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Stimulator of interferon genes (STING) is crucial for the innate immune to
defend against pathogenic infections. Our previous study showed that a STING
homolog from Litopenaeus vannamei (LvSTING) was involved in antibacterial
response via regulating antimicrobial peptides (AMPs). Nevertheless, how
LVSTING induces AMPs expression to inhibit bacterial infection remains
unknown. Herein, we revealed that the existence of a STING-IKKB—-Relish—
AMPs axis in shrimp that was essential for opposing to Vibrio parahaemolyticus
invasion. We observed that LvRelish was essential for host defense against V.
parahaemolyticus infection via inducing several AMPs, such as LVALF1, LvCRU1,
LvLYZ1 and LvPEN4. Knockdown of LVSTING or LVIKKB in vivo led to the
attenuated phosphorylation and diminished nuclear translocation of LvRelish,
as well as the impaired expression levels of LvRelish-regulated AMPs.
Accordingly, shrimps with knockdown of LvSTING or LvIKKB or both were
vulnerable to V. parahaemolyticus infection. Finally, LvSTING could recruit
LvRelish and LvIKKB to form a complex, which synergistically induced the
promoter activity of several AMPs in vitro. Taken together, our results
demonstrated that the shrimp STING-IKKB—-Relish—AMPs axis played a
critical role in the defense against bacterial infection, and provided some
insights into the development of disease prevention strategies in
shrimp culture.
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Introduction

Shrimp farming is the important part of fishing industry, and
the economic value of shrimp aquaculture has increased at an
annual growth rate of 7.6% from ~26.1 billion dollars in 2013 to
~40.5 billion dollars in 2019 (1). Nevertheless, recent frequent
outbreaks of bacterial diseases have resulted in tremendous
economic losses (2). Vibrio species, the main pathogens
causing bacterial diseases, have been frequently detected in
penaeid shrimp culture ponds with at least 14 species
implicated (e.g. Vibrio parahaemolyticus, Vibrio harveyi and
Vibrio alginolyticus) (3). The white feces syndrome (WFS), a
worldwide severe non-infectious shrimp disease, has been
related to the Vibrio overrepresented in host intestine (4).
Besides, V. parahaemolyticus that containing a virulence
plasmid to encode a binary toxin PirA and PirB, is considered
to cause acute hepatopancreatic necrosis disease (AHPND) (2).
Shrimp innate immunity has become the focus of increased
research in an effort to create disease prevention techniques due
to the threat of bacterial infections.

Stimulator of interferon genes (STING) is the vital protein
implicated in a wide range of innate immune responses to viral,
bacterial, and parasite infections (5). The cyclic GMP-AMP
synthase (cGAS) senses the DNA segments from pathogens
and generates the second messenger cGAMP binding to
STING. The activated STING promotes the activation of
interferon (IFN) regulatory factor 3 (IRF3) and NF-xB
transcription factors, leading to the production of type I
interferons and inflammatory cytokines. Due to the loss of the
zinc-ribbon domain, most invertebrate cGAS homologs have
been considered to have no function as a DNA sensor (6).
Therefore, invertebrate STING mediated signal pathways appear
to have different activation mechanisms. In Nematostella
vectensis, the cGAS (NvcGAS) activity of CDN synthesis can
be activated by some unknown ligands instead of DNA, and
NvVSTING can recognize the 2’3’-cGAMP produced by NvcGAS
(7). In Crassostrea gigas, there is a conservative STING-
dependent signaling performed with STING binding to 2’3’-
cGAMP (8). Drosophila melanogaster cGAS-like protein
DmcGLRI can sense viral dsSRNA and produce 2°3’-cGAMP,
while DmGLR2 can respond to virus infection and produce both
2’3-cGAMP and 3'2-cGAMP (9). DmSTING binds to 2’3’-
cGAMP and 3’2’-cGAMP, then triggers the STING-IKKP-
Relish signaling axis to oppose virus infection in flies (10-12).
A shrimp study shows that Litopenaeus vannamei cGAS
homolog (LvMab21cp) is unable to increase dsDNA-activated
LvSTING-dependent I IFN-B and IFN-® production in
HEK293T cells, because it lacks the typical structures for DNA
sensing and cGAMP production (13). And L. vannamei STING
(LVSTING) can react to V. parahaemolyticus infection by
inducing LvPEN4, one kind of antimicrobial peptides, to

Frontiers in Immunology

02

10.3389/fimmu.2022.977327

protect shrimp from vibriosis (14). Regardless, how LvSTING
regulates antimicrobial peptides (AMPs) remains unrevealed.

Herein, we established the shrimp STING-IKKB-Relish-
AMPs axis that conferred host defense against V.
parahaemolyticus infection. These data provided several new
insights into shrimp bacterial disease control.

Materials and methods
Shrimp and V. parahaemolyticus

Shrimp weighing an average of roughly 5 g were obtained
from Guangzhou, Guangdong Province, China. The shrimp were
cultured for 3 days in aerated seawater (30%o salinity, 25°C) and
fed a commercial food (HAID Group) three times daily prior to
the experiment. V. parahaemolyticus (isolated from a diseased
shrimp by our lab) were cultured in Luria broth (LB) medium
overnight at a temperature of 37°C (4). The cultured V.
parahaemolyticus were quantified through counting the
microbial colony-forming units (CFUs) per milliliter on LB agar
plates. The final injection concentration of V. parahaemolyticus
was controlled to approximately 1 x 105 CFU/50 ul (15).

Plasmid construction

The open reading frame (ORF) of LvSTING (Genbank
accession KY490589.1) was cloned into pAc5.1-HA vectors
(16) to generate pAc-LvSTING-HA. The ORF of LvIKKf
(Genbank accession JN180642) was constructed into pAc5.1-
FLAG vector (17) for expressing FLAG-tagged LvIKKf protein.
The ORF of LvRelish (Genbank accession EF432734) was
constructed into pAc5.1-V5 vector (Invitrogen, Cat No.
V4110-20, USA) for expressing V5-tagged LvRelish protein.
GFP sequence was constructed into pAc5.1-HA vector to
express HA-tagged GFP. The promoter sequences of L.
vannamei anti-LPS-factor 1 (LvALF1, Genbank accession
EW713395), Crustin 1 (LvCRU1, Genbank accession
AF430071.1), Lysozyme 1 (LvLYZ1, Genbank accession
JN039375.1) and (LvPEN4, Genbank accession DQ206402)
were cloned into pGL3-basic vector (Promega, Cat No. E1751,
USA). Primer sequences were listed in Table 1.

Co-immunoprecipitation and western blot
Co-immunoprecipitation (Co-IP) assays were performed to
investigate the interaction of endogenous proteins ectopic

expressed proteins in cells or in shrimp hemocytes. In
Drosophila S2 cells, the plasmids pAc-LvRelish-V5 or pAc-
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TABLE 1 Primers used in this study.

Protein expression

LvRelish-F
LvRelish-R
LVIKKB-F
LVIKKB-R
LvSTING-F
LvSTING-R
GFP-F
GFP-R
Dual luciferase assay
LvALF1-F
LvALF1-R
LvLYZ1-F
LvLYZ1-R
LvCRUI-F
LvCRUI-R
LvPEN4-F
LvPEN4-R
Quantitative PCR (qPCR)
LvEF-10-F
LvEF-1a-R
LvRelish-F
LvRelish-R
LVIKKB-F
LvIKKB-R
LvSTING-F
LvSTING-R
LvLYZ1-F
LvLYZ1-R
LvALF1-F
LvALF1-R
LvCRUI-F
LvCRUI-R
LvPEN4-F
LvPEN4-R
Vpa-16s-F
Vpa-16s-R

dsRNA templates amplification

GFP-F

GFP-R
GFP-T7-F
GFP-T7-R
LvRelish-F
LvRelish -R
LvRelish -T7-F
LvRelish -T7-R
LvIKKB-F
LVIKKB-R
LvIKKB-T7-F
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AGGGGTACCATGGTGAGAGGTGACAGAGGTGG
ACCGGGCCCCGCCTGGTCCAGTACAGCTACACATTCC
CCGCTCGAGATGGCAGCAGCAGAAGACCGTC
GCTCTAGACAAGGAAGTTTCAACTGCCTTCTTAT
AGGGGTACCATGAAGGGAGACGAGCTGGTC
AACGGGCCCTCAGCAAAACAAAAGAGATTCTGCCGCT
AGGGGTACCATGGTGAGCAAGGGCGAGGAGCTGT
AACGGGCCCTCACTTGTACAGCTCGTCCATGCCGAGA

GGGGTACCCTTGATTAGCCGATCCCAGAC
GGAGATCTACTACAGAGCTGACCAGCACCC
GGGGTACCCTATGGTGAATGCCACCGGGCAG
GGAGATCTGGTTCCGAAGTGTAAGTTGCTTG
GGGGTACCCTGGAAAATACCAGGTGTTGATG
GGAGATCTGTTGCCTCCAGTACAAGCTAGTG
GGGGTACCACATGCAGATACAGATACATATATTCATATT
GGAAGATCTGCGGACGCAGGAGGCAAC

TATGCTCCTTTTGGACGTTTTGC
CCTTTTCTGCGGCCTTGGTAG
AACACCTCCTCCTTCACCC
GGTCTCAGTGCCAGAGTAGGT
ACCACACTTTCCACCTTTGG
TCCCGATGAAGGAAGAACAC
CTCAGACACTCGTGGGAGGC
CCTGTGCTGCTGTTCGAAGG
TACGCGACCGATTACTGGCTAC
AGTCTTTGCTGCGACCACATTC
TTACTTCAATGGCAGGATGTGG
GTCCTCCGTGATGAGATTACTCTG
GTAGGTGTTGGTGGTGGTTTC
CTCGCAGCAGTAGGCTTGAC
GTTACCCAAACCATCCCGAC
CAGACTATCCTCTGTGACAACAATC
GGTGTAGCGGTGAAATGCGTAG
CCACAACCTCCAAGTAGACATCG

CGACGTAAACGGCCACAAGTT

ATGGGGGTGTTCTGCTGGTAG
GGATCCTAATACGACTCACTATAGGCGACGTAAACGGCCACAAGTT
GGATCCTAATACGACTCACTATAGGATGGGGGTGTTCTGCTGGTAG
TTGAGTTGGATGAGAATGATCGGGAAGT
CCTGAAGAAGGCTGTTATTGATGGTGGT
GGATCCTAATACGACTCACTATAGGTTGAGTTGGATGAGAATGATCGGGAAGT
GGATCCTAATACGACTCACTATAGGCCTGAAGAAGGCTGTTATTGATGGTGGT
GCTGCTGTCCGTTCCTGC

TTTCTCCATTGCGACCTTCA
GGATCCTAATACGACTCACTATAGGGCTGCTGTCCGTTCCTGC

(Continued)
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TABLE 1 Continued

Protein expression

LVIKKB-T7-R
LySTING-F
LvSTING -R
LvSTING -T7-F
LVSTING -T7-R

LvIKKB-FLAG were co-transfected with pAc-LvSTING-HA.
The pAc-LvRelish-V5 or pAc-IKKB-FLAG was also co-
transfected with pAc-GFP-HA as controls. Forty-eight hours
after transfection, cells were harvested and lysed with IP lysis
buffer (Pierce, Cat No. 87788, USA) with a Halt Protease
Inhibitor Cocktail (Merck, Cat No. 524628, Germany). The
90% of the cell lysis were incubated with agarose affinity gel of
anti-HA (Merck, Cat No. A2095, Germany) or anti-V5 Agarose
Affinity Gel antibody produced in mouse (Merck, A7345-1ML,
Germany). The remaining 10% of cell lysis were used as input
controls. All samples were subjected to SDS-PAGE assays. The
primary antibodies used in western blotting included rabbit anti-
FLAG antibody (Merck, Cat No. F7425, Germany), rabbit anti-
V5 antibody (Merck, Cat No. AB3792, Germany) and rabbit
anti-HA antibody (Merck, Cat No. H6908, Germany). Anti-
rabbit IgG HRP-conjugate (Promega, Cat No. W4011, USA) was
used as the secondary antibody.

In order to detect endogenous LvSTING-LvRelish
interaction in vivo, hemocytes were lysed in IP lysis buffer
(Pierce, Cat No. 87788, USA) with Halt Protease Inhibitor
Cocktail (Thermo, Cat No. 87786, USA), and then incubated
with protein G agarose beads (CST, Cat No. 37478S, USA)
coated with anti-LvRelish antibody (Prepared by Genecreate,
China) or a normal rabbit IgG antibody (CST, Cat No. 7074S,
USA) for 3 hours at 4 °C, and finally were detected by western
blotting with anti-LvSTING antibody (Prepared by Genecreate,
China). Five percent of the cell lysis was loaded as the
input control.

Dual-luciferase reporter assays

Drosophila S2 cells were transfected with reporter gene
plasmids, pRL-TK renilla luciferase plasmid (as an internal
control), and expression plasmid (pAc-LvRelish-V5, pAc-
IKKB-FLAG and pAc-LvSTING-HA) or empty pAc5.1/V5-His
A plasmid (as a control) using the FuGENE Transfection
Reagent (Promega, Cat. No. e2311, USA) following the
manufacturer’s protocol. At 48 h after transfection, the firefly
and renilla luciferase activity was measured following the
manufacturer’s protocol. Three replicates were performed for
each experiment.
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GGATCCTAATACGACTCACTATAGGTTTCTCCATTGCGACCTTCA
GGCCATCGGCTACTACGTC

ATCCCGTACCATCGATTTCCAT
GGATCCTAATACGACTCACTATAGGGGCCATCGGCTACTACGTC
GGATCCTAATACGACTCACTATAGGATCCCGTACCATCGATTTCCAT

04

Double-stranded RNAs synthesis

DsRNAs specifically targeted to the LvSTING, LvIKKp or
LvRelish, were synthesized through in vitro transcription via T7
RiboMAX Express RNAi System kit (Promega, Cat. no. P1700,
USA). DsRNA-GFP (dsGFP) targeting GFP (Genbank accession
DQ389577) was used as a control. Primer sequences were listed
in Table 1.

Quantitative PCR analysis

Sample gaining, total RNA extraction and quantitative PCR
(qPCR) assays were conducted as previously described (18). The
expression levels of target genes were determined using the Livak
(2-AACT) method following normalization to L. vannamei EF-
la (GU136229). Primer sequences were listed in Table 1. Three
replicates were performed for each experiment.

V. parahaemolyticus challenge
experiments in LvRelish-knockdown
shrimp

To investigate whether LvRelish played a protective role
against V. parahaemolyticus, healthy shrimp were separated into
two groups and injected with dsGFP or dsRNA-LvRelish
(dsLvRelish). Each shrimp was injected with dsRNA (2 pg/g
shrimp). Shrimp were then injected with V. parahaemolyticus or
PBS after 48 h and maintained in culture flasks for
approximately a week following infection. Surviving shrimp
numbers were recorded every 4 h.

Another experiment was conducted to monitor the
abundance of V. parahaemolyticus in LvRelish-knockdown
shrimp. Quantitative PCR (qPCR) assays were conducted as
previously described [10]. At 12 h after V. parahaemolyticus
infection, gill tissue samples were collected from each group to
extract DNA. The Marine Animals DNA Kit (TTANGEN, Cat.
No. DP324, China) was used to extract gill DNA. The number of
bacteria in gill tissue samples was quantified through qPCR
using the V. parahaemolyticus 16S rRNA gene (rDNA, GenBank
No. EU660325) with specific primers (Table 1) (19). In brief,
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serial dilutions (108, 107, 106, 105, 104, and 103 copies) of
plasmids containing V. parahaemolyticus 16S rRNA gene
fragments were used to construct the standard curve. The
genome copies of V. parahaemolyticus in 1 g gill tissue
samples were then calculated. Hemocyte RNA was extracted to
determine the expression of LvRelish for RNAi efficiency, and to
detect the expression of shrimp NF-kB-mediated effector genes
(LvALF1, LvLYZ1, LvCRU1, and LvPEN4). Three replicates
were performed for each experiment.

Expression of LVSTING in hemocyte from
V. parahaemolyticus-challenged shrimp

The expression patterns of LVSTING in the hemocytes from
V. parahaemolyticus-challenged shrimp were investigated. For
immune stimulations assay, the treated groups were injected
with V. parahaemolyticus solution (1 x 105 CFU), and the
control group was injected with PBS solution. Hemocytes of
challenged shrimp were sampled at 0, 3, 6, 12, 24, 36, 48 h post
injection (hpi), and each sample was collected and pooled from 5
shrimp. Primer sequences were listed in Table 1.

Immunofluorescence assay

Forty-eight hours post dsGFP, dsRNA-LvSTING
(dsLvSTING) or dsRNA-LvIKKp (dsLvIKKp) injection, shrimp
were injected with 50 pl PBS or a suspension of approximately 1 x
105 CFU of V. parahaemolyticus. At six hours after V.
parahaemolyticus infection, shrimp hemocytes were obtained
through centrifugation (1000 g for 5 min) at 25 °C and seeded
onto the slides. The hemocytes were fixed with 4%
paraformaldehyde, and then were permeabilized with methanol
at -20 °C. The slides were blocked using 3% BSA for 1 h at 25 °C
and then incubated overnight (at 4°C for approximately 8 h) in a
mixture of rabbit anti-LvRelish antibody (Genecreate, China) and
mouse anti-B-actin antibody (Merck, Cat. No. A2228, Germany).
The hemocytes were then washed with PBS and incubated with
the fluorescent antibody (CST, Cat. No. 44125/8890S, USA) for
1 h at 25 °C in the dark. The hemocytes were washed with PBS
and stained with Hoechst 33258 (Yeasen, Cat. No. 40729ES10,
China) for 10 min at 25 °C before being washed another six times.
The fluorescence was visualized using a confocal laser scanning
microscope (Leica, TCS-SP8, Germany). WCIF ImageJ software
was used to analyze the colocalization of LvRelish and Hochest-
stained nuclei in hemocytes.

Relish phosphorylation detection

Shrimp hemocytes were harvested at 6 hours post V.
parahaemolyticus infection and lysed with IP lysis buffer
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(Pierce, Cat No. 87788, USA) with a Halt Protease Inhibitor
Cocktail (Merck, Cat No. 524628, Germany). All samples were
subjected to SDS-PAGE assays. The primary antibodies used in
western blotting included rabbit anti-pLvRelish antibody
(Genecreate, China) and mouse anti-B-actin antibody (Merck,
Cat. No. A2228, Germany). Anti-rabbit IgG (H+L) HRP-
conjugate (Promega, Cat No. W4011, USA) and Anti-mouse
IgG (H+L) HRP-conjugate (Promega, Cat No. W4021, USA)
were used as the secondary antibody.

V. parahaemolyticus challenge
experiments in shrimp treated with
dsIKKpB or dsSTING

To investigate whether LvSTING can activate LvRelish, healthy
shrimp were separated into two groups and injected with dsGFP or
dsLvSTING. Each shrimp was injected with dsRNA (2 ug/g
shrimp). 48 hours post dsRNA injection, shrimp were infected
with V. parahaemolyticus or PBS. And 12 hours post V.
parahaemolyticus infection, hemocytes were harvested for qPCR,
western blotting and immunofluorescence assay, and gill tissue
samples were collected for V. parahaemolyticus numbers. Three
replicates were performed for each experiment.

To explore whether LvIKKP participates in LvRelish
activation, healthy shrimp were separated into two groups and
injected with dsGFP or dsLvRelish. Each shrimp was injected with
dsRNA (2 pg/g shrimp). 48 hours post dsSRNA injection, shrimp
were infected with V. parahaemolyticus or PBS. And 12 hours post
V. parahaemolyticus infection, hemocytes were harvested for
qPCR, western blotting and immunofluorescence assay. Gill
tissue samples were collected for counting V. parahaemolyticus
numbers. Three replicates were performed for each experiment.

To prove that the LvSTING-LvIKKB-LvRelish-AMPs axis
plays a protective role against V. parahaemolyticus, healthy
shrimp were separated into four groups and injected with
dsGFP (4 ug/g shrimp), dsLvSTING (2 pg/g shrimp)
plus dsGFP (2 pg/g shrimp), dsLvIKKp (2 ug/g shrimp) plus
dsGFP (2 ug/g shrimp), and dsLvSTING (2 ug/g shrimp)
plus dsLvIKKB (2 pg/g shrimp). Shrimp were then injected
with V. parahaemolyticus or PBS after 48 hours and maintained
in culture flasks for approximately a week following infection.
Surviving shrimp numbers were recorded every 4 h. And 12
hours post V. parahaemolyticus infection, hemocytes were
harvested for qPCR, and gill tissue samples were collected for
counting V. parahaemolyticus numbers. Three replicates were
performed for each experiment.

Statistical analysis

All the data are presented as mean + SD. Student’s ¢ test is
used to calculate the comparisons between groups of numerical
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data. For survival rates, data are subjected to statistical analysis
using GraphPad Prism software to generate the Kaplan + Meier
plot (log-rank %2 test). The following p values are considered to
be statistically significant: *p < 0.05, **p < 0.01 and ***p < 0.001.

Results

LvRelish could defend against V.
parahaemolyticus infection via inducing
AMPs

Shrimp NF-«B pathway is crucial for AMPs expression, and
LvRelish is a key transcription factor of NF-xB pathway. In this
study, RNAi was performed to investigate the relationship
between LvRelish and AMPs. We designed and synthesized
dsRNA-LvRelish (dsLvRelish) targeting LvRelish expression,
and checked the silencing efficiency of LvRelish at 48 h post

10.3389/fimmu.2022.977327

dsRNA injection. The injection of dsLvRelish resulted in a
significant decrease in LvRelish expression levels down-
regulating to ~0.11-fold of the control group (Figure 1A),
which was sufficient for the following experiments.
Accordingly, the expression levels of LvALF1, LvCRUI,
LvLYZ1 and LvPEN4 were remarkably down-regulated to
~0.47-fold, ~0.45-fold, ~0.36-fold and ~0.57-fold compared to
those of dsGFP group at 48 h post dsRNA injection (Figure 1A).

Considering the relationship between LvRelish and AMPs,
we were curious about the role played by LvRelish in the host
defense against bacterial infection. As shown in Figure 1B, the
expression of LvRelish in dsLvRelish treated group was down-
regulated to ~0.30-fold comparing with the dsGFP group, which
meant dsLvRelish was competent for LvRelish knockdown
during V. parahaemolyticus infection. And the detection of
AMPs during V. parahaemolyticus infection showed that the
expression of AMPs in dsLvRelish injected shrimp were lower
than those of the control group (Figure 1B). These results

A = 4sGFP = dsLvRelish
LvRelish LvALF1 LvCRU1 LvLYZ1 LvPEN4
8§ 15] sx § 157 *x* § 157 *_ § 157 ** g 15 *
g 10 £ 10 £ 10 g 10 g 10
% 3 3 3 x
5 5 5 5 5
g o g o8 g o8 s g o
< 00 5 00 5 00 £ 00 < 00
~ ~ ~ o~ o~
48 hours post 48 hours post 48 hours post 48 hours post 48 hours post
dsRNA injection dsRNA injection dsRNA injection dsRNA injection dsRNA injection
B =  dsGFP+V. parahaemolyticus = dsLvRelish+V. parahaemolyticus
LvRelish LvALF1 LvCRU1 LvLYZ1 LvPEN4
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FIGURE 1

infection

LvRelish defended against V. parahaemolyticus infection via inducing AMPs. (A) Relative expression of LvRelish and AMPs in LvRelish silenced
shrimp at 48 hours post dsRNA injection. (B) Relative expression of LvRelish and AMPs in LvRelish silenced shrimp at 12 hours post V.
parahaemolyticus infection. (C) Percent survival of LvRelish silenced shrimp after V. parahaemolyticus infection. The experiments were
performed three times with identical results. Differences between groups were analyzed with Log-rank test using the software of GraphPad
Prism 5.0 (*p < 0.05). (D) V. parahaemolyticus numbers in gill tissues of LvRelish silenced shrimp at 12 hours post V. parahaemolyticus infection.
One dot represents one sample and the column represents the median of the results. The data (A, B, D) was analyzed statistically by student's T

test (*p < 0.05, **p < 0.01).
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suggested that LvRelish could regulate AMPs expressions in both
uninfected shrimp (Figure 1A) and V. parahaemolyticus-
infected shrimp (Figure 1B).

During V. parahaemolyticus infection, the survival rate of
dsLvRelish group was much lower than that of dsGFP group ()2:
8.674, p = 0.0340), which indicated that LvRelish silenced shrimp
were more sensitive to V. parahaemolyticus infection (Figure 1C).
Besides, the higher numbers of V. parahaemolyticus were observed in
dsLvRelish group at 12 h post V. parahaemolyticus infection
(Figure 1D) that correlated well with the survival percent recorded
in Figure 1C, and further confirmed that LvRelish played an
antibacterial role in the innate immune response.

LvSTING triggered AMPs expression via
interacting with LvRelish in vitro

Relish is the vital transcription factor of STING-mediated
pathways in silkworm and fruit fly (12, 20), but whether LvSTING
participates in Relish regulation is still unclear. In this study, we
found that V5 tagged LvRelish was co-immunoprecipitated with
HA tagged LvSTING, but no appreciable binding was observed for
HA tagged GFP protein (Figure 2A), which suggested that
LvSTING could interact with LvRelish.

Given the vital role acted by LvRelish in inducing AMPs, the
discovery of the association between LvSTING and LvRelish
implied that LvSTING might induce AMPs by LvRelish. As
Figure 2B shown, LvRelish-triggered promoter activities of
LvALF1, LvCRUI1, LvLYZ1 and LvPEN4, were promoted by
the co-expression of LvSTING in S2 cells, which demonstrated
that LvSTING could enhance LvRelish-mediated AMPs
expression in vitro.

LVvSTING prompted LvRelish activation
in vivo

To prove the interaction between LvSTING and LvRelish
existed in shrimp hemocyte, IP experiments were performed

A

Input IP: HA

LvRelish-V5
GFP-HA
LvSTING-HA

I+ +
+ 1+
I+ +
+ 1+

kDa
=170
=130

- 40
-35
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FIGURE 2
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with LvRelish antibody in vivo. IP assays demonstrated that
LvRelish could interact with LvSTING in hemocyte (Figure 3A).
In hemocyte of V. parahaemolyticus infected shrimp, LvSTING
expressions were up-regulated at 3, 6, 12, 24 hours post V.
parahaemolyticus infection, indicated that LvSTING also
responded to V. parahaemolyticus infection in hemocyte
(Figure 3B). Then, we confirmed the effects of LvSTING on
LvRelish activation in vivo. As Figure 3C shown, dsLvSTING
could efficiently suppress LvSTING expression to ~0.19-fold of
control. LvRelish has been proved to transfer from cytoplasm
into nuclear after V. parahaemolyticus infection (21), and
LvRelish nuclear location was inhibited by LvSTING
knockdown during V. parahaemolyticus infection (Figures 3D,
E). And the phosphorylation of LvRelish was weakened in
hemocytes from LvSTING knocked down shrimp (Figure 3F),
suggesting that LvSTING was involved in activating LvRelish.
LvSTING knockdown led to down-regulated the expression of
LvALF1, LvCRU1, LvLYZ1 and LvPEN4 during V.
parahaemolyticus infection (Figure 3G), which indicated that
LvSTING was involved in AMPs expression in shrimp. To sum
up, LvSTING prompted LvRelish phosphorylation and nuclear
location to induce AMPs expression.

LvIKKR was required for AMPs expression
and LvRelish activation

IKKB is the phosphokinase targeting Relish in Drosophila
IMD pathway (22), but no direct evidence supporting that
shrimp IKKP activates Relish. In this study, dsLvIKKPB was
used to inhibit the expression of LvIKKf (Figure 4A), and the
effect of LvVIKKP on LvRelish activation was examined. LvRelish
subcellular location was observed by immunofluorescence assay.
The results showed that LvRelish moved into the nuclear in
response to V. parahaemolyticus infection, and dsLvIKK[
injection could suppress nuclear import of LvRelish
(Figures 4B, C). LvRelish phosphorylation levels in hemocytes
were significantly reduced by silencing LvIKKP expression
(Figure 4D). QPCR performed that dsLvIKKp inhibited AMPs

LvALF1-pGL3 LvCRUI1-pGL3 LvLYZ1-pGL3 LvPEN4-pGL3

15

Relative induction
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LvRelish-V5 (ng)
LvSTING-HA (ng)

S % 20 X 2 X
A% 15
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- =50 - =50 - =50 - =50

LVSTING triggered AMPs expression via interacting with LvRelish in vitro. (A) The Co-IP assays detecting the interaction between LvSTING and
LvRelish. (B) The promoter activities of shrimp AMPs were induced by LvRelish with or without LvSTING in S2 cells. The data was analyzed

statistically by student’s T test (*p < 0.05, **p < 0.01)
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FIGURE 3

LVSTING prompted LvRelish activation in vivo. (A) IP assay detecting the interaction between LvSTING and LvRelish in vivo. (B) Expression
profiles of LVSTING in hemocytes from PBS or V. parahaemolyticus challenged shrimp. The expression level at each time points were
normalized to 0 h post PBS-injected group. (C) RNAI efficiency of dsLvSTING in shrimp hemocytes. (D) LvRelish nuclear translocation in
LVSTING silenced hemocytes infected by V. parahaemolyticus. (E) Co-localization of LvRelish and Hochest-stained nucleus in hemocytes
corresponding to Figure 3D calculated by WCIF Imaged software. (F) The phosphorylation levels of LvRelish in the hemocytes from dsLvSTING
or dsGFP treated shrimp during V. parahaemolyticus infection. (G) The expression of AMPs in the hemocytes of dsLvSTING or dsGFP treated
shrimp. The data was analyzed statistically by student’s T test (*p < 0.05, **p < 0.01)

expression (Figure 4E), which is consistent with the AMPs
expression changes caused by dsLvRelish or dsLvSTING. The
data above indicated that LvIKK induced AMPs expression via
activating LvRelish.

LvSTING recruited LvIKKB and LvRelish to
synergistically induce AMPs in vitro

To explore the effects of LvSTING on LvIKKB-LvRelish
signaling transduction, the interaction between LvSTING and
LvIKKp was examined. The Co-IP demonstrated that FLAG-
tagged LvIKK interacted with HA-tagged LvSTING but not
HA-tagged GFP, which indicated that LvSTING could recruit
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LvIKK (Figure 5A). To prove the recruitment functions of
LvSTING, FLAG-tagged LvIKKf and V5-tagged LvRelish were
co-expressed with or without HA-tagged LvSTING in S2 cells.
As shown in Figure 5B, FLAG-tagged LvIKKPB was co-
immunoprecipitated with V5-tagged LvRelish with the help of
HA-tagged LvSTING, and the absence of LvSTING resulted in
less LvIKKPB was co-immunoprecipitated with LvRelish. To
confirm the effect of LvSTING on LvIKKB-LvRelish-AMPs
pathway, the dual luciferase assays was performed in S2 cells.
The result showed that the promoter activities of shrimp AMPs
(LvALF1, LvCRU1, LvLYZ1 and LvPEN4) could be positively
regulated by the co-expression of LvIKK and LvRelish, which
could be further upregulated by ectopic expression of LvSTING
in a dose-dependent manner (Figure 5C).
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The LvSTING—-LvIKKB—-LvRelish—AMPs
axis played a protective role against V.
parahaemolyticus

As mentioned above, there was a LvSTING-LvIKK[-
LvRelish-AMPs signaling pathway in shrimp. We were
curious about the roles played by the above signaling pathway
in the host defense against V. parahaemolyticus infection.
Double knockdown experiments were done to investigate
whether LvSTING regulated the expression of AMPs through
LvIKKB. We observed that LvSTING- or LvIKKfB-knockdown
reduced the expression of AMPs during V. parahaemolyticus
infection. When compared to dsLvIKKpB-injected shrimp,
LvSTING and LvIKKB knockdown combined suppressed the
expression of LvALF1 (~0.34-fold), LvCRU1 (~0.43-fold),
LvLYZ1 (~0.53-fold) and LvPEN4 (~0.67-fold) (Figure 6A).
Furthermore, Figure 6B showed that knockdown of LvSTING
or LvIKKP increased shrimp susceptibility to V.
parahaemolyticus infection compared to the dsGFP group
(%2 = 10.32, p = 0.0013; %2 = 5.662, p = 0.0173). In addition,
when compared to LvIKKB-silenced shrimp, LvSTING and
LvIKKB knockdown resulted in higher cumulative mortality

= dsGFP+V. parahaemolyticus
= dsGFP+dsLvIKKB+V. parahaemolyticus

10.3389/fimmu.2022.977327

(X2 = 9.974, p = 0.0016), suggesting that LvSTING improved
shrimp resistance to V. parahaemolyticus infection via LvIKK
(Figure 6B). In agreement with the survival curves, LvVSTING- or
LvIKKB-knockdown boosted V. parahaemolyticus levels in
shrimp gill tissues, and V. parahaemolyticus numbers in the
dsLvSTING + dsLvIKKp group were substantially greater than
those in the LvIKKp-silenced alone group (Figure 6C). Taken
together, these results suggested that LvSTING could trigger an
antibacterial response via the LVIKK(-LvRelish-AMPs pathway
during V. parahaemolyticus infection.

Discussion

In the last decade, studies on cytosolic surveillance systems
have advanced significantly, highlighting the key role of the
cGAS-STING signaling pathway in bacterial infection. In
vertebrates, STING has been reported to be triggered by
bacterial DNA-activated cGAS or another DNA sensor, IFI16,
leading to the production of IFN-I during Listeria
monocytogenes infection (23). STING is also able to recognize
bacteria derived CDNs, including 3°3’-cGAMP, c¢-di-GMP and
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The LVSTING-LvIKKB—-LvRelish—AMPs axis played a protective role against V. parahaemolyticus. (A) Relative expression of LvSTING, LvIKKB and
AMPs in the hemocytes from dsLvIKKB or dsGFP treated shrimp with or without dsLvSTING injection at 12 hours post V. parahaemolyticus
infection. (B) Percent survival of dsLvIKKB or dsGFP treated shrimp with or without dsLvSTING injection after V. parahaemolyticus infection. The
experiments were performed three times with identical results. Differences between groups were analyzed with Log-rank test using the
software of GraphPad Prism 5.0 (**p < 0.01, ***p < 0.001). (C) V. parahaemolyticus numbers in gill tissues of dsLvIKKB or dsGFP treated shrimp
with or without dsLVSTING injection at 12 hours post V. parahaemolyticus infection. One dot represents one sample and the column represents
the median of the results. The data (A, C) was analyzed statistically by student’s T test (*p < 0.05, **p < 0.01). ns, no significant difference.
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c-di-AMP (24-26). Hence, vertebrates STINGs detect a wide
range of ligands from bacterial infection, which leads to rapid
antibacterial immune responses.

STING can also respond to bacterial infection in
invertebrates. D. melanogaster STING (DmSTING) senses c-
di-GMP and induces a set of AMPs production to control L.
monocytogenes infection through transcription factor Relish
(27). Likewise, V. parahaemolyticus infection substantially
increased LvSTING expression in intestine and
hepatopancreas, demonstrating that LvSTING played a role in
innate immunity against bacterial infection (14). In this study,
LvSTING expression in hemocytes was shown to be dramatically
increased at 3, 6, 12, and 24 hours after V. parahaemolyticus
infection, indicating that LvSTING was responding to V.
parahaemolyticus invasion in hemocytes. Because hemocytes
are considered as the most essential immune cells in shrimp
for pathogen recognition and phagocytic function (28), the rapid
increase of LvSTING in hemocytes indicated that it could play a
role comparable to DmSTING in innate immune response to
bacterial invasion.

Since IEN pathways are not widespread in invertebrates,
STING-dependent Relish activation is a critical method for
defending against pathogen invasion via inducing AMPs
expression. A nucleopolyheedrovirus (NPV)-infected Bombyx
mori cell produces the 2’3’-cGAMP, which binds to B. mori
STING (BmSTING). Ligand-binding of BmSTING dissociates
from the suppressor caspase-8-like protein (BmCasp8L), and
triggers BmRelish cleavage by death-related ced-3/Nedd2-like
caspase (BmDredd) to induce the expression of AMPs such as
BmCecropinA and BmCecropinB (20). In Shrimp, Relish
activation causes a rise in the expression of a variety of AMPs,
which is one of the most important ways to eliminate germs
from the host (29). The four kinds of AMPs from shrimp, such
as anti-LPS-factor (ALF), Crustin (CRU), Lysozyme (LYZ) and
Penaeidin (PEN), have been identified as Relish-mediated
effectors and have broad anti-microbial properties to Gram-
positive and Gram-negative bacteria (29-32). Our results
showed that LvSTING activated LvRelish via LvIKK, and
induced AMPs including LvALF1, LvCRU1, LvLYZI1 and
LvPEN4, playing a protective role against V. parahaemolyticus
infection. Accumulating evidence suggested that AMPs’
synthesis via the STING-Relish cascade could be a powerful
antibacterial mechanism of invertebrates.

Despite the fact that transcription of type I IFN genes is the
primary antiviral output of STING signaling in mammals, these
genes have only been discovered in vertebrates (33). IRF3, the
transcription factor that drives to type I IFN transcription after
STING activation, is only found in vertebrates and several kinds
of invertebrates (6, 34). Therefore, IFN pathways regulated by
STING are not widely distributed among invertebrates. NF-xB
activation is another downstream consequence of STING-
mediated signaling (35). Key components of NF-xB pathways
are conserved in vertebrates and invertebrates, and NF-xB and

Frontiers in Immunology

11

10.3389/fimmu.2022.977327

IxB homologs have been identified in most animal lineages (36).
Although STING-mediated NF-kB activation has been
discovered in the insects including B. mori (20) and D.
melanogaster (12), but not clear in other species of
invertebrates. This study demonstrated that STING-mediated
Relish activation happens in shrimp and protects them from
bacterial invasion. The present work could contribute to the
understanding of how STING-mediated NF-kB activation
occurs in vertebrates.

In summary, we described an innate immune pathway
against V. parahaemolyticus. LvSTING responded to V.
parahaemolyticus invasion, then recruited LvIKK( and
LvRelish, leading to LvRelish phosphorylation and nuclear
translocation. The activated LvRelish translocated into nuclear
and induced AMPs expression, which were the crucial
antibacterial effectors to kill V. parahaemolyticus. We
identified the LvSTING-LvIKKB-LvRelish-AMPs signaling
pathway against V. parahaemolyticus, which helped us learn
more about LvSTING’s role in shrimp and gave us some insight
into disease resistance breeding.
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