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C-type lectin has received widespread attention in animal immunomodulation functions since it was discovered,
but it is still limited in crustaceans. The present study is to explore effects of one recombinant C-type lectin (LvLec
protein) on haemocyte immune response in Litopenaeus vannamei (L. vannamei). The methods of keeping hae-
mocyte immune activity were optimised by the Key Laboratory of Mariculture. The experiment was divided into
four groups: control group, recombinant protein group (LvLec protein, 1.0 mg mL~ '), Lipopolysaccharide group
(LPS, 1.0mg mL™Y), and LPS combine with LvLec protein group (LPS + LvLec protein,
1.0mg mL™! + 1.0 mg mL™1), while each group processes 0, 3, 6, 9, 12, and 24 h respectively. The results
showed that the haemocyte count reduced, while the exocytosis PO activity, hemagglutinating activity and
phagocytic activity promoted, and the concentration of cGMP and PKA increased after LvLec protein treatment.
However, the levels of antibacterial activity and bacteriolytic activity as well as the concentrations of cAMP and
PKG did not change significantly after treating with LvLec protein, LPS or LPS + LvLec protein. Therefore, these
results suggest that LvLec protein can stimulate the exocytosis PO activity through cGMP-PKA pathway to affect

the phagocytic activity and hemagglutinating activity of L. vannamei haemocytes in vitro.

1. Introduction

Invertebrates lack adaptive immune system and mainly rely on in-
nate immunity to resist the invasion of pathogenic microorganisms
[1-4]. Invertebrates rely on innate immunity system including circu-
lating haemocytes and various active factors existing in haemocytes or
being released from heamocytes into the hemolymph upon activation
[1,4]. Haemocytes are involved in phagocytosis, which is an important
process of eliminating microorganisms or foreign particle, as well as in
melanization and encapsulation [5-7]. The immune factors in hemo-
lymph include phenoloxidase (PO), C-type lectin, lysins, peptides,
hormones, etc [8-13]. Recently, researchers have paid more attention
to the role of agglutination system in immune regulation of in-
vertebrates including Penaeus monodon, Litopenaeus vannamei, Macro-
brachium nipponense, Portunus trituberculatus, and Crassostrea gigas
[14-18]. Lectins, as one of the most crucial agglutinating factors, are
well known to take an active participate in the defense functions of
vertebrates and invertebrates for they play important roles in the re-
cognition of foreign particle [19,20].

C-type lectins are a superfamily of more than 1,000 members that
are defined by one or more characteristic of C-type lectin-like domains
(CTLDs), which have been subdivided into 17 subgroups on the basis of

their phylogeny and domain organization [21,22]. They are known for
their ability to agglutinate particles as carbohydrate-binding protein
[23,24], which can serve as recognition molecules and mediate the
biological activity of cell-surface saccharides [25-27]. Their specificity
is usually defined by the carbohydrates that inhibit lectin-induced ag-
glutination [28-30]. In addition, they are also involved in innate im-
mune responses, including the promotion of phagocytosis, nodule for-
mation, encapsulation, and melanization in invertebrates [31-34].
Furthermore, lectins from some invertebrate species may participate in
activation of enzymatic cascades, for example, it from tobacco horn-
worm Manduca sexta (Insecta: Lepidoptera) and Eriocheir sinensis are
able to activate the prophenoloxidase (pro-PO) system [35,36], and
that from Macrobrachium rosenbergii can regulate haemocytes oxidative
processes [37,38]. In some crustacean species, lectins are stored in
haemocyte cytoplasmic granules and released to extracellular space
upon infectious challenge [38,39]. After recognition, these factors sti-
mulate immune responses by activating proteases present in the he-
molymph and using intracellular signaling pathways in immune-re-
sponsive tissues [8,40,41]. However, the relationship between C-type
lectin and pro-PO system in invertebrate haemocytes remains unclear.

In haemocytes, several protein kinases, such as protein kinase A
(PKA), protein kinase C (PKC) and protein kinases G (PKG), have been
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found playing important parts in the regulation of the innate immune
system, which were regulated by second messengers including cyclic
adenosine monophosphate (cAMP) and cyclic guanosine monopho-
sphate (cGMP) [42-45]. Many previous studies have indicated that the
activation of the pro-PO system of prawn haemocytes, including de-
granulation and PO activity, is induced by a PKC-activating signaling
[46,47]. However, Solon et al. demonstrated that lipopolysaccharide
(LPS, major constituents of the outer membrane of bacteria)-induced
haemocytes exocytosis in the horseshoe crab (Limulus polyphenmus) had
no correlation with PKC signal pathway [48,49]. Most studies have
reported that cAMP-PKA and c¢cGMP-PKG pathway regulated the im-
mune response in crustaceans [50-52]. Nevertheless, biological func-
tion of cGMP-PKA pathway rather than ¢cGMP-PKG pathway has also
been found in Japanese tree frog and Schizosaccharomyces pombe
[53,54]. Furthermore, a C-type lectin overexpressed in hepatocellular
carcinoma can alter the PKA signal [55]. However, as one of the most
important immune factors, it remains unclear how C-type lectin medi-
ated signal pathways of immune defense is integrated form an effective
response against invading bacterial pathogens to kill and eliminate
bacteria, especially in crustaceans.

Due to the high commercial value and excellent property of
breeding, the white shrimp, Litopenaeus vannamei (L. vannamei), has
become the main aquatic animal cultured in coastal regions of China
[50,56]. In recent years, however, the massive outbreaks of diseases
have seriously affected the shrimp farming [57]. Therefore, more at-
tentions have been paid to the regulation of immune defense in shrimp.
To the best of our knowledge, studies on the mechanism of C-type lectin
for immune defense are limited. In the present study, we investigated
the effect of recombinant protein (LvLec protein) and/or LPS on the
activation of the pro-PO system and the signaling pathway involved in
activating haemocytes of L. vannamei in vitro. The exocytosis path of
haemocytes under C-type lectin and/or LPS was also explored, for the
sake of providing a scientific basis for the regulation mechanism of C-
type lectin on pro-PO system in shrimp.

2. Materials and methods
2.1. Animals

Adults of white shrimp L. vannamei (8.2 *+ 0.5 cm) were obtained
from a shrimp farm in Shazikou, Qingdao, China. Prior to the experi-
ment, the shrimps were acclimated in tanks (40 cm X 50 cm X 60 cm)
containing aerated water (salinity 30%o, pH 7.8) with air-lift at tem-
perature (22 = 0.5°C) for 7 d. Half of the water in each tank was re-
newed twice daily. During the acclimation period, the shrimps were fed
a formulated shrimp diet daily. Before experiment, the shrimps were
starved and immersed in penicillin-streptomycin mix solution (1000 u
mL~! penicillin and 1000pgmL~! streptomycin) for 48h. Only
healthy animals at the intermoult stage were used for experiment. The
molt stage was determined by examining the uropod in which partial
retraction of the epidermis could be distinguished [58]. All the ex-
periments were carried out in accordance with the Animal Care and Use
Committee of Ocean University of China, following the guidelines on
animal experiments of Ocean University of China.

2.2. Reagents and culture media

LPS from Escherichia coli 055: B5 was purchased from Sigma (USA).
Recombinant protein (LvLec protein) was obtained from the prokaryotic
expression of C-type lectin gene of L. vannamei (GenBank: EF583939.1)
[59], and then recombinant protein was expressed and detected by SDS-
PAGE and western-blot. The recombinant protein was purified by His-
Band resin chelating chromatography and Amicon Ultra centrifugal
filter devices, and agglutination activity was assayed successfully. The
evidence of the production and purification of the C-lectin was pub-
lished in another paper [60].
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The following commercially available cell culture media were tested
for their ability to maintain viability of L. vannamei haemocytes in vitro:
60% 2 X L-15 (GiBCOTM), 20% Foetal bovine serum (FBS) (Solarbio),
20% shrimp muscle extract (SME) which treatment process was com-
posed of collecting abdominal muscles, weighing, adding solution
containing the same amount (W/V) of Balanced Salt (BSS) as homo-
genate (18.0gL™' NaCl, 0.7gL 'KCl, 05gL™' NaHCOs,
0.54 g L.~ KH,PO,, pH was adjusted to 7.2), and making up to 3 to 4
times the volume with BBS in turn. After centrifugation at 10 000 g for
30 min, the supernatant was collected and centrifuged at 16 000 g for
30 min, and then was passed through a 0.22 um filter. The methods of
keeping haemocytes immune activity were optimised by own labora-
tory. The osmolarity of these solutions were 780 + 30 mOsM kg™ !, a
value close to the osmolarity of L.vannamei hemolymph (780 mOsM
kg™ 1). The commercially available penicillin-streptomycin mix solution
(1000 u mL ™! penicillin and 1000 pg mL ™! streptomycin were added in
0.9% NacCl, final concentration 1.0%) (Sigma) was added to medium to
minimise bacterial contamination.

2.3. Experimental design

The experiment was divided into four groups in the present study:
(1) Control group (Phosphate Buffered Saline: 23.59 gLf1 NacCl,
1.476 gL~ ! CaCl,+2H,0, 0.1351gL™! Na,HPO,4+12H,0,
0.658gL."'KCl, 4.0852gL~! MgCly*6H,0, 4.242gL~! Tris,
pH = 7.45, 780 mOsm Kg’l), (2) Recombinant protein (LvLec protein,
1.0mg mL™Y) [35,61,621, (3) Lipopolysaccharide (LPS, 1.0 mg mL™Y)
[35,62], (4) LPS and LvLec protein (LPS + LvLec protein,
1.0mgmL™! + 1.0 mg mL™"). The concentration of the recombinant
protein was selected according to preliminary experiment. For each
treatment, there were three replicate groups. 200 pL. hemolymph from
each shrimp was withdrawn from the ventral sinus using a 25-gauge
needle and 1.0 mL syringe containing an equal volume of sterile an-
ticoagulant  solution (450 mmolL~' NaCl, 10mmolL~'KCl,
10mmol L™ EDTA-Na,, 10mmolL~! HEPES, pH 7.5, osmolality
780mOsm Kg’l) [63]. Samples of the diluted hemolymph were mixed
gently in sterile eppendorf tube, and then centrifuged at 300g for
10 min at 4 °C. When supernatant fluid was discarded, the pellet was
rinsed, and re-suspended gently in cell media. Haemocyte concentra-
tion was determined using a hemacytometer and adjusted to about
1 x 10°cells mL ™" [11,64]. After 0, 3, 6, 9, 12, 24 h, we harvested and
assessed parameters respectively. Haemocytes culture was carried out
in biosafety cabinets at 25 °C.

2.4. Total haemocyte count (THC) and cell viability

For the measurements of THC and cell viability, 100 uL. haemocyte
suspension was fixed with an equal volume of 10% formaldehyde (in
order to observe better and prevent the rupture of haemocytes during
the observation process) for 30 min at 4 °C, then added a drop of 3%
Trypan blue [65]. A drop of the suspension was put in a hemacyt-
ometer, and THC was determined using an inverted phase contrast
microscope (Olympus, Japan).

2.5. Exocytosis PO activity assay

The culture medium of cultured heamocytes was to detect the ac-
tivity of exocytosis PO in this study. PO activity was measured spec-
trophotometrically using L-3, 4-dihydroxyphenyalanine (1.-DOPA) as
substrate and using trypsin as elicitor following the method described
previously [66]. 100 pL. CAC (cacodylate buffer, 0.01 M sodium caco-
dylate, 0.45M sodium chloride, 0.01 M calcium chloride, and 0.26 M
magnesium chloride; pH 7.0) [67], 100 uL samples of supernatant fluid
separated from haemocyte and 100 pL 0.3% 1-DOPA in CAC buffer were
mixed and optic density was measured at 490 nm at 2 min intervals for
30min. Absorbance measurements were made against a blank
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consisting of CAC buffer and 1-DOPA for spontaneous oxidation of the
substrate alone. One unit of enzyme activity was defined as an increase

in absorbance of 0.001 min 1.

2.6. The hemagglutinating activity

The method of hemagglutinating activity was consulted and mod-
ified by Luo [68]. Mice and rabbit erythrocytes were harvested and re-
suspended in TBS (0.14molL™' NaCl, 0.01molL™! Tris-HCI,
0.01 mol L.™! CaCl,). The rabbit and mice erythrocytes were collected
by centrifugation at 800g, 4 °C for 5 min and washed 3 times with TBS.
The erythrocytes were resuspended in TBS to a concentration of 2%
cells. The hemagglutinating activity of LvLec protein was assayed by
incubating the erythrocytes (25uL in TBS) and LvLec protein (25 uL
1mgmL~! in TBS) in 96-well plate and following that was observed
after 1 h incubation at room temperature under the microscope.

2.7. Phagocytic activity, antibacterial activity and bacteriolytic activity

Phagocytic activity of haemocytes was measured using Vibrio algi-
nolyticus [52]. Briefly, 100 uL of haemocytes suspension (1 x 107 cells
mL~ 1) and equal volume of bacterial suspension (1 x 10% cells mL ")
were pipetted into plastic micro plate. Then the mixture was incubated
in a moist chamber for 30 min at 25 °C. After incubation, the micro plate
was placed at room temperature (25 °C) for 15 min. One drop of the
mixture was pipetted onto a glass slide and then dried at room tem-
perature, fixed in methanol, stained with Giemsa stain, decolorized in
MiliQ water, air-dried and observed using Olympus light microscope
(10 x ocular, 100 X oil immersion objective). The number of phago-
cytic haemocytes among random 200 haemocytes was counted. Pha-
gocytic activity defined as phagocytic rate (PR) was calculated as:

PR (%)
cytes) X 100%

(number of phagocytic haemocytes/200 haemo-

Antibacterial activity and bacteriolytic activity in plasma were
measured using Vibrio parahaemolyticus and Micrococus lysoleikticus re-
spectively modified from the method of Hultmark [69]. On the one
hand, Vibrio parahaemolyticus is the pathogen of L. vannamei, so this
study selected it to test the antimicrobial activity. On the other hand,
detection of bacteriolytic activity by Micrococus lysoleikticus is a mature
method referenced to Hultmark et al. [65]. Briefly, 3 mL bacterial
suspension (OD570 nm = 0.3) prepared with sterile KH,PO,4/K;HPO,4
buffer (0.1 M, pH = 6.4) was added into a tube and placed in ice bath
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(0°C), then 100 pL plasma was added. The absorbance (A0) at 570 nm
was measured immediately after vortex. Afterwards, the tube was in-
cubated in water bath at 25 °C for 30 min then returned to ice bath for
10 min to stop the reaction and the optical density at 570 nm (A) was
measured again. The antibacterial activity and bacteriolytic activity,
defined as Ua® and UL respectively, were calculated as follows:

Ua?=(A0-A)/A
UL=(A0-A)/A

2.8. The signal transduction factors

The concentrations of second messengers and protein kinases were
measured using shrimp cAMP ELISA kit (BPE94058, Shanghai Lengton
Bioscience Co., LTD, China), shrimp c¢cGMP ELISA kit (BPE94048,
Shanghai Lengton Bioscience Co., LTD, China), shrimp PKA ELISA kit
(BPE94611, Shanghai Lengton Bioscience Co., LTD, China), and shrimp
PKG ELISA kit (BPE94112, Shanghai Lengton Bioscience Co., LTD,
China) according to the manufacturer's instructions. In order to guar-
antee the success of this experiment, only solution A and B as well as
stop solution were allowed as the blank group; Likewise, just 50 pL
standard dilution and 50 pL streptavidin-HRP were added in standard
group while the test group was conducted with 40 uL sample extract,
10 uL antibody and 50 pL streptavidin-HRP. The process was conducted
at 37 °C for 60 min, and then reacted at 37 °C for 10 min with chro-
mogen solution A and B added after washing the plate 5 times.
Ultimately, 50 uL stop solution was added and the OD value was
measured at 450 nm within 10 min.

2.9. Statistical analyses

All data are presented as the mean values of three independent sets
of experiments. Each value was indicated as means * standard de-
viation (S.D.). Statistical analysis was performed using SPSS software
(Version 21.0) with one-way ANOVA. If significant differences were
indicated at the 0.05 level, the Duncan Multiple Range test was used to
identify significant differences among the treatments.
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3. Results

3.1. Effects of LvLec protein on THC and cell viability of L. vannamei
haemocytes in vitro

As shown in Fig. 1, the groups of LPS and LvLec protein had a sig-
nificant effect on haemocyte count and cell viability of L. vannamei
(P < 0.05), while no remarkable difference was observed in the con-
trol group (P > 0.05). Total haemocyte count and cell viability in
three treatment groups declined in 3 h, and then kept stable after 9 h.
Effects of LPS + LvLec on the haemocyte count and cell viability of the
shrimp decreased remarkably than those of LPS or LvLec independent
action group during 3-6 h. The haemocyte count and cell viability of
the shrimp in the control group were always higher than those of the
other three groups during the experiment.

3.2. Effects of LvLec protein on the exocytosis PO and hemagglutinating
activity of L. vannamei haemocytes in vitro

The results showed that LPS and LvLec protein groups had sig-
nificant effect on exocytosis PO activity of L. vannamei haemocytes
(P < 0.05, Fig. 2). The exocytosis PO activity reached the highest peak
at 6, 9 and 9h in LPS group, LvLec protein group, and LPS + LvLec
protein group, respectively. Then the level of exocytosis PO activity in
LPS and LvLec groups recovered to the level of the control group at 12 h,
while it recovered to the control level in LPS + LvLec protein group at
24 h. The values of the exocytosis PO activity in LPS + LvLec group
were higher than that in the LvLec protein or LPS groups. The value of
exocytosis PO activity was LPS + LvLec > LvLec > LPS > control
group (Fig. 2).

The results in Table 1 indicated that the groups of LvLec protein had
a significant effect on the hemagglutinating activity (P < 0.05,
Table 1). While no significant difference was observed in LPS group and
control group. Similar with exocytosis PO activity, the level of he-
magglutinating activity was LPS + LvLec > LvLec > LPS > control
group.

3.3. Effects of LvLec protein on the phagocytic activity, antibacterial activity
and bacteriolytic activity of L. vannamei haemocytes in vitro

The results showed that phagocytic activity in LvLec protein group
are obviously changed (P < 0.05, Fig. 3 A), while it had no significant
difference in LPS and control groups (P > 0.05, Fig. 3 A). Antibacterial
activity and bacteriolytic activity in three treatment groups had no
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Table 1

Effect of LvLec protein and LPS on the hamagglutinating activity of L. vannamei.
Treatment Time(h)

0 3 6 9 12 24

COHtI'Ol 27a/A 233/}3 233/5 223/BC 2la/C 213/(3
LPS 27a/A 24 ab/B 23a/BC 22a/CD 21a/D zla/D
LvLec protein 27a/A 25 b/B 25 b/B 24b/BC 24b/BC zzab/D
LPS + LvLec protein 27a/A 26b/AB 25bc/AB 26C/AB 25bC/B 23bc/C

Notes: Small letters indicate differences among multiple treatments at the same
time-point, and capital letters indicate differences among various time-points in
the same treatment.

significant difference with the control group (P > 0.05, Fig. 3B and C).
Phagocytic activity in the LvLec protein group increased significantly
during 3-24 h compared with LPS and control groups, while there was
no significant difference with LPS + LvLec group (Fig. 3 A).

3.4. Effects of LvLec protein on the signal transduction factors of L.
vannamei haemocytes in vitro

To explore the mechanism of C-type lectin of the white shrimp for
immune defense, signal transduction factors including cAMP, ¢cGMP,
PKA, and PKC were detected. The results showed that LPS and LvLec
protein groups significantly affected the concentrations of signal
transduction factor cGMP and PKA (P < 0.05, Fig. 4B and C), while the
concentrations of cAMP and PKG didn't change significantly (P > 0.05,
Fig. 4 A, D). The concentrations of cGMP and PKA showed remarkably
increased in LPS group during 3-24h, while that were significantly
increased in LvLec group and LPS + LvLec group during 6-24h (P <
0.05, Fig. 4B and C). The value of cGMP and PKA reached the max-
imum at 9h and decreased at 12 h, then kept stable (Fig. 4B and C).

4. Discussion

C-type lectins play significant roles in both adaptive and innate
immunity to defend against pathogens, and they are involved in various
immune responses [20,22,70]. Howbeit the immune defense me-
chanism by C-type lectin remains unclear, especially in crustaceans. To
explore the effects of one recombinant LvLec on the immune defense of
L. vannamei haemocytes in vitro, this study was performed. As men-
tioned in the results part, LvLec protein and LPS can lead to a decrease
in total haemocytes count, cell viability and phagocytic activity but an
increase in hemagglutinating activity. Consistent with our results, lec-
tins from the hemolymph in Mytilus edulis and Corbicula fluminea acted
as opsonins to stimulate phagocytosis by haemocytes in vitro [71,72].
Moreover, similar results were observed in Blaberus discoidalis, Manduca
sexta, Scylla paramamosain, and Fenneropenaeus chinensis whose lectins
could enhance the cell phagocytosis and have the phenomenon of
particle agglutination [35,73-76]. In addition, increasing hemaggluti-
nation activity induced by C-type lectin was also reported in Scylla
paramamosain,  Fenneropenaeus  chinensis, and L.  vannamei
[32,40,59,75,76]. Therefore, the present results indicate recombinant
LvLec protein of L. vannamei inhibiting the haemocyte count, cell via-
bility and phagocytic activity, while promoting the hemagglutinating
activity. Moreover, the total haemocyte count reduced significantly in
LPS group, probably due to the release of PO from the haemocytes
under the LPS stimulation leading to haemocytes death and rupture.
Similar results were also presented in LvLec treatment, which may be
the effects of LvLec on some type of haemocytes that was closely related
to the release of PO, and then lead to a significant decrease in the cell
viability of haemocytes. However, how does recombinant LvLec protein
regulate these parameters in haemocytes of L. vannamei in vitro is still
unclear.

To our best knowledge, pro-PO system plays a key role in immune
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Fig. 3. Independent and simultaneous effect of LvLec protein and LPS on the
phagocytic activity, antibacterial activity, and bacteriolytic activity of L.
Vannamei heamocytes in vitro (A: Phagocytic activity; B: Antibacterial activity;
C: Bacteriolytic activity). Each bar represents the mean *+ S.D. (n = 3). Data
with different letters is significantly different (P < 0.05) among treatments.

response in invertebrate. In order to explore the relationship between
Lvlec and pro-PO system, the activity of exocytosis PO was detected in
this study. Previous studies established that lectin and LPS could acti-
vate the pro-PO system which is an important part of invertebrate im-
mune responses [36]. PO is thought to be a key enzyme in invertebrate
defense against infection and parasitization, which involves a serine
proteinase cascade that can be triggered by microbial polysaccharides
and was in some ways similar to the complement system in invertebrate
[9,77,78]. Besides, recent studies indicated that pro-PO system could be
activated by C-type lectin [35,36,74,79-81]. Moreover, Wang et al.
revealed that C-type lectin may function as a sensor, probably be
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upstream of the pro-PO activating system, that could detect the pa-
thogen invasion [82]. Presently, the exocytosis PO activity peaked at
6h, 9h and 9h, and then recovered to the control level at 12, 12 and
24h in LPS, LvLec protein, and LPS + LvLec protein groups, respec-
tively. Nevertheless, cell viability of haemocytes was decreased sig-
nificantly at 9 h, while PO activity was significant increased at the same
time. It can be speculated due to the death of haemocytes at this stage,
while the increase of PO activity in culture medium is caused by the
rupture of haemocytes. PO activity in LvLec + LPS group increased
significantly during 3-12 h, but no obvious change has been seen at 3 h
while increased clearly during 6-9 h in LyLec group. This may be due to
the fact that LvLec can promote PO activity faster and longer under LPS
stimulation than without LPS stimulation. While the PO activity re-
turned to control level in LvLec group at 12 h, but it was still sig-
nificantly higher in LPS + LvLes group at the same time, which in-
dicates that the effect of LvLec is still persistent in the presence of LPS.
Consistent with the results of this study, several reports showed that C-
type lectin can activate the extracellular PO activity in invertebrates
including Procambarus clarkii [82], Manduca sexta [34], and Eriocheir
sinensis [36]. Here, the present study results indicate that LvLec protein
can activate the pro-PO system and enhance the exocytosis PO activity.
Nevertheless, how the LvLec protein activates PO activity still remains
unclear.

Recently, several studies reported that LPS induce exocytosis in the
Limulus GR and all of these compounds are known to activate the IP3/
DAG and cAMP signal transduction pathways in both vertebrate and
invertebrate cell types [83-86]. Solon et al. showed that G-proteins
which are presumably linked to LPS receptors are involved in exocy-
tosis of the Limulus GR [48]. It has been shown that PKA play an im-
portant role in recognition protein expression and phagocytosis func-
tion in insect haemocytes [87]. In addition, several reports suggested
that the activation of the pro-PO system of prawn haemocytes, in-
cluding degranulation and PO activity, induced by ODN2006 (CpG
oligodeoxynucleotide), which is contained in genes of bacterias and
viruses, is used as molecular patterns via a PKC-activating signaling
pathway [46]. However, Solon et al. demonstrated that LPS-induced
haemocytes exocytosis in the horseshoe crab (Limulus polyphenmus) had
no correlation with PKC signal pathway [48,49]. In order to explore the
signal pathways of LvLec regulating PO activity to influence the im-
mune defense of haemocytes, the content of second messengers and
protein kinases including cAMP, cGMP, PKA, and PKG were examined.
In the present study, the concentration of cGMP and PKA in three
treatment groups increased significantly, reached the maximum at 9 h,
and kept stable after 12h. Similarly, cGMP through PKA-dependent
pathway rather than PKG pathway activates sodium transport in the
urinary bladder of the Japanese tree frog [51]. Moreover, Tsukada and
Fukuda reported that nitric oxide induced neurite extension through
cGMP-PKA pathway [88]. In addition, recent study showed that the
Schizosaccharomyces pombe fbpl gene is transcriptionally repressed by
PKA that is activated by extracellular glucose via a ¢cGMP signaling
pathway [54]. Therefore, combined with previous reports and data
from the present results, we can find that the signal transduction factors
and the immune parameters have a positive correlation. The present
study suggests that LvLec protein activates exocytosis PO activity
through ¢cGMP-PKA pathway rather than PKG pathway, thereby af-
fecting the immune response parameters including haemocyte count,
cell viability, phagocytic activity, and hemagglutinating activity of L.
vannamei haemocytes in vitro.

In conclusion, the present study documented that C-type lectin not
only modulated the pathogen recognition and hemagglutinating ac-
tivity, but also activated the pro-PO activating system of L. vannamei
haemocytes in vitro. The C-type lectin correlated with decreases in
haemocyte count, changes in exocytosis PO activity, hemagglutinating
activity, phagocytic activity and the concentration of cGMP and PKA. In
addition, C-type lectin, which exhibits the same performance as LPS,
has the same effect on immune defense, and the effect of C-type lectin is
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Fig. 4. Independent and simultaneous effect of LvLec protein and LPS on the second messenger and protein kinases concentration of L. Vannamei heamocytes in vitro

(A: cAMP; B: cGMP; C: PKA; D: PKG). Each bar represents the mean
ments.

+

more remarkable under the induction of LPS. Based on the results, it is
speculated that LvLec protein activates the exocytosis PO activity by
c¢GMP-PKA pathway, and then affects the phagocytic activity and he-
magglutinating activity of L. vannamei haemocytes in vitro. This study
provides a theoretical basis for the investigation of the immune defense
mechanism of C-type lectin in invertebrate haemocytes. In future re-
search, we will endeavor to understand how C-type lectin activates the
system of proteinases in the pro-PO system cascade of L. vannamei
haemocytes.
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