpG-ODN 1826
significantly induced O, production at 5 days (P <
0.05), whereas the other CpG-ODNs did not (Fig. 2B).

Similarly, CpG-ODN 1668 significantly induced
NO production at 3 days (P<0.05), but the other
CpG-ODNs did not (Fig. 3A). However, at 5 days,
CpG-ODN 1668 still maintained significant NO
production, and CpG-ODN 1670 induced some NO
production, but the difference from the control was
not significant (Fig. 3B).

To examine the lysozyme activity within the serum
of P. olivaceus at 3 and 5 days after ODN injection,
the blood was obtained from treated fish and the
serum was collected. CpG-ODN 1670 significantly
induced lysozyme activity at 3 days (P< 0.01), but
the other CpG-ODNs did not (Fig. 4A). CpG-ODN
1826 significantly induced lysozyme activity at 5
days (P <0.01; Fig. 4B).
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Fig. 2. In vivo superoxide anion (O, ) production in
head kidney cells of olive flounder Paralichthys
olivaceus injected with 5 pM synthetic non-CpG-
ODN 1720 or CpG-ODN 1668, 1670, or 1826. The
level was measured using the NBT reduction assay at
(A) 3 and (B) 5 days. Values are the means + standard
deviation of four fish (*P <0.05).

Induction of cytokine gene expression by ODNs

To examine the expression of the cytokine genes
IL-1B (743 bp) and TNF-a (780 bp) in the head
kidney of P. olivaceus, total RNA was isolated from
the head kidney after 1, 2, and 3 days of injection
with ODN. The induction of IL-1p mRNA expression
by CpG-ODNs 1668 and 1670 was stronger than that
by non-CpG-ODN 1720. CpG-ODN 1826 weakly
induced IL-18 mRNA expression at 1, 2, and 3 days
(Fig. 5). The induction of TNF-oo mRNA expression
by CpG-ODNs 1668 and 1670 was relatively stronger
than that by non-CpG-ODN 1720 at 1, 2, and 3 days;
the induction of TNF-a mRNA expression by CpG-
ODN 1826 was much lower, although somewhat
higher than that by non-CpG-ODN 1720 (Fig. 5).

Discussion
CpG-ODNs can enhance superoxide anion (O;)
production in vitro and in vivo, nitric oxide (NO)
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Fig. 3. In vivo nitric oxide (NO) production in head
kidney cells of olive flounder Paralichthys olivaceus
injected with 5 uM synthetic non-CpG-ODN 1720 or
CpG-ODN 1668, 1670, or 1826. The level was mea-
sured using Greiss reagent at (A) 3 and (B) 5 days.
Values are the means =+ standard deviation of four fish
(*P<0.05).

production in leukocytes, serum lysozyme activity,
and the expression of the proinflammatory cytokine
genes IL-1PB and TNF-a in vivo in P. olivaceus. The
in vitro and in vivo patterns of the induction of O,
production by CpG-ODNs differed. In vitro, all CpG-
ODNs directly induced O, production; however, in
vivo, only CpG-ODN 1668 induced O, production at
3 days and only CpG-ODN 1826 induced it at 5 days.
Therefore, we postulate that the difference in O,
production patterns induced by CpG-ODNs depend
on the differences in the stimulation and induction
systems between in vitro and in vivo systems in P
olivaceus.

No previous study has reported that CpG-ODN
induces NO production in P. olivaceus (Lee et al.,
2003a,b). However, we observed that CpG-ODN
1668 significantly induced NO production in head
kidney cells in vivo. Therefore, we suggest that
differences may exist in NO induction by CpG-ODNs
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Fig. 4. In vivo lysozyme activity in the blood serum of
olive flounder Paralichthys olivaceus injected intra-
peritoneally with 5 pM synthetic non-CpG-ODN 1720
or CpG-ODN 1668, 1670, or 1826. Lysozyme activity
was examined at (A) 3 and (B) 5 days. Values are the
means =+ standard deviation of four fish (**P< 0.01).

in different groups of P. olivaceus.

CpG-ODNs also increased the lysozyme activity.
Lee et al. (2003b) reported that 0.25 pug of CpG-ODN
1826 significantly induced lysozyme activity at 1 and
7 days in P. olivaceus, whereas other concentrations
of CpG-ODNs 1826 and 1670 resulted in enhanced

1720

lysozyme activity at 1, 3, 5, and 7 days, with fluctua-
tions. However, we found that lysozyme activity in P,
olivaceus injected with CpG-ODNs 1670 and 1826
was significant only at 3 and 5 days, respectively.
Therefore, we suggest that group- or individuallevel
differences may exist in lysozyme induction by CpG-
ODNs in P, olivaceus.

CpG-ODNs are reported to induce the secre-tion of
various inflammatory cytokines such as IL-1f and
IFN-like protein in rainbow trout macrophages
(Jargensen et al., 2001b); however, the effects had not
been examined in P. olivaceus. The CpG-ODNs 1668
and 1670 strongly induced the expression of IL-1B
and TNF-a mRNA over 3 days in head kidney cells.
Under the same PCR reaction (i.e., 21 cycles), IL-1B
expression induced by various CpG-ODNs over 3
days was stronger than that of TNF-a. Thus, IL-1P
gene expression was stimulated more strongly by
CpG-ODNs than that of TNF-a. We postulate that
CpG-ODNs induce proinflammatory cytokines re-
lated to the innate immune system by stimulating
head kidney macrophages in P. olivaceus.

The structural characteristics of the CpG motifs
within the CpG-ODNs induced the innate immune
response of head kidney cells in P olivaceus. The
differences in O  and NO pro-duction except the
cytokine genes between non-CpG-ODN 1720, which
contains the GAGCTT motif, and CpG-ODN 1668,
which contains the GACGTT motif, were remarkable.
despite their having the same flanking base regions
(Table 1).

Jargensen et al. (2001a) reported that CpG-ODN
1670, which contains the AACGTT motif, was
superior to CpG-ODN 1668, which contains the
GACGTT motif, in inducing the production of
interferon-like cytokines at 2 uM, but not 5 uM in
vitro in 0.5-kg Atlantic salmon (Sa/mo salar L.).

They suggested that the enhanced stimulatory
1668 1670 1826 (ODNSs)
l P l
1 2 3 1 2 3 (days)
-

Fig. 5. Molecular expression of IL-1P (743 bp) and TNF-a (780 bp) in head kidney cells of olive flounder
Paralichthys olivaceus injected with 5 pM synthetic non-CpG-ODN 1720 or CpG-ODN 1668, 1670, or 1826.
The expression of cytokines was examined using reverse transcription polymerase chain reaction at 1, 2, and 3

days. The GAPDH gene was used as a positive control.
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capacity of ODN 1670 might be associated with the
presence of one distal CpG at the 5-end and two
distal CpGs at the 3'-end of ODN 1670. However,
these two ODNs at 5 puM in vivo in 0.25-kg P,
olivaceus showed very different immunostimulatory
spectra in terms of O,  and NO production and
lysozyme activity, but resulted in a similar level of
expression in proinflammatory cytokine genes.

In addition, CpG-ODN 1826, which contains two
GACGTT motifs based on CpG-ODN 1668, resulted
in a different immunostimulatory spectrum of NO
production and lysozyme activity, and resulted in
weak expression of cytokine genes compared to CpG-
ODN 1668. A comparison of the expression of the
cytokine genes induced by these two ODNs indicates
that the two GACGTT motifs reduced the immune
response of head kidney cells. Meng ¢t al. (2003) also
reported that ODN-D, which contains two re-peats
motifs as in 1670, was not more efficient than 1670 in
vitro. Therefore, repeated CpG motifs are not always
more efficient than a single CpG motif in stimulating
immune responses.

Non-CpG-ODN 1720 induced the immune res-
ponse of head kidney cells in terms of the expression
of the cytokine genes over that of the control, but the
induction was less than that achieved by the other
CpG-ODNs. Thus, non-CpG-ODN 1720 plays a role
in triggering and modulating cytokine responses in
the head kidney cells of P olivaceus to a certain
degree. This type of cytokine induction with a low
stimulatory effect by non-CpG-ODN 1720 has been
reported in rainbow trout macrophages (Jorgensen et
al., 2001b).

Overall, the structure of CpG-ODNs may induce
the different spectra and speed of stimulatory effect in
the in vivo immune responses of P. olivaceus. It is
evident that the sequence and structural charac-
teristics of the CpG motif can influence the immune
response of head kidney cells and serum in P,
olivaceus. In olive flounder, CpG-ODN 1668 was the
most effective cellular immunostimulant among the
tested CpG-ODNs (i.e., 1668, 1670, and 1826), CpG-
ODN 1670 was the most rapid humoral immu-
nostimulant, and CpG-ODNs 1668 and 1670 were
effective in stimulating cytokine gene expression. For
optimal application of the immune effects of CpG-
ODNs in the aquaculture of P. olivaceus, the immu-
nostimulatory spectra of the CpG-ODNs should be
characterized in vivo for specific groups of P
olivaceus. This will allow analysis of the effects of
CpG-ODNs against the results of challenge tests prior
to field application.
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