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Abstract 

CpG oligodeoxynucleotides (CpG ODNs) is a widely used immune adjuvant, which could activate 
various immune responses including antiviral response through interaction with Toll-like receptor 9 
(TLR9) in mammals. In the present study, four types of CpG ODN (CpG-A, CpG-B CpG-C, and CpG-P) 
were synthesized and injected to the shrimp Litopenaeus vannamei in order to evaluate their immune 
enhancement effect in shrimp. The copy numbers of white spot syndrome virus in the shrimps treated 
with different types of CpG ODNs were of 3.10×105 (CpG-A), 8.32×105 (CpG-B), 9.84×105 (CpG-C), 
and 8.12×105 (CpG-P) copies ng-1 DNA respectively, which were significantly lower (p < 0.01) than that 
in PBS group (1.70×106 copies ng-1 DNA). Surface plasmon resonance (SPR) assay revealed that the 
four types of CpG ODN displayed different binding affinity to LvToll1, LvToll2 and LvToll3, and the 
highest binding affinity was observed between CpG-A and LvToll1. Correspondingly, the mRNA 

transcripts of LvTolls were up-regulated significantly in CpG-A stimulated shrimps，which was 
significantly higher than that in CpG-B, CpG-C and CpG-P groups (p < 0.01). The phagocytic rate and 
ROS level of shrimp hemocytes in CpG-A and CpG-B groups increased significantly compared with 
that in other groups, which were 1.63-fold, 9.98-fold (p < 0.01) in CpG-A and 1.60-fold, 4.92-fold (p < 
0.01) in CpG-B higher than those in PBS group, respectively. Moreover, after CpG-A stimulation, the 
probable IFN level in shrimp plasma increased to 2.60-fold (p < 0.01) of that in PBS group, and the 
mRNA expressions of IFN system-like antiviral genes (LvIRF, LvVago4 and LvSTAT) were also 
significantly up-regulated in CpG-A group, displaying a stronger response than that in CpG-B, CpG-C 
and CpG-P groups. The results indicated that CpG-A could promote the cellular and humoral immunity 
in shrimp, and induce relatively higher antiviral immune response among the four CpG ODNs. It 
provided useful information to understand the stimulatory effects of CpG ODNs in shrimp, promoting 
the application of CpG ODNs in aquaculture. 
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Introduction 

 

Cytosine phosphate guanine 
oligodeoxynucleotides (CpG ODNs) were originally 
defined for bacterial DNA with unmethylated CpG 
dinucleotides in certain flanking sequences (CpG 
motifs), which had diverse stimulatory effects on the 
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innate and adaptive immune system (Krieg, 2002). 
There are four types of CpG ODNs with distinct 
structural and biological properties, including A-type, 
B-type, C-type and P-type (Bode et al., 2011). 
A-type CpG ODN (CpG-A) has a phosphodiester 
core flanked by phosphorothioate terminal 
nucleotides. It contains a single CpG motif flanked 
by palindromic sequences and poly G tails at the 3' 
and 5' ends. B-type CpG ODN (CpG-B) and C-type 
CpG ODN (CpG-C) are both composed entirely of 
phosphorothioate nucleotides, while they resemble 
CpG-A in containing palindromic CpG motifs and 
thus can form stem loop structures or dimmers. 
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P-type CpG ODN (CpG-P) contains double 
palindromes that can form hairpins at the GC-rich 3' 
ends (Shirota and Klinman, 2014). These CpG 
ODNs mainly participate in activating intracellular 
signaling pathways and triggering the proliferation, 
maturation and differentiation of immune cells, 
consequently increasing the secretion of cytokines 
and chemokines with disease-resistant effects 
(Klinman, 2004; Krieg, 2006). 

CpG motifs are considered as a kind of 
pathogen-associated molecular patterns (PAMPs) 
due to their abundance in microbial genomes and 
rarity in animal genomes (Krieg, 2006). The 
immunogenicities of CpG ODNs have been 
examined in numerous preclinical studies, 
demonstrating that CpG ODNs could enhance both 
humoral (Tafaghodi et al., 2006; Borges et al., 2008) 
and cellular (Th1 cells and cytotoxic lymphocyte) 
(Cho et al., 2000; Shirota et al., 2000; Shirota and 
Klinman, 2011) immunity against pathogens in 
mammals. Toll-like receptor 9 (TLR9) in mammals is 
proved to be the receptor of CpG ODNs (Hemmi et 
al., 2000; Bauer et al., 2001; Takeshita et al., 2001). 
CpG ODNs could be recognized by TLR9 to promote 
the maturation of antigen presenting cells (APCs) 
and secretion of cytokines like type I interferon (IFN), 
interleukin (IL) or tumor necrosis factor (TNF) 
(Colonna et al., 2004). The immune responses 
triggered by different types of CpG ODN have been 
widely reported in vertebrates and the mechanisms 
are diverse. For example, CpG-A and CpG-P could 
strongly induce type I IFN production, while CpG-B 
and CpG-C could trigger the production of 

TNF-and IL-6, respectively (Shirota and Klinman, 
2014). Further studies have demonstrated that 
CpG-A could induce the IFN regulatory factor-7 
(IRF-7) dependent antiviral immunity by activation of 
the TLR9 in plasmacytoid dendritic cells in mice 
(Honda et al., 2005). Because of the effects in 
stimulation of immunity, many completed clinical 
trials have suggested a promising application of CpG 
ODN as adjuvants (Shirota and Klinman, 2014). 

Recently, CpG ODNs have also been reported 
to trigger humoral and cellular immune responses in 
invertebrates. In the bivalve mollusc, bacterial DNA 
with unmethylated CpG motif could promote the 
antibacterial activity, lysozyme activity and 
prophenoloxidase production of hemolymph (Hong 
et al., 2006). In crustacean, CpG-rich fragment 
containing tandem ODNs enhanced the 
immuno-protection efficiency and induced 
autophagy of Chinese mitten crab, Eriocheir sinensis 
(Sun et al., 2013, 2015). CpG ODNs could also 
promote the generation of new hemocytes, increase 

 
 

the phagocytic ability and the reactive oxygen 
species (ROS) level in the hemocytes of 
Litopenaeus vannamei (Sun et al., 2013). Although 
CpG ODNs have been reported to induce immune 
response in crustacean, the mechanism of immune 
enhancement triggered by different type of CpG 
ODN is still not well understood. It has been reported 
that CpG ODNs could activate the IFN-related 
antiviral pathway in mammals (Levy et al., 2011) and 
teleosts (Su et al., 2016), and poly (I:C)-induced 
antiviral immunity has also been reported in Pacific 
white shrimp L. vannamei, which is similar to the IFN 
system in mammals (Wang et al., 2013; Li et al., 
2015). In shrimp L. vannamei, the LvVago4 gene is 
considered to be a cytokine functionally similar to 
IFN, which could restricts virus infection through 
activating the JAK-STAT pathway; the IRF-like gene 
LvIRF showed similar protein nature to mammalian 
IRFs and could be activated during virus infection. 
Therefore, the Vago system which is centered on the 
IRF-Vago-JAK/STAT axis plays a critical role in 
nucleic acid-induced antiviral immunity in shrimps, 
and exhibits similarity to the mammalian IFN system, 
suggesting an IFN system-like antiviral mechanism 
in shrimp (Li et al., 2015). 

The shrimp L. vannamei is a prosperous 
commodity in the world, but its farming has been 
seriously disturbed by virus, especially white spot 
syndrome virus (WSSV). Even the immune defense 
mechanism of shrimp has been well documented (Li 
and Xiang, 2013), the effective approaches as well 
as novel therapeutic agents are in urgent to be 
developed for better controlling WSSV in shrimp 
aquaculture. Our previous studies have revealed 
that tandem CpG ODNs could induce antiviral 
immunity in shrimp (Zhang et al., 2010). In the 
present study, four types of CpG ODN (CpG-A, 
CpG-B CpG-C, and CpG-P) were employed to 
stimulate the shrimp L. vannamei with the objectives 
(1) to detect the copy number of WSSV and the 
expression levels of LvTolls in the hepatopancreas 
of shrimps after the treatment of four types of CpG 
ODNs, (2) to evaluate the binding activities of 
LvTolls to various CpG ODNs by Surface plasmon 
resonance (SPR), (3) to investigate the cellular 
immune responses by detection of phagocytic rate, 
ROS level in shrimps hemocytes, and humoral 
antiviral immunity via analysis of the IFN system-like 
related genes and the probable IFN level in plasma 
after the treatments with different CpG ODNs, and (4) 
to evaluate the immune enhancement effect of 
different CpG ODNs and provide theoretical 
guidance for the application of different CpG ODNs 
as immunopotentiator in aquaculture. 

 

Table 1 Names and sequences of the CpG ODNs used in this study 
 

Name Sequence (5’---3’) 

CpG 2216 (CpG-A) GGGGGACGATCGTCGGGGGG 

CpG 2006 (CpG-B) TCGTCGTTTTGTCGTTTTGTCGTT 

CpG 2395 (CpG-C) TCGTCGTTTTCGGCGCGCGCCG 

CpG 23617(CpG-P) TCGTCGACGATCGGCGCGCGCCG 

CpG-negative 2317 (CpG-N) TGCTGCTTTTGTGCTTTTGTGCTT 
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Materials and Methods 
 
Shrimps and CpG ODNs 

Shrimps, Litopenaeus vannamei, about 10 cm in 
length, were collected from a commercial farm in 
Qingdao, China, and cultured in tanks at 22 ± 1 °C 
for 14 days before processing. Four types of CpG 
ODNs, including 2216 (A type), 2006 (B type), 2395 
(C type) and 23617 (P type) (Table 1), which had 
been demonstrated to be effective in mammalian 
and aquatic animals (Chen et al., 2007; Martinson et 
al., 2007; Samulowitz et al., 2010; Zhang et al., 
2010), were employed in the present study. The 
DNA sequence of the four types of CpG ODNs and 
the non-CpG ODN (CpG-N) 2317 were synthesized 
by Sangon Biotech Co. (China) with the purity above 
99.9 %. 

 
Virus preparation 

WSSV was extracted and purified from gill 
tissue of WSSV infected shrimps via the method of 
differential centrifugation described by Xu et al. 
(2007) with some modification. Briefly, L. vannamei 
shrimps with white spots on the cuticle were 
selected. One hundred milligram of the diseased 
shrimp gill were homogenized in 45 mL TNE buffer 
(400 mmol L-1 NaCl, 50 mmol L-1 Tris-HCl, 5 mmol 
L-1 EDTA, pH 8.5) with 1 mmol L-1 PMSF 
(Phenylmethanesulfonyl fluoride), and then 
centrifuged at 3,500g, 4 °C for 5 min. The 
supernatant was filtered through 0.45 μm membrane, 
and centrifuged at 30,000g for 30 min. The pellet 
was resuspended with TM buffer (10 mmol L-1 MgCl2, 
50 mmol L-1 Tris-HCl, pH 7.5) and centrifuged three 
times. Finally, the pellet was dissolved with 1 mL TM 
buffer containing 0.3 % NaN3. The copy number of 
WSSV stock solution was quantified by the 
Real-time PCR, then diluted with PBS (phosphate 
buffer saline, 0.1 mol L-1, pH 7.4) to a final 
concentration of 107 copies μL-1 for subsequent 
experiments (stored at -80°C). 

 
CpG ODNs treatment, WSSV infection and sample 
collection 

A total of 432 shrimps were randomly divided 
into two groups (group I and group II). In group I, 
the 162 shrimps were randomly separated to six 
sub-groups including CpG-A group, CpG-B group, 
CpG-C group, CpG-P group, CpG-N group and 
PBS group to survey the WSSV copy numbers after 
virus infection, so the shrimp number in each 
treatment was 27. The CpG ODNs were diluted in 
sterilized PBS at a final concentration of 10 μg mL-1, 
and 40 μL of CpG ODNs was injected into each 
shrimp from the second abdominal muscle using a 
syringe. The dosage of CpG ODNs was selected 
according to the published papers (Zhang et al., 
2010; Sun et al., 2013, 2015). In the CpG-N and 
PBS groups, the shrimps received the injection of 
same volume non-CpG DNA (10 μg mL-1) or 
sterilized PBS. The shrimps were returned to the 
tanks and received an injection of 100 μL WSSV 
stock (104 copies μL-1) at 12 h after the CpG 
treatment. Nine shrimps were randomly sampled at 
first, third and fifth day post WSSV challenge in 

each group, and the gill of every 3 shrimps in the 
same group was mixed as a single sample for the 
further DNA extraction to measure the virus copy 
numbers. In group II 270 shrimps were randomly 
separated into six sub-groups, and the CpG ODNs 
treatment was performed as descripted in the 
group I, and there were 45 shrimps in each 
treatment. Nine shrimps in each group were 
sampled at 0, 3, 6, 12, 24 h post injection. Tissues 
(hemocytes, plasma and hepatopancreas) from 
three shrimps in the same group at the same time 
point were mixed together as a single sample and 
there were three replicates for each group. The 
hemolymph (about 0.8 mL each shrimp) was 
collected from the pericardial cavity through the 
intersegmental membrane between the 
cephalothorax and the first abdominal segment 
using a syringe (2.5 mL) with 0.8 mL pre-cooled 
(4 °C) anticoagulant solution (115 mmol L-1 glucose, 
27 mmol L-1 sodium citrate, 336 mmol L-1 NaCl, 9 
mmol L-1 EDTA·Na2·2H2O, pH 7.4). The collected 
hemolymph was immediately centrifuged at 1,000g, 
4 °C for 10 min to harvest hemocytes for the 
determination of phagocytosis and ROS. The 
supernatants (plasma) were stored at -80 °C for 
subsequent enzyme activity examination. The 
hepatopancreas was collected and added into 1.5 
mL microcentrifuge tube with 600 μL Trizol reagent 
(TaKaRa, Japan), stored at -80 °C for subsequent 
RNA extraction. 
 
Quantitative real-time PCR analysis of WSSV copy 
numbers 

The qRT-PCR technique was employed to 
determine the WSSV viral numbers according to the 
previous report (Zhang et al., 2010) with some 
modification. Briefly, the recombinant plasmid of a 
154 bp WSSV DNA fragment was used as the 
standard DNA for SYBR Green fluorescent 
qRT-PCR in an ABI PRISM 7500 Sequence 
Detection System (Applied Biosystems, USA). The 
WSSV copy numbers were estimated by the target 
amplicon in the plasmid, and the target amplicons 
were used to make 10-fold serial dilutions from 
1×1010 to 1×102 copies μL-1. These dilutions were 
employed as absolute standards to make a curve for 
quantification. Total genomic DNA of gill tissue in 
infected shrimps was extracted following the 
instructions of TIANamp Marine Animals DNA Kit 
(TIANGEN, China), and the DNA concentration was 
determined by using Nanodrop 2000 (Thermo 
Scienfic, USA). The WSSV DNA fragment in total 
genomic DNA were examined by qPCR and the 
copy numbers of WSSV were calculated with the 
standard curve. 
 

Analysis of phagocytic rate of shrimp hemocytes 
The phagocytic activity of hemocytes was 

measured according to the previous description 
with some modification (Wu et al., 2008). Briefly, 
hemocytes from different groups were resuspended 
with cell resuspension (modified L-15 medium), and 
then incubated with the Latexs Beads (Sigma, USA) 
under low speed of rotation at room temperature for 
1 h. After three times of washing with cell 
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resuspension solution, the phagocytic rate of 
hemocytes was analyzed by FACS Arial II flow 
cytometer (FCM) (Becton, Dickinson and 
Company). 

 

Measurement of intracellular ROS level 
The Reactive Oxygen Species Assay Kit 

(Beyotime, China), based on the peroxide-sensitive 
fluorescent probe DCFH-DA, was used to detect 
the intracellular ROS level. The hemocytes (about 
100 cell mL-1) from shrimps were harvested and 
incubated in the cell resuspension solution at room 
temperature for 20 min. After three times of 
washing with cell resuspension solution, the 
intracellular ROS level in hemocytes was analyzed 
by FACS Arial II flow cytometer (Becton, Dickinson 
and Company). 
 

Analysis of CpG ODNs binding activities of 
LvToll-ECDs by SPR 

The recombinant extracellular domain (ECD) 
proteins of three verified toll-like receptors (LvToll1 
(ABK58729.1), LvToll2 (AEK86516.1) and LvToll3 
(AEK86517.1) in L. vannamei were employed for the 
SPR assay. Preparation of LvToll-ECDs was 
conducted according to the method from Sun’s 
description (Sun et al., 2014). CpG ODNs binding 
analysis of LvToll-ECDs (LvToll1-ECD, LvToll2-ECD, 
LvToll3-ECD) was performed at 20 °C on a BIAcore 
T200 SPR instrument (GE Healthcare, USA). The 
anti-His tag antibody (GE Healthcare, USA) was 
previously covalently immobilized onto the CM5 
sensor chip surface with the included immobilization 
buffer and Amine Coupling Kit. The recombinant 
LvToll-ECDs proteins with 6×His tag were diluted in 
HBS-EP (GE Healthcare, USA), which was the 
running buffer containing10 mmol L-1 HEPES (pH 
7.5), 150 mmol L-1 NaCl, 3 mmol L-1 EDTA and 
0.005 % (v/v) surfactant P20. Then they were 

 

injected to the loading tube and captured by the 
immobilized anti-His tag antibody to 240 (for 
rLvToll-ECDs) and 200 (for rTrx) response units 
(RU), respectively. The CpG ODNs (100 μmol L-1) 
were injected to the loading tube and passed over 
adjacent target. Flow cells were controlled at a flow 
rate of 30 μL min-1 for 2 min. After 5 min dissociation, 
recombinant proteins and bound analyses were 
removed by a 60 s wash with 10 mmol L-1 
glycine-HCl (pH 1.5) at a flow rate of 30 μL min-1. 
After subtracting the control values, the data were 
analyzed with a 1:1 Langmuir binding model using 
the BIAcore T200 evaluation software. 
 
RNA extraction, cDNA synthesis and qRT-PCR 
analysis of immune related genes 
The RNA extraction and cDNA synthesis were 
conducted as the previous report (Sun et al., 2015) 
with some modification. Total RNA was extracted 
from hepatopancreas using Trizol reagent 
(Invitrogen, USA). First-strand cDNA synthesis was 
carried out based on Promega M-MLV RT Usage 
information with random hexamers primer (Sangon, 
China). The mRNA expression levels of immune 
related genes were detected by SYBR Green 
fluorescent qRT-PCR. Gene specific primers for 
LvTolls, LvIRF, LvVago4 and LvSTAT (primer 
P5-P16) (Table 2) were used to amplify the 
corresponding products. The shrimp 18S rRNA 
fragment, amplified with primers P3 and P4 (Table 
2), was chosen as reference for internal 
standardization. After the PCR program, data were 
analyzed by using the SDS 2.0 software (Applied 
Biosystems). The relative expressions of related 
genes were calculated by the 2−ΔΔCT method. All the 
data were given in terms of relative mRNA 
expressed as mean ± SD (N = 4) (Zhou et al., 
2012). 

  

 
Table 2 Summary of Primers in this study 
 

Primer Sequence (5’---3’) 

P1 (WSSV-154-RT-F) CCAGTTCAGAATCGGACGTT 

P2 (WSSV-154-RT-R) AAAGACGCCTACCCTGTTGA 

P3(18SrRNA-RT-F) TATACGCTAGTGGAGCTGGAA 

P4(18SrRNA-RT-R) GGGGAGGTAGTGACGAAAAAT 

P5(LvToll1-RT-F) TCGACCATCCCTTTTACACC 

P6(LvToll1-RT-R) TTGCCTGGAAGGTCTGATTC 

P7(LvToll2-RT-F) CATGCCTGCAGGACTGTTTA 

P8(LvToll2-RT-R) GGCCTGAGGGTAAGGTCTTC 

P9(LvToll3-RT-F) TCGTACAACCAGCTGACGAG 

P10(LvToll3-RT-R) ATACTTCAGGTGGGCCACAG 

P11(LvIRF-RT-F) CTTTCGCTACTGGGCTCTTGC 

P12(LvIRF-RT-R) GGTCGTAGTGCTTCGGTTTCTC 

P13(LvVago4-RT-F) GCGAGAGGGAAAAGGAAAACAGG 

P14(LvVago4-RT-R) CCAGCACTTCCCGGGGTGGTCTG 

P15(LvSTAT-RT-F) AGCCCCTGTCTGAGCGAAA 

P16(LvSTAT-RT-R) GGTGTTCTCTTGTAACCTTCATCA 
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Measurement of probable IFN level in plasma 

The probable IFN level in plasma was 
determined by using the commercial fish IFN ELISA 
kit (Jiangsu Kete biological technology, China) 
following the manufacturer’s instructions. Briefly, the 
96 wells plates coated by the purified fish IFN 
antibody were incubated with 50 μL plasma (diluted 
5-fold with sample diluent) from different groups at 
37 °C for 30 min. After five times of washing, the 
plate was incubated with 50 μL Horseradish 
Peroxidase (HRP)-fish IFN antibody at 37 °C for 30 
min. After the final washing of five times, 
chromogenic agent and stop buffer solution were 
added, and the absorbance was detected at 450 nm 
by a precision microplate reader (BioTek, USA). 

 
Data analysis 

For all experimental results, the data from three 
samples were recorded and analyzed by one-way 
analysis of variance (ANOVA), followed by Duncan’s 
multiple range tests using SPSS 16.0 program. 
Differences were considered to be statistically 
significant at a p value of 0.05 or less. 
 
Results 
 

The alternations of WSSV copy numbers after CpG 
ODN treatments 

The WSSV copy numbers in the gill tissue of  
 

shrimps pretreated with different types of CpG ODNs 
were significantly lower than those in CpG-N and 
PBS-pretreatment shrimps on the third and fifth day 
post WSSV challenge. On the first day after WSSV 
challenge, no significant difference of the WSSV 
copy numbers was observed between 
CpG-pretreatment groups and controls (Fig. 1). On 
the third day, the WSSV numbers in the shrimps 
pretreated with CpG-A, CpG-B, CpG-C and CpG-P 
were 2.20×105, 4.72×105, 6.09×105 and 4.40×105 
copies ng-1 DNA, whereas the numbers in CpG-N 
and PBS-pretreatment shrimps were 7.41×105 and 
7.92×105 copies ng-1 DNA. On the fifth day post 
WSSV challenge, the WSSV copy number of 
shrimps in CpG-A , CpG-B, CpG-C and CpG-P 
groups were 3.10×105, 8.32×105, 9.84×105 and 
8.12×105 copies ng-1 DNA respectively, which were 
significantly lower, approximately 18.19 %, 48.82 %, 
57.75 % and 47.65 % (p < 0.01) respectively, than 
that in PBS group. Moreover, the WSSV copy 
numbers in CpG-A group was the lowest among the 
four types of CpG ODN groups, especially on the 
fifth day post WSSV challenge, the numbers in 
CpG-B, CpG-C and CpG-P groups was 2.68-fold, 
3.17-fold and 2.62-fold (p < 0.01) higher than that 
of CpG-A group respectively. No significant 
difference was observed between the control 
groups (treated with CpG-N and PBS) throughout 
the experiment. 

 
 
 
 

 
 
Fig. 1 The WSSV copy numbers in gill tissue in CpG-A, CpG-B, CpG-C, CpG-P, CpG-N and PBS-pretreatment 
shrimps after WSSV infection on the first, third and fifth day. Data presented as mean ± S.D. (N = 4). The 
significant differences between the treated groups and control groups were subjected to one-way analysis of 
variance (one-way ANOVA). 
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Fig. 2 Temporal expression of (A) LvToll1, (B) LvToll2 and (C) LvToll3 mRNA detected by real-time PCR in shrimp 
hepatopancreas after in vivo CpG-A, CpG-B, CpG-C, CpG-P, CpG-N and PBS injection at 3, 6, 12 and 24 h. 
Comparison of the level of mRNA (relative to 18S rRNA gene) was normalized to 0 h. Data presented as mean ± 
S.D. (N = 4). The significant differences between the treated groups and control groups were subjected to one-way 
analysis of variance (one-way ANOVA). 
 
 
 
 
The mRNA expressions of LvToll1, LvToll2 and 
LvToll3 in hepatopancreas of shrimps after CpG 
ODNs treatment 

The mRNA expression levels of three verified 
toll-like receptors (LvToll1, LvToll2 and LvToll3) in 
hepatopancreas from shrimps were detected at 0, 3, 
6, 12 and 24 h post the treatments with CpG ODNs. 
The expression levels of LvTolls in CpG-A and 
CpG-P groups were significantly up-regulated 
compared with those in CpG-N and PBS groups, 
while those in the CpG-B, CpG-C groups did not 
change dramatically. 

After CpG-A stimulation, the mRNA expression 
levels of LvToll1, LvToll2 and LvToll3 were all 
up-regulated at 3 h and peaked at 24 h (Fig. 2), 
which were 28.62-fold (p < 0.01), 22.82-fold (p < 
0.01) and 17.59-fold (p < 0.01) of that in PBS group, 
respectively (Fig. 2). After the stimulation of CpG-P, 
the mRNA transcripts of LvToll1, LvToll2 and LvToll3 
increased and reached the maximum level at 12 h, 
which were 12.52-fold (p < 0.01), 8.50-fold (p < 0.01) 
and 6.64-fold (p < 0.01) of those in PBS group, 

respectively (Fig. 2). No significant difference was 
observed between the control groups (treated with 
CpG-N and PBS) throughout the experiment. In 
addition, the maximum mRNA expression levels of 
LvToll1, LvToll2 and LvToll3 in CpG-A group were 
1.82-fold, 1.98-fold and 3.32-fold (p < 0.01) of that in 
CpG-P group, respectively, which were also 
significantly higher than that in CpG-B and CpG-C 
groups. 
 
The binding affinity of different CpG ODNs to 
LvToll-ECDs 

In order to determine the binding affinity of 
CpG ODNs to LvTolls, three LvToll-ECDs 
(LvToll1-ECD, LvToll2-ECD, and LvToll3-ECD) and 
rTrx (the control protein) with His tag were captured 
by the chip-immobilized anti-His antibodies. CpG 
ODNs, including CpG-A, CpG-B, CpG-C and 
CpG-P, were screened by passing through the 
chip-immobilized proteins to examine the molecular 
interaction with CpG-N as control. CpG-A displayed 
a rapid association with LvToll1-ECD on SPR with 
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Fig. 3 Surface plasmon resonance measurement of the binding between different CpG ODNs and LvToll-ECDs. 
The sensorgrams of different CpG-ODNs binding to (A) LvToll1-ECD, (B) LvToll2-ECD, (C) LvToll3-ECD and (D) 
rTrx. All data shown were reproducible and representative of at least three independent experiments. 
 
 
 
 
the binding signal of 35 RU, while other CpG ODNs 
showed no binding affinity to LvToll1-ECD (Fig. 3A). 
All the four types of CpG-ODNs exhibited low 
binding affinity to LvToll2-ECD with the signals of 20, 
7, 10 and 3 RU, respectively (Fig. 3B). Similarly, the 
signals of LvToll3-ECD for CpG-A, CpG-B, CpG-C 
and CpG-P were 20, 5, 7 and 3 RU respectively (Fig. 
3C). No binding signal was observed in CpG-N and 
blank groups throughout the experiment. And all the 
four types CpG ODNs did not display any binding 
signal with rTrx (Fig. 3D). CpG-A exhibited the 
strongest binding activity among the three 
LvToll-ECD and it displayed a binding signal of 35 
RU with LvToll1-ECD, which was significantly higher 
than that of CpG-A with LvToll2-ECD (20 RU) and 
LvToll3-ECD (20 RU). 
 
The mRNA expression of LvIRF, LvVago4 and 
LvSTAT genes in hepatopancreas after CpG ODNs 
treatment 

LvIRF (KM277954), LvVago4 (HQ541161.1) 
and LvSTAT (AGT28261.1) were selected to 
investigate the induction of CpG ODNs on the 

activation of the IFN system-like response in shrimp. 
After stimulations of CpG-A and CpG-P, the mRNA 
expression of the three genes increased significantly 
compared with that in CpG-N group and PBS group. 
The mRNA expression levels of LvIRF, LvVago4 and 
LvSTAT were significantly up-regulated and reached 
peak at 24 h after injection of CpG-A, which were 
6.08-fold, 24.92-fold and 14.73-fold (p < 0.01) of 
those in PBS group, respectively (Fig. 4). At 12 h 
post CpG-P injection, the mRNA expression levels of 
LvVago4 and LvSTAT genes were also significantly 
up-regulated, which were 9.24-fold and 13.08-fold (p 
< 0.01) compared with those in PBS group (Figs 4B, 
C). In addition, CpG-B could induce the 
up-regulation of LvIRF at 6 h with 2.27-fold (p < 0.01) 
of that in PBS group and CpG-C could induce the 
up-regulation of LvSTAT at 3 h with 1.60-fold (p < 
0.01) of that in PBS group, which were significantly 
lower than that in CpG-A and CpG-P group (Figs 4A, 
C). No significant difference in the expression level 
of LvIRF, LvVago4 and LvSTAT was observed 
between the control groups (treated with CpG-N and 
PBS) throughout the experiment. 
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Fig. 4 Temporal expression of (A) LvIRF, (B) LvVago4 and (C) LvSTAT mRNA detected by qRT-PCR in shrimp 
hepatopancreas after in vivo CpG-A, CpG-B, CpG-C, CpG-P, CpG-N and PBS injection at 3, 6, 12 and 24 h. 
Comparison of the level of mRNA (relative to 18S rRNA gene) was normalized to 0 h. Data presented as mean ± 
S.D. (N = 4). The significant differences between the treated groups and control groups were subjected to one-way 
analysis of variance (one-way ANOVA). 
 
 
The probable IFN protein level in plasma after CpG 
ODNs treatment 

The probable IFN protein level in plasma of 
shrimps after CpG ODN treatments was determined 
using the fish IFN ELISA kit. CpG-A, CpG-B and 
CpG-P could induce the increase of probable IFN 
level in plasma. The concentration of probable IFN in 
CpG-A group was significantly up-regulated at 3 h 
and reached the peak (2.60-fold, p < 0.01) at 24 h 
(Fig. 5). Compared with the probable IFN protein 
level in PBS group (Fig. 5), CpG-B group increased 
at 6 h (1.39-fold, p < 0.01) and CpG-P group also 
increased at 24 h (1.91-fold, p < 0.01) respectively, 
while they were both significantly lower than that in 
CpG-A group. In addition, there was a significant 
decrease in CpG-C group at 6h and an increase in 
CpG-N group at 3h in comparison to the PBS control 
(Fig. 5). 
 
The phagocytic rate of shrimp hemocytes after CpG 
ODNs treatment 

The phagocytic rate of shrimp hemocytes was 
recorded by using the relative fluorescence intensity. 
After injections of CpG-A, CpG-B, CpG-C and 

CpG-P, the phagocytic rate of hemocytes increased 
in comparison with that from the shrimps treated with 
CpG-N and PBS. In CpG-A group, the phagocytic 
rate of hemocytes was up-regulated at 3 h and 
reached the peak at 6 h (1.63-fold of that in PBS 
group, p < 0.01) (Fig. 6). In CpG-B group, the 
phagocytic rate increased to the maximum at 6 h 
(1.60-fold of that in PBS group, p < 0.01) (Fig. 6). In 
CpG-P and CpG-C groups, the peak level of the 
phagocytic rate was detected at 6 h and 12 h, which 
were 1.40-fold and 1.15-fold (p < 0.01) of that in PBS 
group, respectively (Fig. 6). The maximum levels of 
phagocytic rate in CpG-A group and CpG-B group 
were significantly higher than that in CpG-C and 
CpG-P groups. There was no obvious difference 
between the control (CpG-N and PBS) groups 
throughout the experiment. 
 
The ROS level in hemocytes after injection of CpG 
ODNs 

The level of ROS generation in hemocytes 
after CpG ODNs injection was recorded by using 
the relative fluorescence intensity. CpG-A, CpG-B 
and CpG-C could increase the ROS generation in 
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Fig. 5 Determination of probable IFN in plasma after injection of CpG ODNs using the commercially fish IFN ELISA 
kit. Data presented as mean ± S.D. (N = 3). The significant differences between the treated groups and control 
groups were subjected to one-way analysis of variance (one-way ANOVA). 
 
 
 
 
hemocytes compared with CpG-N and PBS. After 
injection of CpG-A and CpG-B, the ROS levels 
increased significantly at 3 h and reached the peak 
at 6 h, which were 9.98-fold (p < 0.01) for CpG-A 
and 4.92-fold (p < 0.01) for CpG-B of those in PBS 
group, then they recovered to the original level at 24 
h (Fig. 7). In the CpG-C group, the ROS levels also 
increased at 6 h, which were 2.22-fold (p < 0.01) 
compared with those in PBS group (Fig. 7). No 
significant difference was detected among the 
CpG-P, CpG-N and PBS groups during the whole 
experimental period with exception of 6 h post 
injection, at which the ROS levels in CpG-P and 
CpG-N groups were 1.88-fold and 1.92-fold (p < 0.01) 
of that in PBS group, respectively (Fig. 7). 
 
Discussion 

 
CpG ODNs with unmethylated CpG 

dinucleotides (CpG motifs) are one type of important 
immunomodulators which could induce various 
immune responses. Four types of CpG ODNs with 
diverse characteristics exhibit different cellular and 
humoral immune effects in mammals (Shirota and 
Klinman, 2014). For example, A and P-type ODNs 
can trigger plasmacytoid dendritic cells (pDCs) to 

mature and secrete IFN-, whereas B-type ODNs 
mainly stimulate NFкB-mediated signaling pathway 
resulting in strong B cell activation (Krug et al., 2001; 
Vollmer and Krieg, 2009). In our previous studies, 
tandem ODNs sequence has been observed to bind 

LvTolls, activate antiviral associated factors and 
enhance the survival rates of L. vannamei (Zhang et 
al., 2010; Sun et al., 2013; Yi et al., 2014), but the 
exactly effects of a certain type of CpG ODNs is still 
not clear. In the present study, four types of CpG 
ODNs (CpG-A, CpG-B, CpG-C, and CpG-P) were 
employed to evaluate their immune enhancement 
effects. 

It is widely demonstrated that CpG ODNs have 
antiviral effects in multiple vertebrate species. In 
woodchuck, the combination therapy with CpG 
ODNs could induce early antiviral response and 
enhance the inhibition of viral replication in the 
hepadnaviral infection (Meng et al., 2016). Similarly, 
the antiviral DNA vaccine containing multi-copy of 
CpG fragment showed increased immunogenicity to 
viral hemorrhagic septicemia virus (VHSV) in fish 
(Martinez-Alonso et al., 2011). Recently, CpG ODN 
has been applied as an immunopotentiator against 
pathogens in crustacean aquaculture and the 
previous studies have revealed that CpG ODNs 
could increase the survival rate after WSSV injection 
(Zhang et al., 2010; Yi et al., 2014). It is generally 
believed that higher survival rate against virus 
should be associated with lower viral loads (Jang et 
al., 2009). In the present study, all the four kinds of 
CpG ODNs were observed to be able to inhibit 
WSSV copies in shrimps on the third and fifth day 
after treatment. CpG-A displayed the strongest 
inhibition on WSSV, while CpG-B, CpG-C and 
CpG-P were less efficient. The results indicated that 
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Fig. 6 Hemocyte phagocytic rate of CpG-A, CpG-B, CpG-C, CpG-P, CpG-N and PBS treated shrimps at 3, 6, 12, 
24 h post injection. Data presented as mean ± S.D. (N = 3). The significant differences between the treated groups 
and control groups were subjected to one-way analysis of variance (one-way ANOVA). 
 
 
 
 
CpG-A should play an important role in shrimp 
immune response against the invading of WSSV. 
The biological properties of different types of CpG 
ODN are diverse in mammals, and it is suspected 
that the difference of anti-WSSV effects should be 
related to their involvements in the activation of 
shrimp immune system. 

CpG motifs are considered as one of PAMPs 
due to their abundance in microbial genomes and 
rarity in animal genomes (Bauer and Wagner, 2002). 
As a classical type of PAMPs, CpG ODNs could be 
recognized by some conserved TLRs in various 
species (Keestra et al., 2010; Kumagai et al., 2008). 
So far, three Tolls (LvToll1, LvToll2 and LvToll3) 
have been identified from L. vannamei (Wang et al., 
2012; Yang et al., 2007). In the present study, the 
mRNA expression levels of LvTolls in 
hepatopancreas of shrimps after CpG ODNs 
stimulation and the binding affinity between 
LvToll-ECDs and CpG ODNs were investigated. 
After treated with CpG-A and CpG-P, the expression 
levels of LvTolls were significantly up-regulated, 
while the treatments of CpG-B and CpG-C could not 
change the expression of LvTolls significantly. 
Meanwhile, CpG-A exhibited the strongest activity to 
induce the expression of LvTolls, and the expression 
of LvToll1 was highest after CpG-A treatment. It was 
speculated that the antiviral effects of CpG ODNs 
were associated with their promotion of LvToll 
expressions. Correspondingly, CpG-A exhibited the 
strongest binding activity towards LvToll1-ECD in 

SPR assay, which was significantly higher than that 
towards LvToll2-ECD and LvToll3-ECD, indicating 
that LvToll1 should be the main receptor of CpG-A in 
shrimp. Furthermore, ECD of LvToll1 was found to 
share high identity with that of HsTLR9 (56 %), the 
receptor of CpG ODNs in human (Bauer et al., 2001; 
Sun et al., 2014), providing convincing evidence to 
our conclusion that LvToll1 was the receptor of 
CpG-A. 

The activation of the TLR signaling pathway by 
CpG ODNs could induce a series of cellular immune 
responses. For instance, the recognition of CpG 
DNA by TLR could activate the expression of genes 
involved in phagocytosis in mice cells (Doyle et al., 
2004). As a powerful cellular response, 
phagocytosis plays a pivotal role in clearance of 
influenza virus and Hepatitis C virus (HCV) in 
mammals (Fujimoto et al., 2000; Huber et al., 2001; 
Bang and Saito, 2015). Similarly, phagocytosis also 
plays important roles in antiviral immunity in 
crustaceans (Wang and Zhang; 2008; Liu et al., 
2009). The accumulated evidences have proved that 
CpG ODNs could induce phagocytic activity in 
various aquatic animals (Tassakka and Sakai, 2002; 
Zhao et al., 2016). In the present study, the 
phagocytic rate was significantly enhanced by 
CpG-A and CpG-B treatment, providing direct 
evidence for the resistance to WSSV infection of 
shrimps immunized by CpG ODNs. It has been 
suggested that the enhanced phagocytosis might 
contribute to the partial protective functions of CpG 
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Fig. 7 Intracellular ROS level of CpG-A, CpG-B, CpG-C, CpG-P, CpG-N and PBS treated shrimps at 3, 6, 12, 24 h 
post injection. Data presented as mean ± S.D. (N = 3). The significant differences between the treated groups and 
control groups were subjected to one-way analysis of variance (one-way ANOVA). 
 
 
 
 
 
ODNs in decreasing the virus load of WSSV (Zhang 
et al., 2010). Apart from phagocytosis, CpG ODNs 
could also increase the ROS generation 
in immune cells. For instance, CpG DNA promoted 
the ROS burst in murine B cells, which was linked to 
the activation of NFкB and then accelerated the 
leukocyte gene transcription and cytokine secretion 
(Yi et al., 1998). As a product of cellular metabolism, 
ROS is involved in the regulation of viral infection 
(Skulachev, 1998; Waris et al., 2005). In human, 
ROS could disrupt the activity of HCV replication 
complexes in hepatoma cells to inhibit its replication 
(Choi et al., 2004). Moreover, ROS was 
demonstrated to be essential in the defense against 
influenza A virus infection through IFN-related 
immune responses (Kim et al., 2015). In the present 
study, the intracellular ROS level in hemocytes of 
CpG-A and CpG-B stimulated shrimps increased 
significantly, which displayed a similar trend with the 
phagocytic rate. The boosted ROS level was 
previously reported to contribute to the decreased 
WSSV copies in CpG ODNs pre-treated shrimps 
(Sun et al., 2013). The results suggested that the 
inhibition CpG-A and CpG-B on WSSV might partly 
result from the increase of cellular immunity 
including the phagocytic rate and intracellular ROS 
generation. 

Apart from activation of cellular immunity, the 
recognition of CpG DNA or single-stranded RNA by 
pattern recognition receptors (PRRs) also promotes 

humoral immunity including the secretion of 
proinflammatory cytokines, chemokines and type I 
IFNs, which are the hallmarks of host innate immune 
system in defending against viral infections in 
mammals (Sadler and Williams, 2008; Takeuchi and 
Akira, 2009). In vertebrates, CpG DNA could be 
recognized by TLR9 and then activated the 
downstream IFN regulation factor (IRF) to promote 
the secretion of type I IFN (Kumar et al., 2009; 
Takeuchi and Akira, 2009), and consequently 
activated JAK/STAT pathway via the interaction with 
the IFN receptor (Sadler and Williams, 2008). Li et al. 
(2015) reported that shrimp might possess an 
IRF-Vago-JAK/STAT regulatory axis, which was 
similar to the IRF-IFN-JAK/STAT antiviral axis of 

vertebrates，indicating that shrimp might possess an 

IFN system-like antiviral mechanism. The Vago 
gene from arthropods encodes a viral-activated 
secreted peptide that restricts virus infection through 
activating the JAK-STAT pathway and it is 
considered as a cytokine functionally similar to IFN; 
as Vago has been suggested to be an IFN-like 
protein and IRFs to be conserved from invertebrates 
to mammals, it could be seen that the shrimp Vago 
system exhibits similarity to the mammalian IFN 
system (Li et al., 2015). In the present study, the 
temporal expression of IFN system-like related 
genes (LvIRF, LvVago4 and LvSTAT) were detected 
after the treatments with different types of CpG ODN. 
The mRNA expression of LvIRF, LvVago4 and 
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LvSTAT in hepatopancreas of CpG-A and CpG-P 
treated shrimps were dramatically up-regulated 
compared with that in the control groups and other 
CpG ODNs groups. Moreover, the level of probable 
IFN in plasma was also increased significantly in 
CpG-A and CpG-P groups, indicating that CpG-A 
and CpG-P might promote the secretion of the 
probable IFN in shrimp. Meanwhile, all the above 
responses were significantly higher in CpG-A group 
than that in CpG-P group. In vertebrates, type I IFNs 
activate intracellular signaling pathways and 
regulate the expression of a set of genes, which are 
involved in eliminating viral components from 
infected cells and conferring resistance to viral 
infection on uninfected cells. Therefore, the high 
antiviral effect of CpG-A was possible related to the 
downstream IFN system-like response. These 
results indicated that CpG-A might induce the 
IRF-Vago-JAK/STAT pathway in shrimp, and the 
CpG-mediated antiviral pathway might be 
evolutionarily conserved in crustacean. 

In conclusion, CpG-A can stimulate relatively 
higher antiviral effects in shrimp L. vannamei with 
effective inhibition to WSSV. The antiviral effects of 
CpG-A are directly related to its preferable binding 
affinity to LvToll1 as well as the following increased 
cellular and humoral immunity including the 
phagocytotic activity, the ROS level and the IFN 
system-like antiviral response. These results 
provided theoretical basis for the application of 
CpG-A as an immunologic adjuvant in shrimp 
aquaculture. 
 
Acknowledgments 

The authors are grateful to all the laboratory 
members for the technical advice and helpful 
discussion. This research was supported by National 
Basic Research Program of China (973 Program, No. 
2012CB114405), Natural Science Foundation of 
China (No. 31530069), and Dalian high level talent 
innovation support program (No. 2015R020). 

 
References 
Bang BR, Saito T. Hepatic macrophage regulation of 

Hepatitis C virus infection. Cytokine 76: 111-111, 
2015. 

Bauer S, Kirschning CJ, Hacker H, Redecke V, 
Hausmann S, Akira S, et al. Human TLR9 
confers responsiveness to bacterial DNA via 
species-specific CpG motif recognition. Proc. 
Natl. Acad. Sci. USA 98: 9237-9242, 2001. 

Bauer S, Wagner H. Bacterial CpG-DNA licenses 
TLR9. Curr. Top. Microbiol. 270: 145-154, 2002. 

Bode C, Zhao G, Steinhagen F, Kinjo T, Klinman DM. 
CpG DNA as a vaccine adjuvant. Exp. Rev. 
Vaccines 10: 499-511, 2011. 

Borges O, Cordeiro-da-Silva A, Tavares J, Santarem 
N, de Sousa A, Borchard G, et al. Immune 
response by nasal delivery of hepatitis B surface 
antigen and codelivery of a CpG ODN in alginate 
coated chitosan nanoparticles. Eur. J. Pharm. 
Biopharm. 69: 405-416, 2008. 

Chen Y, Xiang LX, Shao JZ. Construction of a 
recombinant plasmid containing multi-copy CpG 
motifs and its effects on the innate immune 
responses of aquatic animals. Fish Shellfish 

Immunol. 23: 589-600, 2007. 
Cho HJ, Takabayashi K, Cheng PM, Nguyen MD, 

Corr M, Tuck S, et al. Immunostimulatory 
DNA-based vaccines induce cytotoxic 
lymphocyte activity by a T-helper 
cell-independent mechanism. Nat. Biotechnol. 
18: 509-514, 2000. 

Choi JN, Lee KJ, Zheng YY, Yamaga AK, Lai MMC, 
Ou JH. Reactive oxygen species suppress 
hepatitis C virus RNA replication in human 
hepatoma cells. Hepatology 39: 81-89, 2004. 

Colonna M, Trinchieri G, Liu YJ. Plasmacytoid 
dendritic cells in immunity. Nat. Immunol. 5: 
1219-1226, 2004. 

Doyle SE, O'Connell RM, Miranda GA, Vaidya SA, 
Chow EK, Liu PT, et al. Toll-like receptors 
induce a phagocytic gene program through p38. 
J. Exp. Med. 199: 81-90, 2004. 

Fujimoto I, Pan JH, Takizawa T, Nakanishi Y. Virus 
clearance through apoptosis-dependent 
phagocytosis of influenza a virus-infected cells 
by macrophages. J. Virol. 74: 3399-3403, 2000. 

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, 
Sanjo H, et al. A Toll-like receptor recognizes 
bacterial DNA. Nature 408: 740-745, 2000. 

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, 
Mizutani T, et al. IRF-7 is the master regulator of 
type-I interferon-dependent immune responses. 
Nature 434: 772-777, 2005. 

Hong XT, Xiang LX, Shao JZ. The 
immunostimulating effect of bacterial genomic 
DNA on the innate immune responses of bivalve 
mussel, Hyriopsis cumingii Lea. Fish Shellfish 
Immunol. 21: 357-364, 2006. 

Huber VC, Lynch JM, Bucher DJ, Le J, Metzger DW. 
Fc receptor-mediated phagocytosis makes a 
significant contribution to clearance of influenza 
virus infections. J. Immunol. 166: 7381-7388, 
2001. 

Jang IK, Meng XH, Seo HC, Cho YR, Kim BR, 
Ayyaru G, et al. A TaqMan real-time PCR assay 
for quantifying white spot syndrome virus 
(WSSV) infections in wild broodstock and 
hatchery-reared postlarvae of fleshy shrimp, 
Fenneropenaeus chinensis. Aquaculture 287: 
40-45, 2009. 

Keestra AM, de Zoete MR, Bouwman LI, van Putten 
JPM. Chicken TLR21 Is an Innate CpG DNA 
receptor distinct from mammalian TLR9. J. 
Immunol. 185: 460-467, 2010. 

Kim S, Kim MJ, Park DY, Chung HJ, Kim CH, Yoon 
JH, et al. Mitochondrial reactive oxygen species 
modulate innate immune response to influenza 
A virus in human nasal epithelium. Antivir. Res. 
119: 78-83, 2015. 

Klinman DM. Immunotherapeutic uses of CpG 
oligodeoxynucleotides. Nat. Rev. Immunol. 4: 
248-257, 2004. 

Krieg AM. CpG motifs in bacterial DNA and their 
immune effects. Annu. Rev. Immunol. 20: 
709-760, 2002. 

Krieg AM. Therapeutic potential of Toll-like receptor 
9 activation. Nat. Rev. Drug Discov. 5: 471-484, 
2006. 

Krug A, Rothenfusser S, Hornung V, Jahrsdorfer B, 
Blackwell S, Ballas ZK, et al. Identification of 

javascript:void(0);


 

409 

 

CpG oligonucleotide sequences with high 
induction of IFN-alpha/beta in plasmacytoid 
dendritic cells. Eur. J. Immunol. 31: 2154-2163, 
2001. 

Kumagai Y, Takeuchi O, Akira S. TLR9 as a key 
receptor for the recognition of DNA. Adv. Drug 
Deliver. Rev. 60: 795-804, 2008. 

Kumar H, Kawai T, Akira S. Pathogen recognition in 
the innate immune response. Biochem. J. 420: 
1-16, 2009. 

Levy DE, Marie IJ, Durbin JE. Induction and function 
of type I and III interferon in response to viral 
infection. Curr. Opin. Virol. 1: 476-486, 2011. 

Li CZ, Li HY, Chen YX, Chen YG, Wang S, Weng SP, 
et al. Activation of Vago by interferon regulatory 
factor (IRF) suggests an interferon system-like 
antiviral mechanism in shrimp. Sci. Rep-Uk. 5, 
2015. 

Li FH, Xiang JH. Recent advances in researches on 
the innate immunity of shrimp in China. Dev. 
Comp. Immunol. 39: 11-26, 2013. 

Liu HP, Soderhall K, Jiravanichpaisal P. Antiviral 
immunity in crustaceans. Fish Shellfish Immunol. 
27: 79-88, 2009. 

Martinez-Alonso S, Martinez-Lopez A, Estepa A, 
Cuesta A, Tafalla C. The introduction of 
multi-copy CpG motifs into an antiviral DNA 
vaccine strongly up-regulates its immunogenicity 
in fish. Vaccine 29: 1289-1296, 2011. 

Martinson JA, Tenorio AR, Montoya CJ, Al-Harthi L, 
Gichinga CN, Krieg AM, et al. Impact of class A, 
B and C CpG-oligodeoxynucleotides on in vitro 
activation of innate immune cells in human 
immunodeficiency virus-1 infected individuals. 
Immunology 120: 526-535, 2007. 

Meng ZJ, Zhang XY, Pei RJ, Zhang EJ, Kemper T, 
Vollmer J, et al. Combination therapy including 
CpG oligodeoxynucleotides and entecavir 
induces early viral response and enhanced 
inhibition of viral replication in a woodchuck 
model of chronic hepadnaviral infection. Antivir. 
Res. 125: 14-24, 2016. 

Sadler AJ, Williams BRG. Interferon-inducible 
antiviral effectors. Nat. Rev. Immunol. 8: 
559-568, 2008. 

Samulowitz U, Weber M, Weeratna R, Uhlmann E, 
Noll B, Krieg AM, et al. A novel class of 
immune-stimulatory CpG oligodeoxynucleotides 
unifies high potency in type I interferon induction 
with preferred structural properties. 
Oligonucleotides 20: 93-101, 2010. 

Shirota H, Klinman DM. CpG-conjugated apoptotic 
tumor cells elicit potent tumor-specific immunity. 
Cancer Immunol. Immun. 60: 659-669, 2011. 

Shirota H, Klinman DM. Recent progress concerning 
CpG DNA and its use as a vaccine adjuvant. 
Expert Rev. Vaccines 13: 299-312, 2014. 

Shirota H, Sano K, Kikuchi T, Tamura G, Shirato K. 
Regulation of murine airway eosinophilia and 
Th2 cells by antigen-conjugated CpG 
oligodeoxynucleotides as a novel 
antigen-specific immunomodulator. J. Immunol. 
164: 5575-5582, 2000. 

Skulachev VP. Possible role of reactive oxygen 
species in antiviral defense. Biochemistry 
(Moscow) 63: 1438-1440, 1998. 

Su H, Yuan GL, Su JG. A specific CpG 
oligodeoxynucleotide induces protective antiviral 
responses against grass carp reovirus in grass 
carp Ctenopharyngodon idella. Dev. Comp. 
Immunol. 60: 218-227, 2016. 

Sun MZ, Wang LL, Jiang S, Liu R, Zhao DP, Chen H, 
et al. CpG ODNs induced autophagy via reactive 
oxygen species (ROS) in Chinese mitten crab, 
Eriocheir sinensis. Dev. Comp. Immunol. 52: 1-9, 
2015. 

Sun R, Qiu LM, Yue F, Wang LL, Liu R, Zhou Z, et al. 
Hemocytic immune responses triggered by CpG 
ODNs in shrimp Litopenaeus vannamei. Fish 
Shellfish Immunol. 34: 38-45, 2013. 

Sun R, Wang MQ, Wang LL, Yue F, Yi QL, Huang 
MM, et al. The immune responses triggered by 
CpG ODNs in shrimp Litopenaeus vannamei are 
associated with LvTolls. Dev. Comp. Immunol. 
43: 15-22, 2014. 

Sun R, Yue F, Qiu LM, Zhang Y, Wang LL, Zhou Z, 
et al. The CpG ODNs enriched diets enhance 
the immuno-protection efficiency and growth 
rate of Chinese mitten crab, Eriocheir sinensis. 
Fish Shellfish Immunol. 35: 154-160, 2013. 

Tafaghodi M, Tabassi SAS, Jaafari MR. Induction of 
systemic and mucosal immune responses by 
intranasal administration of alginate 
microspheres encapsulated with tetanus toxoid 
and CpG-ODN. Int. J. Pharm. 319: 37-43, 2006. 

Takeshita F, Leifer CA, Gursel I, Ishii KJ, Takeshita 
S, Gursel M, et al. Cutting edge: Role of toll-like 
receptor 9 in CpG DNA-induced activation of 
human cells. J. Immunol. 167: 3555-3558, 2001. 

Takeuchi O, Akira S. Innate immunity to virus 
infection. Immunol. Rev. 227: 75-86, 2009. 

Tassakka ACMAR, Sakai M. CpG 
oligodeoxynucleotides enhance the non-specific 
immune responses on carp, Cyprinus carpio. 
Aquaculture 209: 1-10, 2002. 

Vollmer J, Krieg AM. Immunotherapeutic 
applications of CpG oligodeoxynucleotide TLR9 
agonists. Adv. Drug Deliver. Rev. 61: 195-204, 
2009. 

Wang PH, Liang JP, Gu ZH, Wan DH, Weng SP, Yu 
XQ, et al. Molecular cloning, characterization 
and expression analysis of two novel Tolls 
(LvToll2 and LvToll3) and three putative Spatz 
le-like Toll ligands (LvSpz1-3) from Litopenaeus 
vannamei. Dev. Comp. Immunol. 36: 359-371, 
2012. 

Wang PH, Yang LS, Gu ZH, Weng SP, Yu XQ, He 
JG. Nucleic acid-induced antiviral immunity in 
shrimp. Antivir. Res. 99: 270-280, 2013. 

Wang W, Zhang XB. Comparison of antiviral 
efficiency of immune responses in shrimp. Fish 
Shellfish Immunol. 25: 522-527, 2008. 

Waris G, Turkson J, Hassanein T, Siddiqui A. 
Hepatitis C virus (HCV) constitutively activates 
STAT-3 via oxidative stress: Role of STAT-3 in 
HCV replication. J. Virol. 79: 1569-1580, 2005. 

Wu WL, Zong RR, Xu JY, Zhang XB. Antiviral 
phagocytosis is regulated by a novel 
rab-dependent complex in shrimp Penaeus 
japonicus. J. Proteome Res. 7: 424-431, 2008. 

Xu JY, Han F, Zhang XB. Silencing shrimp white 
spot syndrome virus (WSSV) genes by siRNA. 



 

410 

 

Antivir. Res. 73: 126-131, 2007. 
Yang LS, Yin ZX, Liao JX, Huang XD, Guo CJ, 

Weng SP, et al. A Toll receptor in shrimp. Mol. 
Immunol. 44: 1999-2008, 2007. 

Yi AK, Tuetken R, Redford T, Waldschmidt M, Kirsch 
J, Krieg AM. CpG motifs in bacterial DNA 
activate leukocytes through the pH-dependent 
generation of reactive oxygen species. J. 
Immunol. 160: 4755-4761, 1998. 

Yi Q, Liu R, Sun R, Wang L, Zhou Z, Wang M, et al. 
The protection of CpG ODNs and Yarrowia 
lipolytica harboring VP28 for shrimp Litopenaeus 
vannamei against White spot syndrome virus 
infection. Inv. Surv. J. 11: 119-131, 2014. 

Zhang Y, Song LS, Zhao JM, Wang LL, Kong PF, 

Liu L, et al. Protective immunity induced by CpG 
ODNs against white spot syndrome virus 
(WSSV) via intermediation of virus replication 
indirectly in Litopenaeus vannamei. Dev. Comp. 
Immunol. 34: 418-424, 2010. 

Zhao D, Song L, Liu R, Liang Z, Wang L, Sun M, et 
al. The immunosuppressive effects of 
continuous CpG ODNs stimulation in chinese 
mitten crab, Eriocheir sinensis. Inv. Surv. J. 13: 
34-43, 2016. 

Zhou Z, Wang L, Kong P, Qiu L, Zhang H, Gao Y, et 
al. A gamma-aminobutyrate type A 
receptor-associated protein involved in the 
immune response of Eriocheir sinensis. Int. J. 
Immunogen. 39: 46-54, 2012. 

 
 
 


