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The hepatopancreas is an important digestive and immune organ in crustacean. There
were low but stable numbers of microbes living in the hemolymph of crustacean, whereas
the organs (including hepatopancreas) of crustacean were immersed in the hemolymph. It
is very important to study the immune mechanism of the hepatopancreas against
bacteria. In this study, a novel CTL (HepCL) with two CRDs, which was mainly
expressed in the hepatopancreas, was identified in red swamp crayfish (Procambarus
clarkii). HepCL binds to bacteria in vitro and could enhance bacterial clearance in vivo.
Compared with the C-terminal CRD of HepCL (HepCL-C), the N-terminal CRD (HepCL-N)
showed weaker bacterial binding ability in vitro and stronger bacterial clearance activity in
vivo. The expression of some antimicrobial proteins, such as FLP, ALF1 and ALF5, was
downregulated under knockdown of HepCL or blocked with Anti-HepCL after challenge
with Vibrio in crayfish. These results demonstrated that HepCL might be involved in the
antibacterial immune response by regulating the expression of antimicrobial proteins.

Keywords: C-type lectin, Procambarus clarkii, antimicrobial peptides, Vibrio parahaemolyticus, hepatopancreas
INTRODUCTION

In the natural environment, vertebrates and invertebrates are exposed to various bacterial
communities all the time, and their autoimmune systems play a key role in defending against
pathogen infection (1–3). In vertebrates, innate immunity and adaptive immunity resist pathogen
infection together. Invertebrates lack the typical antibody and T/B cell-based immune recognition
system. The innate immune system of invertebrates plays an important role in defending against
infectious agents (4–7). Pattern recognition receptors (PRRs) can trigger the innate immune
response, such as Toll-like receptors and lectins (8–10). Among these PRRs, C-type lectins (CTLs)
play an important role in the recognition of microbe-associated molecular patterns (MAMPs). In
vertebrates, mannose-binding lectin (MBL), possesses a collagenous domain that can bind to the
MBL-associated serine protease (MASP) to activate the complement system (11, 12).

CTLs have been characterized in many organisms, including vertebrates and invertebrates, and
they primarily exert their function through the carbohydrate recognition domain (CRD) (13). Most
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CTLs contain a single CRD, and several of the CTLs have more
CRDs. CTLs from invertebrates effectively participate not only in
the recognition of pathogenic microbial glycans but also in
antimicrobial functions, such as bacterial clearance,
phagocytosis, cell adhesion, and prophenoloxidase activation
(14–19). Fc-hsL with one CRD, a hepatopancreas-specific
lectin, acts as a pattern recognition receptor in antibacterial
defense (20). HcLec4 with four CRDs participate in
antibacterial immune responses by regulating antimicrobial
peptides (AMPs) expression in Hyriopsis cumingii (21). In
Anopheles gambiae, two CTLs, CTL4 and CTLMA2 cooperate
to exert anti-Gram-negative bacteria function (22). FcLec4
cooperates with b-integrin to promote hemocytic phagocytosis
in Fenneropenaeus chinensis (19). It has been reported that CTLs
could be involved in antifungal responses (23). Some CTLs have
been reported to be directly or indirectly involved in the
activation of the immune signaling pathways (24, 25). LvCTL1
possesses anti-white spot syndrome virus activity by binding to
virus proteins in Litopenaeus vannamei (26). In contrast, some
transmembrance C-type lectins promote Mycobacterium
tuberculosis (27) and certain virus entry into host cells (28–31).
CD45 phosphatase homolog recruits mosGCTL-1 to promote
West Nile virus (WNV) infection in mosquitoes (32).

In crustaceans, especially shrimp, bacteria exist not only in the
digestive tract but also in the hemolymph (33, 34). These bacteria
possess a potential risk to shrimp farming. The hepatopancreas
plays a key role in digestive and immune processes in shrimp.
However, how shrimp restrain the proliferation of microbiota in
the hepatopancreas needs to be further revealed. It has reported
that CTL33 regulates intestinal homeostasis by mediating biofilm
formation in Marsupenaeus japonicas (35). mosGCTLs binds gut
microbiome and offset AMP activity to maintain gut microbiota
homeostasis inAedes aegypti (36). In this study, HepCL (GenBank
No. MW727280), a novel CTL with two CRDs, mainly expressed
in the hepatopancreas, was identified from red swamp crayfish
(Procambarus clarkii). Bacterial clearance assays, bacterial binding
assays and pathological sections were performed to analyze the
role of HepCL in the antibacterial immune response in
hepatopancreas. This study provides a new perspective for
crustacean hepatopancreas resistance to bacterial infection.
MATERIALS AND METHODS

Vibrio Challenge and Tissue Collection
Healthy red swamp crayfish (10-15 g) were obtained from a fish
farm in Weishan, Shandong Province, China. These crayfish
were acclimated in laboratory aquarium tanks with aerated
freshwater at 22°C for one week before being involved in this
study. Organs (hemocytes, hepatopancreas, gills, stomach and
intestine) were collected from at least three crayfish for further
analyses, and total RNA was extracted with RNAiso Plus
(Takara, China). For hemocyte collection, hemolymph was
extracted with a syringe containing 1 ml cold anticoagulant
buffer [0.14 M NaCl, 0.1 M glucose, 30 mM trisodium citrate,
26 mM citric acid, and 10 mM ethylene diamine tetra acetic acid
Frontiers in Immunology | www.frontiersin.org 2
(EDTA), pH 4.6] at 4°C (37) and immediately centrifuged at
800 g for 5 min (4°C). For bacterial challenge assays, each
crayfish was injected in the abdomen with 25 ml of Vibrio
parahaemolyticus (1 × 107 CFU in PBS). The total RNA and
protein of the hepatopancreas were separately extracted from 10
healthy crayfish and collected at 12 h post injection (hpi). cDNA
was synthesized by using the PrimeScript RT-PCR Kit (Vazyme,
China) for quantitative real-time PCR (qRT-PCR) analysis. The
assay was performed in triplicate.

Expression and Purification of
Recombinant HepCL
In the experiment on prokaryotic recombinant expression,
primers (HepCL-EX-F/R, HepCL-N-EX-F/R, HepCL-C-EX-F/R,
Table 1) were used to amplify fragments of HepCL (957 bp),
HepCL-N (345 bp), and HepCL-C (519 bp). PCR was
programmed at 95°C for 5 min, 35 cycles at 95°C for 30 s, 58°C
for 30 s, 72°C for 50 s, and one cycle at 72°C for 10 min. The DNA
fragments were linked to the vector pGEX-4T-1. Recombinant
HepCL, HepCL-N, and HepCL-C were expressed in Escherichia
coli (E. coli) BL21 cells (TransGen, China). The recombinant
proteins were purified by affinity chromatography using GST
resin (Sangon, China) following the method described in previous
papers (38). HepCL polyclonal antibodies were prepared by the
company using recombinant proteins (Frdbio, China).

Tissue Distribution and Expression
Profiles
The tissue distribution of HepCL in normal crayfish was
analyzed by qRT-PCR and western blot. For qRT-PCR, a pair
of primers (HepCL-RT-F/R, Table 1) was used to detect the
TABLE 1 | Primers used in this study.

Primers Sequences (5’-3’)

HepCL-EX-F TACTCAGGATCCATGGACTGTCCCTAC
HepCL-EX-R TACTCACTCGAGCTA GGT AGC CATGCA
HepCL-N-EX-F TACTCAGGATCCATGGACTGTCCCTAC
HepCL-N-EX-R TACTCACTCGAGTTA AAATTCGCATAA
HepCL-C-EX-F TACTCAGGATCCATGGCGTGTGAGGCA
HepCL-C-EX-R TACTCACTCGAGCTAGGTAGCCATGCA
HepCL-RT-F GGTTTAGTGCTGGACGGAGTT
HepCL-RT-R CTGGGCGACATCATAGGTG
Lys-i1-RT-F GTCAACCCACCCTCAATAAC
Lys-i1-RT-R CTTGTGAATCAGGGCGTA
ALF1-RT-F GAAGCGATGACGAGGAGCAAT
ALF1-RT-R GACGGGTTGGCACAAGAGC
ALF2-RT-F CAAACTGGGCGGGTTATGG
ALF2-RT-R TGACGAAGTCCCTGGTGGC
ALF5-RT-F GGGGAGGTGAGGCTACT
ALF5-RT-R TTCCTGCTCGGTGATG
FLP-RT-F CGACAAGACCGTCAAGGC
FLP-RT-R ATCTGTGTTCGTTTTTTATTTT
18S-RT-F TCTTCTTAGAGGGATTAGCGG
18S-RT-R AAGGGGATTGAACGGGTTA
HepCL-RNAi-F GCGTAATACGACTCACTATAGG ACGACCAAGCAATAGAAA
HepCL-RNAi-R GCGTAATACGACTCACTATAGG

CACAGGGAATTAAATCAAAC
GFP-RNAi-F GCGTAATACGACTCACTATAGGTGGTCCCAATTCTCGTGGAAC
GFP-RNAi-R GCGTAATACGACTCACTATAGGCTTGAAGTTGACTTGATGCC
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transcriptional levels of HepCL with 18S rRNA (with primers
18S-RT-F/R, Table 1) as an internal control. The qRT-PCR
procedure was as follows: 94°C for 2 min, 40 cycles at 94°C for
15 s and 60°C for 30 s. The results were analyzed by using the 2-
DDCt method (39). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was used to analyze protein
samples, and then the proteins were transferred onto
nitrocellulose (NC) membranes followed by blocking in nonfat
milk (4% in TBS: 150 mM NaCl, 10 mM Tris-HCl, pH 7.4) for
2 h. The NC membranes were incubated overnight with primary
antibody (rabbit anti-HepCL or b-actin antiserum), washed
three times with TBST (0.02% Tween 20 in TBS) and then
with TBS. The specific polyclonal antiserum of HepCL and b-
actin were prepared in our lab by immunizing rabbit with the
purified GST-HepCL and His-actin. The NC membrane was
incubated with HRP goat anti-rabbit IgG (1/10,000 diluted in
TBS) (Proteintech, China) for 1 h. After washing with TBST and
TBS as above, the protein bands were detected using
ChemiLuminescence (CWbio, China). qRT-PCR and western
blot were also used to detect HepCL expression patterns after
Vibrio infection following the methods described above.

RNA Interference Assay
The specific primers HepCL-RNAi-F/R and GFP-RNAi-F/R
(Table 1) were used in this assay. A commercial transcription
T7 kit (Thermo, USA) was used to synthesize dsRNA following a
previously reported method (40). Crayfish were divided into
three groups (3 crayfish/group) and injected with dsHepCL
(20 mg) or dsGFP. The normal group was the group of
unchallenged crayfish. Total RNA from the hepatopancreas
was extracted to evaluate the RNAi efficacy at 48 h after the
injection of dsRNA.

Bacterial Clearance Assay
Crayfish were divided into two groups (3 crayfish/group) and
injected with 50 mg of (1 mg/ml) HepCL. GST-Tag was used as a
control. One hour after injection, the crayfish were challenged
with 25 ml Vibrio (1 × 109 CFU/ml). Thirty minutes after
bacterial injection, the hemolymph of each crayfish was
collected, and 50 ml of the hemolymph was cultured on solid
Luria-Bertani (LB) plates at 37°C overnight. The numbers of
bacteria on each plate were counted. HepCL was knockeddown
in vivo, and then the bacterial clearance assay was performed as
above. The experiment was repeated three times.

To study the role of the different domains of HepCL in
antibacterial immune responses, crayfish were divided into
four groups (3 crayfish/group) and injected with 50 mg of
(1 mg/ml) HepCL, HepCL-N, or HepCL-C protein. GST-Tag
was used as control. The experiment was carried out as above.

Survival Rate Assay
To analyze the function of HepCL, crayfish (60 crayfish per
group, 10-15 g) were divided into two groups to evaluate the
crayfish survival rate. The experimental group was injected with
recombinant HepCL (50 ml, 1 mg/ml) and then challenged with
Vibrio (25 ml 1 × 107 CFU/ml in PBS) within 1 h after the first
Frontiers in Immunology | www.frontiersin.org 3
injection. GST-Tag was used as a control. The number of dead
crayfish was monitored every day, and the cumulative survival
rates of the two groups of crayfish were calculated.

Pathological Analysis of the
Hepatopancreas After Challenge
with Vibrio
Crayfish were divided into six groups (6 crayfish per group), one
group was not treated as control, and 50 mg of HepCL, HepCL-N,
HepCL-C or GST-Tag protein were injected into other five group
crayfish. Overnight-cultured Vibrio or heat-inactivated Vibrio
were washed three times with PBS and diluted to 107 CFU/ml,
and then, 50 ml Vibrio or heat-inactivated Vibrio was injected
into each crayfish 1 h after protein injection. Hepatopancreases
were collected after 24 hpi and fixed with 4% paraformaldehyde
solution. Then, all samples were sent to the company (Google,
China) for pathological sections, then pathological sections of
hepatopancreas were observed and analyzed under microscope
in our lab.

Bacterial Binding Assay
Six kinds of bacteria were involved in the bacterial binding assay
(gram-positive bacteria: Staphylococcus aureus, Bacillus subtilis
and Streptococcus agalactiae; and gram-negative bacteria:
Edwardsiella piscicida, V. parahaemolyticus and Aeromonas
hydrophila). All bacteria were cultivated overnight, harvested
at 3000 rpm for 10 min by centrifugation, and then washed three
times with PBS. The HepCL, HepCL-N, HepCL-C or GST-Tag
proteins were mixed and incubated with different bacteria (107

CFU/ml) respectively at 37°C for 30 min at a final concentration
of 50 mg/ml. The samples were centrifuged at 3000 rpm for
10 min and washed three times with PBS. Finally, bacterial pellets
in each tube were resuspended in 20 ml of PBS and boiled with
2 × loading buffer for 5 min. Western blot was used to determine
the binding activity of HepCL, HepCL-N, and HepCL-C to the
bacteria with anti-GST-Tag (Cwbio, China).

Expression Analysis of Antibacterial
Proteins After Blocked HepCL or HepCL
Was Knockeddown
The expression levels of antibacterial proteins were detected at
6 h after Vibrio or S. aureus infection in the hepatopancreas of
crayfish. The expression levels of FLP, ALF1, ALF2, ALF5 and
Lys-i1 were detected by qRT-PCR with specific primers
(Table 1). After blocked HepCL with Anti-HepCL, the
expression levels of antibacterial proteins were detected at 6 h
after challenge with Vibrio in the hepatopancreas of crayfish.
Anti-actin was used as control. The assay was repeated
three times.

To further verify the role of HepCL in regulation the
expression of AMPs, it was knockeddown. And then the
expression levels of antibacterial proteins were detected in
hepatopancreas of HepCL-knockdown crayfish at 6 h post
Vibrio challenge. dsGFP was used as control. The assay was
repeated three times.
June 2021 | Volume 12 | Article 679767
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RESULTS

Tissue Distribution and Expression
Profiles of HepCL
The tissue distribution of HepCL was analyzed in hemocytes,
hepatopancreas, gills, stomach and intestine by qRT-PCR and
western blot. HepCL was observed mainly in the hepatopancreas
at the mRNA level (Figure 1A). HepCL was mainly expressed in
the hepatopancreas at the protein level, and it was also detected
in the stomach and intestine (Figure 1B).

Expression patterns of HepCL after challenge with Vibrio were
analyzed with qRT-PCR and western blot. The results showed that
the expression level of HepCL was upregulated at 12 h after Vibrio
challenge in the hepatopancreas (Figures 1C, D).

HepCL Influence Survival Rate and
Bacterial Clearance
To further study the role of HepCL in the antiVibrio immune
response in vivo, survival assay and bacterial clearance assay were
performed. The results showed that after knockdown of HepCL
(Figure 2A), the number of bacteria in dsHepCL injection
crayfish increased significantly compared with that in the
control crayfish (Figure 2B). As shown in Figure 2C, the
number of bacteria in HepCL injection crayfish decreased
significantly compared with that in the control crayfish. The
survival assay showed that the crayfish began to die on the first
day after injection. All of the crayfish in the GST-Tag injection
group died within six days, whereas half of the crayfish survived
in the HepCL injection group at six day after injection
Frontiers in Immunology | www.frontiersin.org 4
(Figure 2D). These results suggest that HepCL improved the
survival rate of crayfish and enhanced bacterial clearance
in crayfish.

Histological Section Analysis
To further analyze the role of HepCL in the hepatopancreas, GST-
Tag+ Vibrio, HepCL+Vibrio, HepCL-N+Vibrio, HepCL-C+
Vibrio and HepCL+Dead Vibrio were injected into crayfish.
The hepatopancreas tissue of each crayfish was fixed for
histological sectioning at 24 hpi. As shown in Figure 3B,
vacuolization in the hepatopancreas was found, and the
connection between the lobules of the hepatopancreas was
broken after Vibrio infection. The pathological tissue
morphology of each crayfish injected with HepCL+Vibrio
(Figure 3C), HepCL-N+Vibrio (Figure 3D) or HepCL+Dead
Vibrio (Figure 3F), revealed shrinkage and a cell infiltration
inflammatory response in the hepatopancreas compared with
that of control and injected HepCL-C+ Vibrio (Figure 3E)
crayfish. Obvious tissue damage was present in the
hepatopancreas of Vibrio-infected crayfish. The hepatopancreas
of crayfish injected with HepCL showed a stronger inflammatory
response than those injected with other proteins.

Influence of the Different Domains of
HepCL on Bacterial Clearance
To identify the role of the two domains of HepCL in the
antibacterial immune response. Bacterial clearance was
observed in the hemolymph and hepatopancreas after HepCL,
HepCL-N or HepCL-C protein injection. Crayfish were injected
A

B

D

C

FIGURE 1 | Tissue distribution and expression profile of HepCL. (A, B) The tissues distribution of HepCL was detected by qRT-PCR and western blot.
(C, D) Expression profile of HepCL were analyzed after challenged with Vibrio at 12 h also detected by qRT-PCR and western blot in hepatopancreas. 18S rRNA
(mRNA level) and b-Actin (protein level) were used as the control. The asterisk represented the significant difference, p < 0.05.
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A B

DC

FIGURE 2 | HepCL influence survival rate and bacterial clearance capacity of crayfish. (A) After HepCL was knocked down, bacterial clearance experiments were
performed. qPCR was used to analyze the interference effect of HepCL. (B) After hep was knocked down, the residual bacteria in crayfish were counted, dsGFP was
used as control. (C) The bacterial clearance capacity of the crayfish was analyzed after HepCL was injected into Crayfish, GST- Tag protein was used as control. (D) The
survival rate was counted after HepCL and Vibrio injected, GST-Tag was used as the control. Differences among the groups were analyzed using a t-test, different letters
indicate significant differences p < 0.05.
A B

D E F

C

FIGURE 3 | Histological section analysis of hepatopancreas. H&E stain was used in this assay. Proteins (GST-Tag (B), HepCL (C), HepCL-N (D), HepCL-C (E) were
injected into crayfish, then crayfish was challenged with 106 Vibrio. (F) After protein HepCL injection, the crayfish was injected with heat-inactivated Vibrio (Dead
Vibrio). Normal crayfish was used as control (A).
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with the corresponding proteins and then infected with Vibrio
1 h after the first injection. Thirty minutes after infection,
hemolymph and hepatopancreas homogenates were collected.
The bacterial clearance activity of crayfish injected with HepCL
or HepCL-N was more effective than those crayfish injected with
HepCL-C in both the hemolymph (Figure 4A) and
hepatopancreas (Figure 4B). These results suggest that N-
terminal CRD (HepCL-N) plays a key role in maintaining
bacterial homeostasis.

Bacterial Binding Analysis
It has reported that CTLs could bind the bacteria, then promote
phagocytosis or inhibit bacteria proliferation. To gain further
insight into the role of HepCL in antibacterial immunity, the
bacterial binding activities of HepCL, HepCL-N and HepCL-C
were analyzed by western blot using the six kinds of bacteria. As
shown in Figure 5, HepCL, HepCL-N and HepCL-C could
bind to all the tested bacteria, while the binding activity of
HepCL-N was weaker than that of HepCL and HepCL-C.
These results suggest that HepCL-C contributed more bacterial
binding activity.

HepCL Regulates the Expression of
Antimicrobial Proteins
HepCL did not show any activity in inhibiting bacterial
proliferation (data not shown). We wanted to know whether
HepCL is involved in anti-bacterial immunity as a regulatory
factor. We analyzed whether HepCL regulates the expression of
antimicrobial proteins. The antimicrobial proteins expression
levels were detected after Vibrio and S. aureus infection. The
result showed that the expression levels of all antimicrobial
proteins which were tested, were significantly upregulated
(Figure 6A). To analyze the possible mechanism of HepCL in
antibacterial immunity, the expression levels of antimicrobial
Frontiers in Immunology | www.frontiersin.org 6
proteins were analyzed, in Anti-HepCL injection- or HepCL
knockeddown-crayfish at 6 h after Vibrio challenge (Figure 7A).
The expression levels of five antimicrobial proteins were
evaluated, including four antimicrobial peptides (ALF1, ALF2,
ALF5 and Lys-i1) and a ficolin-like protein (FLP), after Vibrio
challenge in crayfish. The results showed that in Anti-HepCL
injection crayfish the expression levels of FLP, ALF1, ALF5 and
Lys-i1 were downregulated (Figures 6B, C, E, F), while the
expression levels of ALF2 was not (Figure 6D) compared with
those in the Anti-actin injection crayfish. In dsHepCL injection
crayfish, the expression levels of FLP, ALF1 and ALF5 were
downregulated (Figures 7B, C, E), while the expression levels of
ALF2 and Lys-i1 were not (Figures 7D, F) compared with those
A B

FIGURE 4 | Bacterial clearance assay. Bacterial clearance assay was involved to study the function of different domain of HepCL in antibacterial immunity. Crayfish
were injected with HepCL, HepCL-N, HepCL-C 1 h later challenged with Vibrio, after 30 mpi, hemocytes (A) and hepatopancreas (B) were collected and the number
of bacteria was counted. The group of GST-tag was used as control. Differences between groups were analyzed using one-way analysis of variance (ANOVA).
Different letters indicate significant differences (p < 0.05).
FIGURE 5 | Bacterial binding assay. Six kinds of bacteria S. aureus, B
subtilis and S. agalactiae, E piscicida, V. parahaemolyticus and A hydrophila,
were used to analyze the binding activity of recombinant HepCL, HepCL-N,
HepCL-C by western blot, and detected with anti-GST-Tag antibody. GST-
Tag was involved as control.
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in the dsGFP injection group. All the above results indicated that
block and knockdown of HepCL specifically downregulated the
expression of some antimicrobial proteins.
DISCUSSION

Invertebrates possess an innate immune system, lack acquired
immune system that is dependent on immunoglobulin (41).
Pathogen-associated molecular patterns (PAMPs) are detected
by host pattern recognition receptors (PRRs) in innate
immunity. C-type lectins are important pattern recognition
receptors in the innate immune system of invertebrates.
Lectins are generally expressed in lymphocytes and act as
Frontiers in Immunology | www.frontiersin.org 7
immunoglobulins (42, 43). Some insect lectins can bind to
bacterial lipopolysaccharides by O-specific chains (44). A
hepatopancreas specific C-type lectin (PmLT) binds to bacteria
and activates the innate immunity of Penaeus monodon (45).
CTL33, mainly in stomach and intestine, mediated biofilm
formation by intestinal bacteria was reported, providing a new
view into the homeostasis of intestinal regulation in invertebrates
(35). MjHeCL inhibits the proliferation of the hemolymph
microbiota in maintaining a healthy status (18). The
hepatopancreas is one of the major digestive and immune
tissues of shrimp. In this study, we identified a C-type lectin
from crayfish, HepCL, with two different CRDs that was
primarily expressed in the hepatopancreas and plays a very
important role in the crayfish antibacterial immune response.
A

B D

E F

C

FIGURE 6 | The expression levels of antimicrobial proteins after Anti-HepCL-Vibrio injection. (A) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 were
analyzed by qRT-PCR after Vibrio and S. aureus infection. (B–F) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 was analyzed when blocked HepCL
with Anti-HepCL after Vibrio infection, Anti-actin was used as control. Differences between groups were analyzed using one-way analysis of variance (ANOVA).
Different letters indicate significant differences p < 0.05.
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HepCL was primarily expressed in the hepatopancreas at mRNA
and protein level, and it was detected low expression at protein
level in stomach and intestine (Figures 1A, B). There is a signal
peptide at the N-terminus of HepCL. These results suggest that
HepCL may be a secretory protein that is synthesized from the
hepatopancreas and secreted into circulatory hemolymph.

Previous studies have shown that most CTLs play a key role in
immune responses, and their expression levels can be
upregulated after challenge by pathogenic microorganisms.
Vibrio infection could cause pathological changes in the
hepatopancreas of shrimp. Ficolin-like protein (FLP1), a type
of lectin, could protect the connection between the lobule from
Vibrio infection in crayfish (46). As shown in Figure 3B, Vibrio
infection induced an obvious inflammatory response in the
hepatopancreas. There were obvious hepatopancreatic tube
shrinkage and cell infiltration when injected with HepCL and
HepCL-N, compared with that which injected with GST or
HepCL-C (Figure 3). STAT3 signaling hyperactivation occurs
in most human cancers and is connected with a poor prognosis
(47). These results suggest that HepCL may be closely related to
the activation of inflammatory response.

The histopathological analysis prompted us to consider the
possibility that HepCL may be connected with other immune
responses. CRDs usually contain key motifs, such as EPN (Glu-
Pro-Asn), EPS (Glu-Pro-Ser), LND (Leu-Asn-Asp), and QAP
(Glu-Ala-Pro), which bind to polysaccharides (9, 48). HepCL
contains two dissimilar CRDs. HepCL and the C-terminal CRD
(HepCL-C) showed strong binding activity, but the N-terminal
CRD (HepCL-N) with “EPS and LND” motifs was weak
Frontiers in Immunology | www.frontiersin.org 8
(Figure 5). The bacterial clearance efficiency of the HepCL-N
injection crayfish was higher than that of the HepCL-C injection
crayfish (Figure 4). CfLec-3 from scallop with three CRDs that
occurred obvious different functions, as CRD1 showed strong
binding activity, while CRD2/3 showed more function in
facilitating hemocyte mediated opsonisation (49). Our results
suggest that other molecules which may be regulated by HepCL,
rather than CRDs itself, play a direct antimicrobial role. Thus, we
speculate that the N-terminal CRD (HepCL-N) may trigger the
innate immune response, while the C-terminal CRD (HepCL-C)
plays a role in the recognition of MAMPs.

Previous studies showed that Ab and MBL are classical
opsonins in mammals, and in invertebrates, some CTLs were
also reported as opsonins, pattern recognition or effector
molecules to exert immune functions (50–52). In the current
study, we found that HepCL could bind to bacteria and enhance
bacterial clearance activity in crayfish, but it did not inhibit
bacterial proliferation in vitro (data not shown). Further study
showed that HepCL could regulate the expression of antimicrobial
proteins (Figures 6, 7). Invertebrates lack an acquired immune
system, and effector molecules such as antimicrobial peptides
(AMPs) play important roles in innate immunity (53). The
rapid synthesis and release of active AMPs is a significant
strategy in invertebrate host defenses. In M. japonicas, MjCC-CL
upregulates the expression of AMPs via the JAK/STAT signaling
pathway in the antibacterial response (24). HcLec4 is involved in
the regulation of AMP expression (21). MjHeCL binds to
hemocytes to modulate the expression of AMPs (18). A new
AMP inhibits A. hydrophila infection in crayfish, and new insights
A B

D E F

C

FIGURE 7 | The expression levels of antimicrobial proteins after knockdown of HepCL. (A) qPCR was used to analyzes the effect of HepCL was knockeddown.
(B–F) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 was analyzed under knockdown of HepCL after Vibrio infection by qPCR, dsGFP was used as
control. Differences between groups were analyzed using one-way analysis of variance (ANOVA). Different letters indicate significant differences p < 0.05.
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into the maturation of AMPs were revealed (54). We speculated
that HepCL may modulate the expression of antimicrobial
proteins to exert an antibacterial immune response.

Previous studies showed that Fibrinogen-related proteins are
mainly function as PRRs in invertebrates and vertebrates (55,
56). Two ficolin-like proteins function as pattern recognition
receptors in the innate immunity of crayfish (57). A Fibrinogen-
related protein (FREP) in M. japonicus was reported that plays
an important role in the antibacterial immunity by binding
bacteria and enhancing bacterial clearance (58). Our previous
results showed that ficolin (FLP) could bind to bacteria and
inhibit the replication of bacteria in P. clarkii (46). Some shrimp
ALFs, which is a type of AMPs, have important motifs interact
with LPS in antibacterial immunity (mainly Gram-negative
bacteria) (59). ALF5 inhibits proliferation of microbiota by
binding to RPS4 and MscL of E. coli in Crayfish (60). In this
project, the expression levels of two AMPs (ALF1 and ALF5) and
FLP were upregulated in Vibrio and S. aureus infection crayfish
(Figure 6A), while the expression levels of them were
downregulated after challenge with Vibrio in Anti-HepCL
injection crayfish (Figure 6) and HepCL knockeddown
crayfish (Figure 7). When the crayfish was injected with
HepCL protein, the number of bacteria in the crayfish
decreased than those in control crayfish (Figure 2C), while in
the crayfish of HepCL was knockeddown, the number of bacteria
in the crayfish increased than those in control crayfish
(Figure 2B). The present study revealed that HepCL might be
involved in the antibacterial immune response by regulating the
expression of antimicrobial proteins rather than by the classical
inhibition of bacterial replication and decreasing pathological
changes. Hyperactivation of the immune system (overly strong
or long-lasting activation) can subsequently lead to organ
Frontiers in Immunology | www.frontiersin.org 9
dysfunction and increased susceptibility to secondary
infections (61). An inflammatory storm caused by the high
expression of antimicrobial molecules in a short period of time
leads to cell infiltration. The underlying mechanism by which
HepCL regulates the expression of antibacterial proteins needs
further study.
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Functional Divergence in Shrimp Anti-Lipopolysaccharide Factors (Alfs):
From Recognition of Cell Wall Components to Antimicrobial Activity. PloS
One (2013) 8:e67937. doi: 10.1371/journal.pone.0067937

60. Yin CM, Pan XY, Cao XT, Li T, Zhang YH, Lan JF. A Crayfish Alf Inhibits the
Proliferation of Microbiota by Binding to RPS4 and MscL of E. Coli. Dev
Comp Immunol (2021) 121:104106. doi: 10.1016/j.dci.2021.104106
Frontiers in Immunology | www.frontiersin.org 11
61. Medzhitov R, Schneider DS, Soares MP. Disease Tolerance as a Defense
Strategy. Science (2012) 335:936–41. doi: 10.1126/science.1214935

Conflict of Interest: The 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.

Copyright © 2021 Cao, Pan, Sun, Liu and Lan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
June 2021 | Volume 12 | Article 679767

https://doi.org/10.1002/pmic.201000728
https://doi.org/10.1002/pmic.201000728
https://doi.org/10.1016/j.fsi.2014.05.005
https://doi.org/10.1371/journal.pone.0067937
https://doi.org/10.1016/j.dci.2021.104106
https://doi.org/10.1126/science.1214935
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Hepatopancreas-Specific Lectin Participates in the Antibacterial Immune Response by Regulating the Expression of Antibacterial Proteins
	Introduction
	Materials and Methods
	Vibrio Challenge and Tissue Collection
	Expression and Purification of Recombinant HepCL
	Tissue Distribution and Expression Profiles
	RNA Interference Assay
	Bacterial Clearance Assay
	Survival Rate Assay
	Pathological Analysis of the Hepatopancreas After Challenge with Vibrio
	Bacterial Binding Assay
	Expression Analysis of Antibacterial Proteins After Blocked HepCL or HepCL Was Knockeddown

	Results
	Tissue Distribution and Expression Profiles of HepCL
	HepCL Influence Survival Rate and Bacterial Clearance
	Histological Section Analysis
	Influence of the Different Domains of HepCL on Bacterial Clearance
	Bacterial Binding Analysis
	HepCL Regulates the Expression of Antimicrobial Proteins

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


