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Abstract: The South Korean aquaculture industry has incurred considerable production losses due
to various infectious diseases. Artificially synthesized polyinosinic—polycytidylic acid (poly I:C),
structurally similar to double-stranded RNA (dsRNA) and cytidine-phosphate-guanosine
oligodeoxynucleotides, can enhance immune responses and protect against diseases. Here, we
investigated dsRNA molecules with different cytidine-phosphate-guanosine (CpG) motifs
(dsRNA-CpGMix) as fused agents to treat Miamiensis avidus and viral hemorrhagic septicemia virus
(VHSV) infection in olive flounders. We further investigated the efficacy of specific sequence motifs
in dsRNA in modulating immunostimulatory effects. Fish treated with poly I:C or dsSRNA-CpGMix
exhibited higher survival rates than the control group. Olive flounder leukocytes stimulated with
poly L:C or dsRNA-CpGMix showed increased scuticocidal activity in the presence of inactivated
immune sera. dsRNA with CpG motif sequences induced higher resistance against M. avidus and
VHSV infections than dsRNA without CpG motif sequences, and the dsRNA-CpGMix group
showed upregulated ISG15 or Mx compared to the dsSRNA-GFP group. Thus, dsRNA containing
CpG motifs can be used as effective immunostimulants to enhance resistance against viral and
parasitic diseases in olive flounder. The specific sequences of the CpG motifs in dsSRNA may be
important for enhancing immune responses and resistance against M. avidus and VHSV infections
in olive flounders.
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Key Contribution: The dsRNA harboring CpG motifs

immunostimulants, augmenting the defense mechanisms against viral and parasitic pathogens in

exhibit potential as potent
olive flounder. The arrangement of CpG motifs within dsRNA appears crucial for enhancing
immune reactions and fortifying resilience against infections induced by M. avidus and VHSV in
olive flounder.

1. Introduction

Production losses caused by infectious diseases in cultured fish in South Korea have
been estimated to be approximately 25-30% [1]. However, there is a lack of effective
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control measures for most infectious diseases. With the implementation of stringent
regulations on the use of chemotherapeutic agents, alternatives based on
biopharmaceuticals have been proposed. Immunoprophylaxis with vaccines or
immunostimulants can be used to control infectious diseases without chemotherapy.

The innate and adaptive immune systems enable vertebrates to protect themselves
against foreign pathogens. As fish also have both innate and adaptive immune systems,
they can acquire specific immunity through vaccines and non-specific immunity via
immunostimulants [2]. However, the non-specific or innate immune systems of fish,
rather than their adaptive immune systems, are activated in response to an infection.
Developing vaccines against various infectious diseases is economically expensive,
making development prospects limited and inefficient. Therefore, immunostimulant-
mediated protection against all infectious diseases is more advantageous than vaccine-
mediated protection against single diseases.

Fish cells have various Toll-like receptors (TLRs) homologous to mammalian TLRs.
Agonist molecules recognized by TLRs as pathogen-associated molecular patterns
(PAMPs) have been utilized as immunostimulants in vertebrates, including fish.
Unmethylated cytidine-phosphate-guanosine (CpG) motifs flanked by two 5' purines
and two 3’ pyrimidines are recognized by TLR9 and are immunostimulatory in mammals
[3-5]. As both CpG suppression and CpG methylation occur, the CpG motifs are rarely
present in eukaryotic genomes; however, they are common in prokaryotic genomes [6,7].

Synthetic oligodeoxynucleotides (ODNSs) containing CpG motifs mimic the activity
of bacterial DNA and are recognized as danger signals by mammalian immune cells
[3,4,8,9]. The recognition of CpG DNA by TLR9 triggers the recruitment of the adaptor
molecule MyD88, which activates a signaling cascade that produces various cytokines and
chemokines, leading to type I interferon (IFN) transcription [10,11]. Artificially
synthesized CpG oligodeoxynucleotides (CpG-ODNs) can also be recognized by TLR9
and may be categorized into classes A, B, and C based on their structural and functional
characteristics [12-14]. The immunostimulatory effects of each CpG-ODN class are class-
specific [10]. We previously demonstrated the protective effects of CpG-ODN 2216 (class
A) and CpG-ODN 1668 (class B) against viral hemorrhagic septicemia virus (VHSV) and
Miamiensis avidus infections, respectively [15]. We further demonstrated that olive
flounders (Paralichthys olivaceus) administered plasmids harboring mixed CpG motifs
from classes A, B, and C exhibited remarkably improved survival rates against VHSV and
M. avidus infections compared to the controls [16]. However, information on the biological
effects of CpG-ODN:s in fish is limited.

Synthetic CpG-ODNss enhance the activation of non-specific cytotoxic cells and non-
specific immune responses, including phagocytic respiratory burst and nitro blue
tetrazolium activity in head kidney phagocytes and serum lysozyme activity, in catfish
(Ictalurus punctatus) and carp (Cyprinus carpio, Ctenopharyngodon idellus) [17-19].
Additionally, plasmid DNA harboring synthetic CpG-ODNs enhances antibody
responses, as determined using recombinant proteins, in tilapia (Oreochromis niloticus) and
goldfish (Carassius auratus) and induces the production of IFN-like cytokines and
interleukin (IL)-1B in leukocytes of Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss) [13,20-22]. CpG-ODN1668 reportedly protects against rock bream
iridovirus (RBIV) infection in rock bream due to increased innate immunity [23].
Additionally, as an agent that can protect against influenza virus infection in humans,
CpG-ODNs have been demonstrated to be excellent immune stimulators with the
potential to protect against viral infections in a non-specific manner [24-29]. CpG motifs
introduced in plasmids exhibit a potent immunostimulatory capacity similar to that of
CpG-ODN s and are studied actively as adjuvants for DNA vaccines in mammals and fish
[16,30,31].

Artificially synthesized polyinosinic—polycytidylic acid (poly I:C), an analog of double-
stranded RNA (dsRNA) [32], stimulates antiviral immune responses via the induction of
type I IFN responses in mammals [33-35] and fish [36—41]. dsRNA, a by-product of viral
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replication, is recognized by TLR3 as a PAMP, which triggers a strong proinflammatory
response in vertebrates [32,42,43]. The binding of TLR3 to dsRNA results in the recruitment
of the adaptor protein TRIF36 and activation of transcription factors such as IRF3, NF-«B,
and AP-1, which in turn induce the transcription of type I IFN and inflammatory cytokines
[44-47]. The secreted IFN regulates the expression of numerous genes encoding antiviral
proteins, including dsRNA-dependent eukaryotic initiation factor kinase and Mx proteins
[48]. A similar dsSRNA recognition mechanism involving TLR3 occurs in fish [49]. The poly
I: C agent reportedly protects against fish nodavirus (RGNNV) infection in sevenband
grouper Epinephelus septemfasciatus [50]. In addition, poly I: C could protect against
influenza virus infection in humans [51,52]. However, information on the ability of dsSRNA
to promote the resistance of fish to diseases caused by extracellular parasites is limited.

Furthermore, it is unclear if specific sequence motifs in dsSRNA can modulate
immunostimulatory effects. Thus, we aimed to determine whether dsRNA enhances the
resistance of olive flounders against M. avidus infection and whether CpG motifs in
dsRNA modulate resistance against VHSV and M. avidus infections in fish.

2. Materials and Methods
2.1. Vector Construction

A green fluorescent protein (GFP; open reading frame, 717 bp) fragment sequence
was ligated into the Litmus 28i vector (New England Biolab [NEB], Ipswich, MA, USA),
pre-digested with EcoRI and HindlIII. The resulting plasmid was designated pLit-GFP. A
fragment (ODN Mix6) corresponding to six randomly arranged copies of each CpG-ODN
sequence (CpG-ODN 1668, 2216, and 2395) was synthesized and inserted into the pUC57
vector (pUC57-ODN Mix6) (Cosmo Genetech, Seoul, Republic of Korea). The sequences
of CpG-ODN 1668, 2216, and 2395 were 5-TCCATGACGTTCCTGATGCT-3' as class B
type, 5-GGGGGACGATCGTCGGGGGG-3' as class A type, and 5-
TCGTCGTTTTCGGCGCGCGCCG-3' as class C type. After being digested with BglIl and
BamHI, the ODN Mix6 fragment was ligated into the Litmus 28i vector, which was pre-
digested with the same restriction enzymes. The resultant plasmid was designated as pLit-
ODN Mix6 (Figure 1). The pLit-GFP and pLit-ODN Mix6 plasmids, designed for dsRNA
expression, were transformed into Escherichia coli HT115 (ARNase III).

ODN Mix6 [ODN 1668-2216-2395 Mix (373bp)]
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Figure 1. Map of vectors with double T7 promoter-driven long double-stranded RNA expression
cassette in which GFP or ODN Mix6 was inserted. (A) ODN Mix6 is a fragment with six randomly
arranged copies of each CpG-ODN sequence (CpG-ODN 1668, 2216, and 2395). (B) Plasmids ligated
into the Litmus 28i vector (GFP 717 and ODN Mix6).
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2.2. dsRNA Transcription and Isolation

Long dsRNAs encoding GFP or ODN Mix6 DNA (dsRNA-GFP or dsRNA-CpGMix)
were extracted from pLit-GFP or pLit-ODN Mix6 harboring E. coli HT115 (ARNase III). To
produce long dsRNA, E. coli HT115 (ARNase III) was transformed with the constructed
pLit-GFP or pLit-ODN Mix6 vectors, inoculated in 200 mL of LB broth supplemented with
0.1 mg/mL ampicillin in a 300 mL flask, and incubated overnight at 37 °C. The cultured
samples were centrifuged at 5900 rcf for 10 min at 4 °C. The pellet was resuspended in
0.5% SDS at 95 °C for 2 min. After 10 min of incubation on ice, the lysates were digested
with RNase (Promega, Madison, WI, USA) and DNase (ELPIS) at 37 °C for 10 min. The
dsRNAs were purified using RNAiso (TakaraBio, Shiga, Japan), electrophoresed on 1%
agarose gel, stained with ethidium bromide (EtBr), and imaged using Gel Doc XR (Bio-
Rad Laboratories, Hercules, CA, USA) (Figure 2).
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Figure 2. Purification of dsRNA in Escherichia coli HT115 harboring dsRNA-producing vectors. Lane
1 is dsRNA of GFP, lane 2 is dsRNA of ODN Mix6, and lane M is 1-kbp ladder (ELPIS-BIOTECH,
Daejeon, Republic of Korea).

2.3. Immunostimulation and Challenge

Olive flounder fingerlings weighing 4-5 g were obtained from a local fish farm,
divided into twelve 50 L tanks (18 fish/tank), and acclimated for at least two weeks before
the study. The fish in each experimental group were divided into two subgroups: M.
avidus- and VHSV-challenged groups.

For the M. avidus challenge, fish from eight tanks were divided into two groups, with
each group consisting of four subgroups. The fish in the four subgroups were
intraperitoneally (i.p.) injected with 50 puL of phosphate-buffered saline (PBS), 50 ug/50
uL/fish of poly I:C, or 50 pg/50 uL/fish of dsSRNAs (dsSRNA-GFP or dsRNA-CpGMix). The
water temperature was maintained at 21-22 °C throughout the experiment. Three fish in
each tank were randomly sampled to collect blood for serum separation at 3 d post-
injection. The remaining fish in one group (15 fish) were intraperitoneally challenged with
2 x 10* ciliates/50 pL and the other group was challenged with 2 x 10° ciliates/50 uL/fish.
Mortality was monitored for 14 d, and the dead fish were necropsied to confirm the
presence of ciliates (Figure 3A).

The VHSV challenge experiment had the same groups as the M. avidus challenge
experiment. The fish in four groups were intraperitoneally (i.p.) injected with the
abovementioned treatment agents. The water temperature was maintained at 15 °C. At 24
h post-injection, three fish from each tank were sampled, and their kidneys were isolated.
The remaining fish were intramuscularly (i.m.) challenged with VHSV (KJ2008) at 102
PFU/50 uL/fish, and mortality was monitored for 14 d (Figure 3B).

All experiments were conducted per the institutional guidelines and protocols
approved by the Institutional Animal Care and Use Committee of Sun Moon University
(approval number: SM-2021-04-01).
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Figure 3. Schematic diagram of in vivo experiments. Olive flounder fingerlings were divided into
twelve 50 L tanks (18 fish/tank). (A) For the M. avidus challenge experiment, fish from eight tanks
were divided into two groups. Each group was further divided into four subgroups. Fish in the four
groups were intraperitoneally (i.p.) injected with 50 uL of phosphate-buffered saline (PBS, control),
50 ug/50 pL/fish of poly I:C, or 50 pg/50 pL/fish of dsSRNAs (dsRNA-GFP or dsRNA-CpGMix). At 3
d post-injection, blood was collected from three random fish in each. The remaining fish in one
group (15 fish/tank) were i.p. challenged with 2 x 104 ciliates/50 pL and the fish in the other group
were challenged with 2 x 10° ciliates/50 uL/fish. (B) The VHSV challenge experiment had four
groups. Fish were injected with the abovementioned treatment agents via i.p. At 24 h post-injection,
three fish from each tank were sampled, and their kidneys were isolated. The remaining fish (15
fish/tank) were intramuscularly (i.m.) challenged with VHSV (KJ2008) at 10* PFU/50 uL/fish.

2.4. Serum Scuticocidal Activity

Sera obtained from the fish in the M. avidus challenge group were used to examine
scuticocidal activity. The assay was performed using 96-well flat-bottomed plates. All
serum samples were serially diluted 2-fold, with the dilutions ranging from 1/4 to 1/4096,
in Hank’s balanced salt solution (HBSS; Sigma-Aldrich, St. Louis, MO, USA). Fifty
microliters of diluted sera was dispensed into each well of the plate. The ciliates from the
depleted Chinook salmon embryo (CHSE) cells were centrifuged at 200x g for 5 min,
collected in a culture vessel, and washed three times with HBSS. The ciliates were then
added to the wells (1 x 102 ciliates/well); the plates were incubated at 20 °C and observed
hourly for 24 h to analyze scuticocidal activity. The titer of each serum sample was
observed with an inverted microscope at 40-100x magnification and at the final dilution
concentration at which the ciliates were 100% lysed or non-motile at 12 h.

2.5. Semi-Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA from the kidneys of each group was extracted using RNAiso plus reagent
(TakaraBio) at 24 h post-immunization. Complementary DNA (cDNA) was synthesized
from the total RNA through RT-PCR using M-MLYV reverse transcriptase and Oligo(dT) 15
primers (Promega). The Mx gene or IFN-stimulated gene 15 (ISG15) was amplified using
PCR with the primer sets MxF (5-AACAGCCAAGGCAAAGATTG-3") and MxR (5-
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AATGTCCAGCTCCTCCTTCA-3') or ISGISF (5'-CTCCATGTAATCTGCAGCAA-3") and
ISG15R  (5'-AGATCTAGTGCAGGTGTGA-3'), respectively. Two primers, 18SF (5'-
AGTTGCTGCAGTTAAAAAGC-3") and 18SR (5-TGGCATCGTTTACGGTCGGAACTA-3")
were used to amplify the 18S ribosomal RNA (185 rRNA) gene in olive flounders. The PCR
was performed using the 2x Prime Taq Premix (GeNet Bio, Daejeon, Republic of Korea). The
amplification procedure included one 4 min cycle at 95 °C, sixteen (for 185 rRNA) or thirty
(for Mx and ISG15) 30 s cycles at 95 °C, 30 s at 60 °C, 30 s at 72 °C, and a final 7 min extension
step at 72 °C. The PCR samples were electrophoresed on a 1% agarose gel, stained with EtBr,
and imaged using Gel Doc XR. Mx and ISG15 expression was determined relative to 185
rRNA gene expression using Quantity One software (Bio-Rad Laboratories).

2.6. Statistical Analyses

A one-way analysis of variance with Tukey’s multiple comparisons test was used to
analyze the significance of differences between the groups. Statistical significance was set
at p < 0.05. All statistical analyses were performed using SPSS (version 9.0; SPSS Inc.,
Chicago, IL, USA). Data are presented as mean + standard deviation.

3. Results

3.1. Effects of Long Double-Stranded RNA Containing the ODN Mix6 Motif against VHSV
Infection in Olive Flounders

The cumulative mortality rate of the control group was 100% after the VHSV
challenge at 10° PFU/fish (Figure 4A). The groups administered dsRNA-GFP exhibited a
lower mortality rate than the control group. The groups injected with dsRNA-CpGMix or
poly I:C showed increased survival rates compared to the control group (p < 0.05).
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Figure 4. Cumulative mortality rates of olive flounder (Paralichthys olivaceus) fingerlings
intraperitoneally (i.p.) injected with phosphate-buffered saline (control), poly I:C, dsRNA-GFP, or
dsRNA-CpGMix against VHSV. Three days after injections, (A) the remaining fish in each group
were intramuscularly (i.m.) challenged with VHSV (KJ2008) at 10° PFU/fish. Mortality was recorded
daily for 14 d. (B) The fish in each group were i.p. challenged with 2 x 10° ciliates. (C) The fish in
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each group of the other replicate groups were challenged with 2 x 10 ciliates. Mortality was
monitored for 14 d. These data are derived from a single unreplicated experiment.

3.2. Effects of Long Double-Stranded RNA Containing CpG Motifs against M. avidus Infection
in Olive Flounders

In the challenge experiments with 1 x 10* ciliates (low level) or 2 x 10° ciliates (high
level)/50 pL, the cumulative mortality rate of the fish injected with dsRNA was
approximately two times lower than that of fish injected with PBS alone. The groups
injected with dsRNA-CpGMix and poly I:C showed the highest survival rates (Figure
4B,C). The ciliates from the internal and external organs of all dead fish were also
examined.

3.3. Gene Expression in Olive Flounders

The effects of each dsRNA on type I IFN response in olive flounders were
investigated by analyzing Mx and ISG15 expression 24 h post-administration. The fish
administered poly I:C or dsSRNA-CpGMix showed higher expression of Mx and ISG15
than those in the other groups. The fish injected with dsRNA-CpGMix showed higher
ISG15 expression (approximately 20 times higher) (p < 0.05) than those injected with PBS
alone (Figure 5).
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Figure 5. RT-PCR amplification of ISG15 and Mx in olive flounders (Paralichthys olivaceus) i.p.
injected with PBS (control), poly I:C, dsRNA-GFP, or dsRNA-CpGMix (50 ug/fish). Total RNA was
isolated from the kidneys of olive flounders 24 h post-injection. ISG15, Mx, and 18S ribosomal RNA
(18S) were PCR-amplified from cDNA samples using primers for each gene. Values (inverse of
serum dilutions) are presented as mean, and the T-bars indicate standard deviation. Different letters
on the bars indicate significant differences (p < 0.05). These data are based on three replicated
experiments.

3.4. Scuticocidal Activity

The fish injected with dsRNA-CpGMix showed significantly higher serum
scuticocidal activity than those injected with PBS alone or dsRNA-GFP (Figure 6). The
serum scuticocidal activity in the fish injected with dsRNA-CpGMix was similar to that in
the fish injected with poly I:C. Scuticocidal activity was not observed in the wells
containing heat-inactivated serum or HBSS alone.
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Figure 6. Scuticocidal activity in sera obtained from olive flounders i.p. injected with PBS (control),
poly I.C, dsRNA-GFP (dsGFP), or dsRNA-CpGMix. Values (inverse of serum dilutions) are
presented as mean, and the T-bars indicate the standard deviation. Different letters indicate
significant differences (p < 0.05). These data are based on three replicated experiments.

4. Discussion

In mammalian cells, endosomal TLR3 recognizes dsRNA [32,42,43] and recruits TRIF
by interacting with its TIR domains [53]. TRIF then indirectly activates transcription
factors, ISG15 and Mx, which modulate the transcription of IFNs and inflammatory
cytokines [44,46,47,49]. These responses include synthesizing and secreting IFNs and
lysozymes and producing cytotoxic T cells, as well as phagocytic processes [54]. IFNs are
potent against infectious diseases [55].

In our preliminary study, we confirmed the effectiveness of CpG-ODN class types,
CpG motif-harboring plasmids, and single RNA poly I:C in protecting olive flounders
against viral and parasitic diseases. Treating olive flounders with CpG-ODN 1668 and
2216 enhanced their resistance against VHSV and M. avidus infections, respectively,
suggesting that selecting a CpG-ODN according to the characteristics of a certain
pathogen is crucial for inducing optimal defensive immune responses in fish. CpG-ODN
2395 showed an intermediate effect between the effects of CpG-ODN 1668 and 2216
[15,56-58]. Based on these preliminary findings, we artificially synthesized fragments
corresponding to each of the six copy sequences randomly arranged as CpG-ODN 2216 in
class A, 1668 in class B, and 2395 in class C and purified them by expressing dsRNA.

Single-stranded RNA expressing unmethylated CpG motifs and a poly(G) tail
stimulated human monocytes and peripheral blood mononuclear cells to produce IL-6
and IL-12 and activate NF-«xB, p38, and MAPK [59]. These effects were similar to the
immunostimulatory effects of CpG-ODNs. However, there are no reports on the dsRNA
CpG motifs that exert further immunostimulatory effects on hosts. Here, we demonstrated
that dsRNA containing CpG motifs stimulates immune responses in olive flounders.
Different types of mixed CpG motif-containing dsRNA increased the survival rates of fish
infected with VHSV. While the survival rates were comparable to those of fish
administered poly I:C, the GFP sequence-containing dsRNA did not protect the fish
against VHSV. These results suggest that CpG motifs in dsRNA are recognized by certain
receptor(s) in olive flounders, stimulating protective immune responses by activating type
I IFN expression.

Here, the fish administered poly I:C or dsRNA with different CpG motifs (dsRNA-
CpGMix) showed enhanced survival rates against M. avidus compared to the controls. In
a previous study, the scuticocidal activity of leukocytes in olive flounders increased
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following stimulation with artificially synthesized poly I:C or CpG-ODNs. These results
suggest that IFN-mediated cellular immune responses actively protect fish against
intruding scuticociliates. Moreover, the serum scuticocidal activity in fish administered
poly I.C was stronger than that in the controls, suggesting that both cellular and humoral
immune responses may be stimulated by poly I:C. The fish administered dsRNA-CpGMix
also showed high survival rates against M. avidus, and their survival rates were similar to
those of fish administered poly I:C. Therefore, the CpG motif sequences present in dsRNA
may effectively protect olive flounders against infectious diseases.

The findings of this study indicate that dsSRNA-CpGMix activates innate immunity
and INF-related immune responses in olive flounders, corroborated by reports of
immunomodulatory effects of poly I:C. Although the immune systems of fish can
recognize dsRNA and unmethylated CpG DNA through TLR3 and TLRY, respectively,
the receptors that bind to CpG motifs on dsRNA are unknown, even in humans.
Furthermore, fish administered dsRNA encoding partial GFP showed higher survival
rates than the control but presented lower survival rates than fish administered dsRNA
containing CpG motifs. This finding suggests that differences in the sequences, structures,
or presence of certain motifs in dsSRNA may be important factors in modulating immune
responses. In the future, we will conduct detailed studies to identify the cellular
immunostimulatory mechanism of dsRNA-CpG.

5. Conclusions

The sequences of the CpG motifs in dsSRNA may be important for enhancing immune
responses and resistance against M. avidus and VHSV infections in olive flounders.
Furthermore, the dsSRNA-CpGMix-immunostimulated olive flounders showed immunity
against VHSV and M. avidus.

Author Contributions: Formal analysis, H.-].C., D.-Y.C,, ].-].P., H.].]., and Y.J.K; investigation, H.-
J.C. and D.-Y.C.; conceptualization, S.-C.H., B.-S5K., and Y.J.K., methodology, S.-C.H. and B.-S.K.;
writing —original draft preparation, J.-H.K. and Y.J.K,, reviewing, ].-H.K; editing, Y.J.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF), funded by the Ministry of Education [grant number NRF-
2021R111A2045209].

Institutional Review Board Statement: All experiments in this study were conducted per the
institutional guidelines and protocols approved by the Institutional Animal Care and Use
Committee of Sun Moon University (approval number: SM-2021-04-01).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available on
request from the corresponding author.

Conflicts of Interest: Author Jung-Jin Park was employed by the company Samyang Anipharm Co.,
Ltd., Seoul City, South Korea. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict

of interest.

References

1. Mo, C A study on disaster risk management of the aquaculture industry. 2017.
https://www kmi.re kr/web/contents/contentsView.do?rbsIdx=221 (accessed on 5 June 2024)

2. Sohn, K.S.; Kim, M.K,; Kim, ].D.; Han, LK. The role of immunostimulants in monogastric animal and fish. Asian Australas. ].
Anim. Sci. 2000, 13, 1178-1187. https://doi.org/10.5713/ajas.2000.1178.

3. Krieg, AM.; Yi, AK,; Matson, S.; Waldschmidt, T.]J.; Bishop, G.A.; Teasdale, R.; Koretzky, G.A.; Klinman, D.M. CpG motifs in
bacterial DNA trigger direct B-cell activation. Nature 1995, 374, 546-549. https://doi.org/10.1038/374546a0.

4.  Klinman, D.M,; Yi, AK, Beaucage, S.L.; Conover, J.; Krieg, AM. CpG motifs present in bacteria DNA rapidly induce

lymphocytes to secrete interleukin 6, interleukin 12, and interferon gamma. Proc. Natl. Acad. Sci. USA 1996, 93, 2879-2883.
https://doi.org/10.1073/pnas.93.7.2879.



Fishes 2024, 9, 227 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Krieg, AM.; Hartmann, G.; Yi, AK. Mechanism of action of CpG DNA. In Immunobiology Bacterial CpG-DNA; Springer:
Berlin/Heidelberg, Germany, 2000; pp. 1-21.

Bird, A.P. DNA methylation and the frequency of CpG in animal DNA. Nucleic Acids Res. 1980, 8, 1499-1504.
https://doi.org/10.1093/nar/8.7.1499.

Bird, A.P. CpG islands as gene markers in the vertebrate nucleus. Trends Genet. 1987, 3, 342-347. https://doi.org/10.1016/0168-
9525(87)90294-0.

Yamamoto, S.; Yamamoto, T.; Kataoka, T.; Kuramoto, E.; Yano, O.; Tokunaga, T. Unique palindromic sequences in synthetic
oligonucleotides are required to induce IFN [correction of INF] and augment IFN-mediated [correction of INF] natural killer
activity. J. Immunol. 1992, 148, 4072-4076.

Ballas, Z.K.; Rasmussen, W.L.; Krieg, AM. Induction of NK activity in murine and human cells by CpG motifs in
oligodeoxynucleotides and bacterial DNA. J. Immunol. 1996, 157, 1840-1845.

Krieg, AM. CpG motifs in bacterial DNA and their immune effects. Annu. Rev. Immunol. 2002, 20, 709-760.
https://doi.org/10.1146/annurev.immunol.20.100301.064842.

Klinman, D.M. Immunotherapeutic uses of CpG oligodeoxynucleotides. Nat. Rev. Immunol. 2004, 4, 249-258.
https://doi.org/10.1038/nri1329.

Hemmi, H.; Takeuchi, O.; Kawai, T.; Kaisho, T.; Sato, S.; Sanjo, H.; Matsumoto, M.; Hoshino, K.; Wagner, H.; Takeda, K.; et al. A
toll-like receptor recognizes bacterial DNA. Nature 2000, 408, 740-745. https://doi.org/10.1038/35047123.

Jorgensen, J.B.; Johansen, A.; Stenersen, B.; Sommer, A.I. CpG oligodeoxynucleotides and plasmid DNA stimulate Atlantic
salmon (Salmo salar L.) leucocytes to produce supernatants with antiviral activity. Dev. Comp. Immunol. 2001, 25, 313-321.
Krieg, A.M. CpG motifs: The active ingredient in bacterial extracts? Nat. Med. 2003, 9, 831-835. https://doi.org/10.1016/s0145-
305x(00)00068-9.

Kang, Y.J.; Kim, K.H. Effect of CpG-ODNs belonging to different classes on resistance of olive flounder (Paralichthys olivaceus)
against viral hemorrhagic septicemia virus (VHSV) and Miamiensis avidus (Ciliata; Scuticociliatia) infections. Aquaculture 2012,
324-325, 39-43. https://doi.org/10.1016/j.aquaculture.2011.11.008.

Kang, Y.J.; Kim, K.H. Therapeutic potential of CpG-ODN 1668 against scuticociliatosis in olive flounder (Paralichthys olivaceus).
Aquaculture 2014, 430, 17-20. https://doi.org/10.1016/j.aquaculture.2014.03.035.

Oumouna, M.; Jaso-Friedmann, L.; Evans, D.L. Activation of nonspecific cytotoxic cells (NCC) with synthetic
oligodeoxynucleotides and bacterial genomic DNA: Binding, specificity and identification of unique immunostimulatory
motifs. Dev. Comp. Immunol. 2002, 26, 257-269. https://doi.org/10.1016/s0145-305x(01)00068-4.

Tassakka, A.C.M.A.R.; Sakai, M. CpG oligodeoxynucleotides enhance the non-specific immune responses on carp, Cyprinus
carpio. Aquaculture 2002, 209, 1-10. https://doi.org/10.1016/S0044-8486(01)00764-5.

Meng, Z.; Shao, ].; Xiang, L. CpG oligodeoxynucleotides activate grass carp (Ctenopharyngodon idellus) macrophages. Dev. Comp.
Immunol. 2003, 27, 313-321. https://doi.org/10.1016/s0145-305x(02)00104-0.

Kanellos, T.S.; Sylvester, 1.D.; Butler, V.L.; Ambali, A.G.; Partidos, C.D.; Hamblin, A.S.; Russell, P.H. Mammalian granulocyte—
macrophage colony-stimulating factor and some CpG motifs have an effect on the immunogenicity of DNA and subunit
vaccines in fish. Immunology 1999, 96, 507-510. https://doi.org/10.1046/j.1365-2567.1999.00771 .x.

Jorgensen, ].B.; Zou, J.; Johansen, A.; Secombes, C.]J. Inmunostimulatory CpG oligodeoxynucleotides stimulate expression of
IL-1f and interferon-like cytokines in rainbow trout macrophages via a chloroquine-sensitive mechanism. Fish Shellfish Immunol.
2001, 11, 673-682. https://doi.org/10.1006/fsim.2001.0344.

Kwon, H.C.; Kang, Y.J. Effects of a subunit vaccine (FlaA) and immunostimulant (CpG-ODN 1668) against Vibrio anguillarum in
tilapia (Oreochromis niloticus). Aquaculture 2016, 454, 125-129. https://doi.org/10.1016/j.aquaculture.2015.12.005.

Jung, M.H,; Jung, S.J. CpG ODN 1668 induce innate and adaptive immune responses in rock bream (Oplegnathus fasciatus)
against rock bream iridovirus (RBIV) infection. Fish Shellfish Immunol. 2017, 69, 247-257. https://doi.org/10.1016/j.£si.2017.08.030.
Jiang, T.; Zhao, H.; Li, X.F.; Deng, Y.Q.; Liu, J.; Xu, L.J.; Han, J.F.; Cao, RY.; Qin, E.-D.; Qin, C.F. CpG oligodeoxynucleotides
protect against the 2009 HIN1 pandemic influenza virus infection in a murine model. Antivir. Res. 2011, 89, 124-126.
https://doi.org/10.1016/j.antiviral.2010.11.013.

Kamstrup, S.; Frimann, T.H.; Barfoed, A.M. Protection of Balb/c mice against infection with FMDV by immunostimulation with
CpG oligonucleotides. Antivir. Res. 2006, 72, 42—48. https://doi.org/10.1016/j.antiviral.2006.03.010.

Norton, E.B.; Clements, ]J.D.; Voss, T.G.; Cardenas-Freytag, L. Prophylactic administration of bacterially derived
immunomodulators improves the outcome of influenza virus infection in a murine model. J. Virol. 2010, 84, 2983-2995.
https://doi.org/10.1128/jvi.01805-09.

Schlaepfer, E.; Audigé, A.; von Beust, B.; Manolova, V.; Weber, M.; Joller, H.; Bachmann, M.F.; Kundig, T.M.; Speck, R.F. CpG
oligodeoxynucleotides block human immunodeficiency virus type 1 replication in human lymphoid tissue infected ex vivo. J.
Virol. 2004, 78, 12344-12354. https://doi.org/10.1128/jvi.78.22.12344-12354.2004.

Wong, ].P.; Christopher, M.E.; Viswanathan, S.; Karpoff, N.; Dai, X.; Das, D.; Sun, L.Q.; Wang, M.; Salazar, A.M. Activation of
toll-like receptor signaling pathway for protection against influenza virus infection. Vaccine 2009, 27, 3481-3483.
https://doi.org/10.1016/j.vaccine.2009.01.048.

Wong, J.P.; Nagata, L.P.; Christopher, M.E.; Salazar, A.M.; Dale, R M. Prophylaxis of acute respiratory virus infections using
nucleic acid-based drugs. Vaccine 2005, 23, 2266-2268. https://doi.org/10.1016/j.vaccine.2005.01.037.



Fishes 2024, 9, 227 11 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Cha, Y.J; Lee, CR;; Kwon, J.Y.; Kang, Y.J. Protective effects of CpG-ODN 2007 administration against Edwardsiella tarda
infection in  olive  flounder  (Paralichthys  olivaceus). — Fish  Shellfish. ~ Immunol. 2017, 68,  327-331.
https://doi.org/10.1016/;.fsi.2017.07.037.

Liu, C.S.;Sun, Y.; Hu, Y.H,; Sun, L. Identification and analysis of a CpG motif that protects turbot (Scophthalmus maximus) against
bacterial  challenge and enhances vaccine-induced specific —immunity. Vaccine 2010, 28, 4153-4161.
https://doi.org/10.1016/j.vaccine.2010.04.016.

Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double-stranded RNA and activation of NF-«B by toll-
like receptor 3. Nature 2001, 413, 732-738. https://doi.org/10.1038/35099560.

Heitmeier, M.R.; Scarim, A.L.; Corbett, ].A. Double-stranded RNA-induced inducible nitric-oxide synthase expression and
interleukin-1 release by murine macrophages requires NF-kB activation. ]. Biol. Chem. 1998, 273, 15301-15307.
https://doi.org/10.1074/jbc.273.24.15301.

Auch, CJ.; Saha, R.N.; Sheikh, F.G.; Liu, X.; Jacobs, B.L.; Pahan, K. Role of protein kinase R in double-stranded RNA-induced
expression of nitric oxide synthase in human astroglia. FEBS Lett. 2004, 563, 223-228. https://doi.org/10.1016/S0014-
5793(04)00302-3.

Kulka, M.; Alexopoulou, L.; Flavell, R.A.; Metcalfe, D.D. Activation of mast cells by double-stranded RNA: Evidence for
activation through toll-like receptor 3. . Allergy Clin. Immunol. 2004, 114, 174-182. https://doi.org/10.1016/j.jaci.2004.03.049.
Jensen, I.; Albuquerque, A.; Sommer, A.IL; Robertsen, B. Effect of poly I:C on the expression of Mx proteins and resistance against
infection by infectious salmon anaemia virus in Atlantic salmon. Fish Shellfish Immunol. 2002, 13, 311-326.
https://doi.org/10.1006/fsim.2001.0406.

Jensen, I; Larsen, R.; Robertsen, B. An antiviral state induced in chinook salmon embryo cells (CHSE-214) by transfection with
the double-stranded RNA poly I:C. Fish Shellfish Immunol. 2002, 13, 367-378. https://doi.org/10.1006/fsim.2002.0412.

Jensen, I.; Robertsen, B. Effect of double-stranded RNA and interferon on the antiviral activity of Atlantic salmon cells against
infectious salmon anemia virus and infectious pancreatic necrosis virus. Fish Shellfish Immunol. 2002, 13, 221-241.
https://doi.org/10.1006/fsim.2001.0397.

Saint-Jean, S.R.; Pérez-Prieto, S.I. Interferon mediated antiviral activity against salmonid fish viruses in BF-2 and other cell lines.
Vet. Immunol. Immunopathol. 2006, 110, 1-10. https://doi.org/10.1016/j.vetimm.2005.08.023.

Plant, K.P.; Harbottle, H.; Thune, R.L. Poly I:C induces an antiviral state against Ictalurid herpesvirus 1 and Mx1 transcription
in the channel catfish (Ictalurus punctatus). Dev. Comp. Immunol. 2005, 29, 627-635. https://doi.org/10.1016/j.dci.2004.09.008.
Fernandez-Trujillo, A.; Ferro, P.; Garcia-Rosado, E.; Infante, C.; Alonso, M.C.; Bejar, J.; Borrego, J.J.; Manchado, M. Poly I.C
induces Mx transcription and promotes an antiviral state against sole Aquabirnavirus in the flatfish Senegalese sole (Solea
senegalensis Kaup). Fish Shellfish Immunol. 2008, 24, 279-285. https://doi.org/10.1016/j.fsi.2007.11.008.

Wang, T.; Town, T.; Alexopoulou, L.; Anderson, J.F.; Fikrig, E.; Flavell, R.A. Toll-like receptor 3 mediates West Nile virus entry
into the brain causing lethal encephalitis. Nat. Med. 2004, 10, 1366-1373. https://doi.org/10.1038/nm1140.

Schulz, O.; Diebold, S.S.; Chen, M.; Naslund, T.I.; Nolte, M.A.; Alexopoulou, L.; Azuma, Y.T.; Flavell, R.A,; Liljestrém, P.; Sousa,
CR.e. Toll-like receptor 3 promotes cross-priming to virus-infected cells. Nature 2005, 433, 887-892.
https://doi.org/10.1038/nature03326.

Yamamoto, M.; Sato, S.; Hemmi, H.; Hoshino, K.; Kaisho, T.; Sanjo, H.; Takeuchi, O.; Sugiyama, M.; Okabe, M.; Takeda, K.; et al.
Role of adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science 2003, 301, 640-643.

Hoebe, K.; Du, X.; Georgel, P.; Janssen, E.; Tabeta, K.; Kim, S.O.; Goode, J.; Lin, P.; Mann, N.; Mudd, S.; et al. Identification of
Lps2 as a key transducer of MyD88-independent TIR signalling. Nature 2003, 424, 743-748.
https://doi.org/10.1126/science.1087262.

Sharma, S.; tenOever, B.R.; Grandvaux, N.; Zhou, G.P.; Lin, R.; Hiscott, J. Triggering the interferon antiviral response through
an IKK-related pathway. Science 2003, 300, 1148-1151. https://doi.org/10.1126/science.1081315.

Meylan, E.; Burns, K.; Hofmann, K.; Blancheteau, V.; Martinon, F.; Kelliher, M.; Tschopp, J. RIP1 is an essential mediator of toll-
like receptor 3—induced NF-kB activation. Nat. Immunol. 2004, 5, 503-507. https://doi.org/10.1038/ni1061.

de Veer, M.].; Holko, M.; Frevel, M.; Walker, E.; Der, S.; Paranjape, J.M.; Silverman, R.H.; Williams, B.R. Functional classification
of interferon-stimulated genes identified using microarrays. J. Leukoc. Biol. 2001, 69, 912-920.

Matsuo, A.; Oshiumi, H.; Tsujita, T.; Mitani, H.; Kasai, H.; Yoshimizu, M.; Matsumoto, M.; Seya, T. Teleost TLR22 recognizes
RNA duplex to induce IFN and protect cells from birnaviruses. J. Immunol. 2008, 181, 3474-3485.
https://doi.org/10.4049/jimmunol.181.5.3474.

Nishizawa, T.; Takami, I.; Kokawa, Y.; Yoshimizu, M. Fish immunization using a synthetic double-stranded RNA Poly (I: C), an
interferon inducer, offers protection against RGNNV, a fish nodavirus. Dis. Aquat. Org. 2009, 83, 115-122.
https://doi.org/10.3354/dao02001.

Ichinohe, T.; Watanabe, I; Ito, S.; Fujii, H.; Moriyama, M.; Tamura, S.I.; Takahashi, H.; Sawa, H.; Chiba, J.; Kurata, T.; et al.
Synthetic double-stranded RNA poly (I: C) combined with mucosal vaccine protects against influenza virus infection. J. Virol.
2005, 79, 2910-2919. https://doi.org/10.1128/jvi.79.5.2910-2919.2005.

Hilleman, M.R. Double-stranded RNAs (poly I: C) in the prevention of viral infections. Arch. Intern. Med. 1970, 126, 109-124.
https://doi.org/10.1001/archinte.1970.00310070111010.



Fishes 2024, 9, 227 12 of 12

53.

54.

55.

56.

57.

58.

59.

Yamamoto, M.; Sato, S.; Mori, K.; Hoshino, K.; Takeuchi, O.; Takeda, K.; Akira, S. Cutting edge: A novel Toll/IL-1 receptor
domain-containing adapter that preferentially activates the IFN-f promoter in the toll-like receptor signaling. J. Immunol. 2002,
169, 6668-6672. https://doi.org/10.4049/jimmunol.169.12.6668.

Tort, L.; Balasch, J.C.; MacKenzie, S. Fish health challenge after stress. Indicators of immunocompetence. Contrib. Sci. 2004, 2,
443-454. https://doi.org/10.1016/j.£si.2020.07.067.

Ellis, A.E. Innate host defense mechanisms of fish against viruses and bacteria. Dev. Comp. Immunol. 2001, 25, 827-839.
https://doi.org/10.1016/s0145-305x(01)00038-6.

Kang, Y.J.; Choi, S.H.; Kim, K.H. Preventive and therapeutic effects of auxotrophic Edwardsiella tarda mutant harboring CpG
1668 motif-enriched plasmids against scuticociliatosis in olive flounder (Paralichthys olivaceus). Exp. Parasitol. 2014, 144, 34-38.
https://doi.org/10.1016/j.exppara.2014.06.007.

Kang, YJ.; Kim, D.S; Kim, KH. Protective potential of CpG 1668 motif-harbouring plasmids against Miamiensis avidus
(Ciliophora: Scuticociliatida) infection in olive flounder (Paralichthys olivaceus). Aquac. Res. 2014, 45, 934-939.
https://doi.org/10.1111/are.12020.

Kang, Y.J.; Kim, K.H. Protective potential of a plasmid having different classes of CpG motifs against viral hemorrhagic
septicemia virus and Miamiensis avidus (Ciliata; Scuticociliatida) infections in olive flounder (Paralichthys olivaceus). Aquaculture
2015, 446, 259-262.

Sugiyama, T.; Gursel, M.; Takeshita, F.; Coban, C.; Conover, ].; Kaisho, T.; Akira, S.; Klinman, D.M.; Ishii, K.J. CpG RNA:
Identification of novel single-stranded RNA that stimulates human CD14*CD11c* monocytes. J. Immunol. 2005, 174, 2273-2279.
https://doi.org/10.4049/jimmunol.174.4.2273.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



