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ARTICLE INFO ABSTRACT

Interleukine-1 (IL-1p) is the first identified pro-inflammatory cytokine, which is cleaved by caspase-1 following
the inflammasomes activation, playing critical roles in innate immunity. However, few studies have been per-
formed to characterize the IL-1f in lower vertebrates. Herein, we distinguished the Scophthalmus maximus IL-13
(SmIL-1p) from three IL-1 like sequences and found that SmIL-1f3 was cleaved by S. maximus caspase at a non-
conserved Asp®®, then targeted to the plasma membrane. Moreover, during the immersion infection of
Edwardsiella piscicida, we found that E. piscicida were mainly colonized in gills at early time points and invaded to
systemic sites after 5 days post infection, which was consistent with the dynamic up-regulated transcription of
SmIL-1p. Furthermore, knockdown of SmIL-1f promotes the bacterial colonization in gills at early time points
and result into systemic colonization, while overexpression of SmIL-1B hampers the bacterial colonization in
both spleen and kidney. Taken together, these data provide new insights into the molecular mechanisms of SmIL-
1P and reveal its role in limiting bacterial infection in vivo, which will support the idea for better understanding
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the evolutionary of IL-1p functions in teleost.

1. Introduction

Since the cloning and expression of IL-1 DNA in 1984, interleukin 1
(IL-1) cytokines have been well studied in mammals [1]. To data, four
subfamilies of IL-1 cytokines have been identified, which comprises 11
ligands including seven proinflammatory cytokines: IL-1a, IL-1(, IL-18,
IL-33, IL-36a, IL-36(3, IL-36y and three receptor antagonists (RA): IL-
1Ra, IL-36Ra, and IL-38, and an anti-inflammatory cytokine, IL-37 [2].
As the key nodes of immune and inflammation network, these cytokines
regulate a range of processes in health and disease by immune and
inflammatory response [3,4]. Notably, IL-13 has an obvious effect on
danger signal or pathogen infection [3]. For example, deficiency of IL-
1 in mice significantly decreased the susceptibility to Lipopoly-
saccharide (LPS)-induced septic shock [5]. However, the reduction of
IL-13 secretion results into reduced lung injury and higher survival rate
during Pseudomonas aeruginosa infection [6]. Recent study also revealed
that the inflammasome and fas-mediated IL-1f secretion could induce
Th17/Thl cells activation in mice, which directly contributes to the
restriction of Listeria monocytogenes in vivo [7]. Collectively, IL-1( plays
critical role in antimicrobial response by modulating the inflammation
processes.

According to the conserved IL-1 family signature and sequence

alignment analysis, Intereukin-1 genes from a myriad of fish species
have been cloned [8-10]. By phylogenetic and syntenic comparisons,
the fish IL-1 genes are divided into different subtypes, within a com-
paratively lower identity [11,12]. Thus, it is difficult to identify the
homology of fish IL-1 genes by comparing to mammals. The mamma-
lian inflammasome activation can result into maturation and secretion
of IL-1f in response to various cytosolic danger signaling [13-15], and
the matured IL-1f can target to the cell membrane, directly mediating
its secretion [16]. In zebrafish, recent study has revealed that NLRP1-
ASC-caspase A/B inflammasome is responsible for the processing of IL-
1P by a two-step sequential activation mode [17]. While in seabream,
stimulation or infection of macrophages cannot induce the caspase-1-
dependent processing and release of IL-1f3 [18]. Although increasing
studies have suggested that the fish IL-1f3 could response to a variety of
stimulus [19-21], along with the lacking of a conserved caspase-1 re-
cognition site [12,22], there are still a number of proteases in fish that
can cleave IL-1 by recognizing at different sites [12]. Thus, the im-
mune significance of IL-1f3 in teleost remains largely unexplored.
Edwardsiella bacteria are important zoonotic organisms that infects
humans and also leading fish pathogenss causing huge losses to
worldwide aquaculture industries. Previously, the genus Edwardsiella is
classified into three species Edwardsiella tarda, E. ictaluri, and E.
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hoshinae. However, phylogenomic analysis indicated that E. tarda strain
display two major highly divergent genomic types (genotypes), EdwGI
and EdwGII [23], and the former represents a genotype of fish-patho-
genic isolates and being recently proposed as a novel species E. piscicida
[24]. Accordingly, we named the Edwardsiella bacteria EIB202 used in
our lab as E. piscicida EIB202 [25]. The infection of E. piscicida induced
the secretion of IL-1f in murine or fish primary macrophages, depen-
dent of its type III secretion system (T3SS) [26]. Furthermore, E. pisci-
cida virulence effector trxlp was reported to promote the NLRC4 in-
flammasome activation and IL-1B release during infection [27].
Recently, our work has revealed that E. piscicida type VI secretion
system (T6SS) effector, EvpP, can inhibit NLRP3 inflammasome acti-
vation by regulating the intracellular Ca®>* influx and Jnk phosphor-
ylation [28]. Collectively, these results suggest that E. piscicida can in-
teract with the host innate immunity through its virulence effectors to
promote its pathogenesis, while the inflammasome activation-mediated
IL-1B production is critical for maintaining homeostasis during infec-
tion. To better understand the function of IL-1 in S. maximus during E.
piscicida infection, we distinguished SmIL-1B from three IL-1f like
proteins and showed that the SmIL-13 could be cleaved by SmCaspase at
a non-conserved Asp®® site. Furthermore, we found that SmIL-1p exerts
anti-infectious roles in restricting the colonization of E. piscicida in vivo,
which provides new insights into the evolutionary function of IL-1f in
teleost, and reveal an interplay between bacterial infection and fish
innate immunity.

2. Materials and methods
2.1. Strain and culture condition

E. piscicida (EIB202, CCTCC No. M208068) [29] and V. anguillarum
MVM425 [30] were cultured as previous study. Briefly, EIB202 strain
was removed from the —80 °C freezer, then streaked on the DHL se-
lective plate (Difco, Detroit, USA) with 12.5 mg/ml Colistin (Col). The
DHL plate was placed in a 28 °C incubator for 38-48 h, and the black
colonies on the plate were picked and cultured in a shaker at 28 °C for
12 h with tryptic soy broth (TSB) (Difco, Detroit, USA). The secondary
bacterial solution was inoculated in TSB at a ratio of 1%, and cultured
at 28°C, 200 rpm for 12-16h for experiments. V. anguillarum were
cultured at 28 °C in Luria broth (or on Luria agar) supplemented with
3% NaCl (LBS) likewise. Bacteria were harvested by centrifugation at
4000g for 15min. Then, cells were washed twice in PBS and re-
suspended in seawater to indicted concentration.

2.2. Fish

Healthy turbot (Scophthalmus maximus) weight approx. 10 g were
purchased from a commercial fish farm (Tianyuan, Shandong, China)
and maintained in aerated tanks supplied with a continuous flow of
sand-filtered sea water at 16 °C. Fish were fed twice daily with com-
mercial feed and acclimated at least one week before experimental
manipulation. Before experiments, fish (5% of each stock) were ran-
domly selected for the examination of bacterial recovery from liver,
kidney and spleen on thiosulfate citrate bile salts sucrose agar (DHL,
Difco, USA) plates to confirm that the turbot were not infected by
EIB202. All fish experiments were carried out according to the guide-
lines and approval of the Animal Research and Ethics Committees of
East China University of Science and Technology (Protocol #2006272).

2.3. Bacterial infection

For immersion infection, EIB202 was cultured in TSB medium as
described above and resuspended in seawater to indicated bacterial
concentration. Healthy turbot (n = 20 per group) were immersed in
bacterial bath divided for 0.5, 0.75, 1 or 2 h as indicated, while control
groups were immersed in seawater containing PBS. After the immersion
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treatment, the fish were moved to new tanks containing fresh seawater
to remove unattached EIB202 and then reared under normal conditions
as described above. Survival rate was recorded for lasting 21 days. For
intraperitoneal infection, the fish (n = 3 per group) were injected with
100 uL PBS containing 1mg LPS (Sigma), 2 x 10°CFU EIB202 or
1 x 107 CFU V. anguillarum, after one day infection, the spleen was
harvested for RNA isolation. All the experiments were conducted for
three biological repeats.

2.4. Bacterial enumeration

Fish (n = 3 per group) were euthanized with MS-222 (tricaine
methanesulfonate with 100 ng/ml; Sigma, St Louis, MO, USA) for tissue
collection at indicated time points (0, 0.5, 1, 2, 5, 7, 9 and 11 dpi).
Subsequently, the tissues were sufficiently grinded to homogenate,
properly diluted and dropped on the TSA plate. Then the TSA plate was
placed in a 28 °C incubator for 38-48 h, and the black colonies on the
plate were counted. All the experiments were conducted for two bio-
logical repeats.

2.5. RNA isolation and q-PCR

At indicated time points, tissues were pooled in Rnase-free cen-
trifuge tube, added 200 pl RNAstore Reagent (Tiangen, Beijing, China)
and stored at —80 °C. mRNA from indicated samples were isolated by
Trizol (Invitrogen, USA) and chloroform. Purified total RNA (2 pg) was
used for cDNA synthesis by utilizing FastQuant RT Kit (Tiangen,
Beijing, China), then analyzed with real-time quantitative PCR (Bio-rad,
USA) by using SuperReal PreMix Plus (SYBR Green) (Tiangen, Beijing,
China) according to procedures. The results were analyzed by 2~ 44C
method. Primers (Smil-13, Smil-1Fm2, Smnil-1Fm,B-actin) used in this
study were listed in Table S1.

2.6. Western blot analysis

HEK293T cells were lysed in lysis buffer (20 mM Tris-HCl, 150 mM
NaCl 5mM EDTA, 10% glycerol, and 0.1% Triton X-100; PH = 7.4)
containing protease inhibitor cocktail and phosphatase inhibitor (Roche
Applied Science, Penzberg, Germany), then mixed with cell super-
natants. Protein lysates were obtained by organic solvent precipitation
method. Subsequently, protein precipitate was mixed with protein
loading buffer, boiled for 10 min and centrifuged (12,000 rpm, 5 min).
Protein lysates were separated by SDS-PAGE and transferred to a PVDF
membrane (Millipore Sigma, Burlington, MA). The membranes were
blocked in 5% w/v non-fat dry milk in TBST. Signals were detected with
mouse anti-Actin antibody (Ab) (1:5000, Sigma-Aldrich), rabbit anti-
GFP antibody (1:3,000, HUABIO, Hangzhou, China) overnight at 4 °C,
followed by incubation with the appropriate secondary HRP-con-
jugated-anti-rabbit Abs (1:2,000, Beyotime Biotechnology, Shanghai,
China) and detection with ECL (Cell Signaling Technology). The signal
intensities were quantitatively analyzed using NIH ImagelJ.

2.7. Cell culture and transfection

The HEK293T cells were seeded and grown to a density of
~1 x 10° cells per well in 24-well plates with DMEM, which has been
fortified with 10% FBS (Fetal Bovine Serum, Gibco), 100 units/ml pe-
nicillin and 100 mg/ml streptomycin, with 5% CO, at 37 °C overnight.
Replacing the culture medium with Opti-MEM 1 h before the transfec-
tion, the HEK293T cells were transfected with 1 ug GFP-tagged SmIL-
1B, SmIL-1p°%¢* (D86A mutant of SmiIL-1B), SmIL-1p°%°* (D100A
mutant of SmIL-1B8) and vector plasmid with 1pg FLAG-tagged
SmCaspase or vector plasmid by wusing Lipofectamine 2000™
(Invitrogen). Cell supernatants and pellets were harvested after 48 h
post-transfection for western blot analysis. All the experiments were
conducted for three biological repeats.
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Fig. 1. Identification of S. maximus IL-1f3. (A)
Phylogenetic tree showing relationship between
S. maximus IL-1 family members and other
known IL-1 family members. The tree was con-
structed by neighbor-joining method using the
CLUSTALW and was bootstrapped 1000 times.
All the sequences were gained from the GenBank
(http://www.ncbi.nlm.nih.gov/Genbank) and
I UniProt (https://www.uniprot.org). The se-
quence accession numbers are listed in Table S3
(B) Transcripts of Smil-18, Smil-1Fm2 and Smnil-
1Fm compared to liver Smil-1Fm2 in normal
tissues as indicated. (C) The expression levels of
Smil-1B, Smil-1Fm2, Smnil-1Fm in spleen from S.
maximus were injected with LPS, E. piscicida
EIB202 or V. anguillarum (Van) for 12 h. Data are
presented as mean * SEM of three independent
experiments (n = 3 per group at each time).

Smnil1B-Fm

A
100 I—HumanIL-1B
L Mouse IL-1
10 +
ChickenlIL-1B
91 Seabass IL-1B e 84 .
2 =
o CroakerIL-1B @ . i
o 4
SmiL-1B u%
97 s Y [
— FlounderIL-1B 2 41
©
AETrout IL-18 1 & 5
Trout IL-1B 2 ]
TroutIL-18 3
—al 100 Flounder IL18-L1
9 SmiL-Fm2
(]
Seabass IL-1Fm2
o5 —Goldfish IL-1 180+
] 160
zebrafish IL-1B 1404
e Catfish IL-1 1 o 120
<
100 Catfish IL-1B 2 £ 1007
Croaker IL-R Il T 60 T
'S
83 Croaker IL-1R | 40
55 TroutIL-1RA 20
99 FlounderIL1B-L2 0 i
02 98 2
&

SmnIL-1Fm

2.8. Microscopy

The coding sequences of S. maximus IL-13 were cloned into the
pCDH mammalian expression vector. The following IL-13 coding se-
quences were used: pro-SmIL-1p (matching the full coding sequence),
mature SmIL-1B (residues 87-246, mimicking the caspase cleavage
product, mSmIL-1f3), pre-SmIL-1f3 (residues 1-86). All constructs en-
coded a N-terminal GFP tag. The HEK293T cells were seeded and grown
to a density of ~1 x 10° cells per well in 24-well plates as mentioned
above, and then transfected with indicated plasmids. After 20 h trans-
fection, the cells were washed twice with sterile PBS and fixed with 4%
paraformaldehyde (PFA) at room temperature for 2 h, then washed in
PBS and permeabilized with Triton X-100 (0.1% in PBS, 10 min at room
temperature). Actin was counterstained with TRITC phalloidin (Yeasen
Biotech, Shanghai, China) and nuclei with DAPI (Beyotime). Fixed
samples were observed under a confocal microscope (Nikon, Tokyo,
Japan; A1R).

2.9. SmIL-1f knockdown and overexpression in vivo

To select small interfering RNA (siRNA) for SmIL-13 knockdown,
the fragments were inserted into pRNAT-CMV3.1 (GenScript,
Piscataway, USA) as described previously [31]. Briefly, psilL-13-1,
psilL-1B-2, psilL-1[3-3 were constructed for knockdown, corresponding
to non-specific siRNAs, psiCl, psiC2, psiC3 as controls. For over-
expression, pIL-1 was constructed with vector plasmid pCN3 as the
control [32]. Endotoxin-free plasmids were prepared using Endo-Free
plasmid Kit (Tiangen, Beijing, China). To examine the knockdown ef-
ficiency, fish were retroorbitally injected with three psiIL-1f mixture or
psiC plasmids (10 pg/fish) or with PBS. To examine the overexpression
efficiency, fish were retroorbitally injected with pIL-13 or pCN3 (10 pg/
fish). At 3- or 7-day post-plasmid administration, liver, spleen and
kidney, gills were sampled under aseptic conditions and the transcrip-
tion of SmIL-13 by qRT-PCR were analyzed as described above. To
examine the effects of SmIL-1p knockdown or overexpressed during
infection, fish were administered with psilL-1f3, psiC, pIL-1p3, pCN3 or

S &
&

PBS (control) as above, and at 3 days post-plasmid administration, the
fish were immersion-infected with EIB202 with 2 x 10® CFU/mL. Liver,
kidney, spleen and gills were sampled under aseptic conditions and
examined for bacterial numbers by plate count. All the primers asso-
ciated are listed in Table S2.

2.10. ELISA

The tail venous blood (n = 3 per group) was collected from fish at
indicated time pionts post the immersion infection and then clotted at
room temperature for 1-2 h. Serum was isolated after centrifugation at
1000g for 10 min, and divided into several aliquots to store at —80 °C.
Briefly, each well of a microtiter plate was coated with 100 pl of tenfold
diluted serum in a coating buffer (50 mM carbonate buffer, pH 9.6)
overnight at 4. Then, the wells were washed with PBS containing 0.05%
Tween-20 (PBSTB) once and blocked with PBST containing 1% BSA
(PBST) at room temperature for 2h. After three times washing, the
wells were added diluted SmIL-1p polyclonal antibody (1:100;
Genscript Biotech, Piscataway, NJ, USA) in PBSTB and incubated at
37 °C for 2 h. Subsequently, the microplate was washed three times with
PBST, and 100 pL diluted secondary anti-HRP-conjugated-rabbit anti-
body (1:200; Sigma) was added to each well. After rewashing four times
with PBST, the plate was developed with TMB. Then, the reaction was
stopped with 2 M H,SO,4, and absorbance was read at 450 nm wave-
length. All the experiments were conducted for two biological repeats.

2.11. Statistical analysis

Statistical analysis was performed by Prism 7.0 (Graphpad, USA).
Each experiment was performed at least two times. The statistical sig-
nificance was determined by one-way ANOVA or two-tailed t-test. The
results were presented as mean = SEM, *p < 0.05. **p < 0.01.
*##xp < 0.001.
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Fig. 2. SmIL-1f processing enables its relocation to plasma membrane. (A) N-terminal GFP-tagged SmIL-1p (FL), SmIL-1B°%%* (86, D86A) or SmIL-1B*°% (100,
D100A) with FLAG-tagged SmCaspase or vector plasmid (Mock) were co-transfected in HEK293T cells by Lipofectamine 2000™, respectively. After 48 h, mixtures of
cell lysates and supernatants were subjected to immunoblotting. #1, #2, #3 represent three independent experiments. The abbreviation mSmIL-1 represents the
caspase cleavage product, (B) Grayscale analysis of western blot strips in (A), then calculated grayscale value ratio of mSmIL-13/SmIL-1f. (C) HEK293T cells were
transfected with plasmid pCDH-gfp, pCDH-Smil-18-gfp (proSmIL-1(3), pCDH-Smil-18 (1-86)-gfp (preSmIL-13) and pCDH-Smil-1f (87-246)-gfp (mSmIL-1f3). After 20 h,
cells were observed under a confocal microscope. The white arrow indicates cells with significent green fluorescence intensity difference between the nuclear and
plasmic area. (D) Cells were transfected with plasmid as in (C), fixed with 4% paraformaldehyde (PFA) for immunofluorescence. The white box indicates the co-
localized signal between IL-1p and cytomembrane. Data are presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant (two-tailed t-
test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in turbot. (A-B) Survival rate of S. maximus
100 5x106 CFU/mI 100 0.5h (n =20 per group) immersed with in-
_ — — 10’ CFU/mI _ — 0.75h  dicated doses (A) for 2h or with
X 801 OO 80 1 —1h 2 x 108 CFU/mL (repeated for three times)
) —2h P .
§ 60- 2x108 CFU/m g 60 for indicated hours (B)-(C-D) Bacterial
= — 10°CFU/mI = burdens of S. maximus immersed with
2 404 2 401 2 x 108 CFU/mL for 1 h, in mucosal sites at
2 < . . . L.
3 20l a 204 early time points (C) or in systemic sites at
indicated time points (D). The dotted line is
0 T T T r— 0 T T T T used to distinguish the stages of infection, of
0 5 ;gl 15 20 0 B (112.. 15 20 which the left and right side represent mu-
cosal infection and systemic infection, re-
C spectively (n = 3 per group, repeated for
Gills Skin Intestine two times). Data are presented as
mean * SEM. *p < 0.05, **p < 0.01,
10° **¥p < 0.001 (two-tailed t-test).
e 4
3 10 [ 'P
2 1 03 [ ]
) ot W’
g 102 Ak dee o
S5 10 ° g._ o
° D
o0 VW e WV o e
0 0.5 1 2 0 0.5 1 2 0 0.5 1 2
dpi
D
Liver Spleen Kidney
L : : -
3 g o o
= i 9@
2 e %% '
GRTAR - ]
o] *® o !
10 T T T T T T T T
1 2 5 9 1 5 9 1"
dpi dpi
3. Results antibacterial responses.

3.1. Identification of S. maximus IL-13

As an important component of inflammatory response in vertebrates
during bacterial infection, IL-1 family proteins have been identified in
many fish species [12]. Herein, three genes from S. maximus genome
[33] were annotated and named as SmIL-1f, SmIL-1Fm2 and SmnlL-
1Fm. Alignment with other identified IL-1 family genes, we constructed
the phylogenic tree (Fig. 1A), and found that S. maximus IL-1 genes are
relatively closer to those from Japanese flounder. Unlike in catfish and
rainbow trout, SmIL-1Fm2 and SmnIL-Fm were distinct from SmIL-1f3
(Fig. 1A). Notably, SmIL-1(3 was clustered with mammalian IL-1f in
contrast to zebrafish IL-1p. Further, SmIL-1Fm2 is clustered with sea-
bass IL-1Fm2, suggesting that SmIL-1Fm2 may be the second IL-1f3 in S.
maximus. Meanwhile, the SmnIL-Fm is clustered with miiuy croaker
RAs, also suggesting that SmnIL-Fm may be the receptor antagonist of S.
maximus.

To better characterization the S. maximus IL-1 genes, we utilized the
real-time PCR analysis to detect their expression patterns in seven dif-
ferent tissues. The results showed that SmIL-1f, SmIL-1Fm2 and SmnlIL-
1Fm exhibits different expression levels in different tissues (Fig. 1B).
Notably, SmIL-13 mRNA levels were significantly higher than other two
genes in liver, gills and skin (Fig. 1B). To further evaluate the regulatory
effects of these genes during infection, we examined the transcriptional
changes in spleen from S. maximus which injected with LPS, E. piscicida
EIB202, V. anguillarum (Van) for 12 h, respectively (Fig. 1C), and found
that SmIL-1B could significantly response to infection compared with
SmIL-1Fm2 and SmnIL-1Fm, which suggest that SmIL-1f is essential for

3.2. SmIL-1p processing enables its relocation to plasma membrane

The maturation and release of inflammatory cytokines is a critical
event downstream of inflammsome activation [34]. In mammals, the IL-
1 precursor can be cleaved by caspase-1 and result into the active form
released to the extracellular space [13]. In our study, we expect that the
SmIL-1 might not be cleaved at a unique site in S. maximus, because
when we aligned the SmIL-13 with human, mouse and zebrafish IL-1f,
which have confirmed caspase-1 recognition sites, SmIL-1f3 showed a
comparatively lower sequence identity (Fig. S1A). However, through
homology remodeling, SmIL-13 was predicted to possess a similar 3D
structure with human IL-1 (Fig. S1B). To analyze the precise cleavage
site of caspase-1 in SmIL-1pB, we speculate that Asp'®® and Asp®® might
be the potential cleavage sites. To test this, GFP-tagged SmIL-13 was co-
transfected with FLAG-tagged caspase in HEK293T cells to detect the
processing, we found that mutation of Asp®® abolished the generation of
mature fragment, whereas mutating Asp'® did not affect SmIL-1p
processing (Fig. 2A and B). Thus, the results suggest that cleavage of
SmIL-1p by caspase occurs at the Asp®®, which is not conserved within
mammalian IL-1f3 and reported cleavage site of caspase-1 in fish IL-1[.

In contrast to the IL-1f precursor, previous study has revealed that
the mature IL-1f3 enables its relocation from the cytosol to the plasma
membrane in macrophages [16]. Thus, we stepped forward to analyze
whether the S. maximus mature IL-1f3 can target to the plasma mem-
brane or not, through overexpression of GFP-tagged proSmiIL-13 and
mature SmIL-1(3 in HEK293T cells, we found that the mature SmIL-1(3
extensively located in cytoplasm, whereas the proSmIL-13 was
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Fig. 4. Expression of SmIL-1f during E. piscicida infection. (A-D) The upregulated expression levels of Smil-1f in gills at 0, 0.5, 1 and 2 dpi (A) or liver (B), spleen
(Q), kidney (D) at indicated time points after immersion infection of E. piscicida compared with uninfected controls (n = 3 per group, repeated for three times). (E)
Sem-quantitative analysis of secreted SmIL-1( in serum of fish infected with EIB202 or not at indicated days post the infection by ELISA (n = 3 per group, repeated

for two times). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test).

distributed throughout the intracellular space including the nuclear
region (Fig. 2C). Moreover, we labeled the plasma membrane with
rhodamine-phalloidin, and found an apparent colocalization between
mature SmIL-13 and cytomembrane, but not in proSmIL-1f3 (Fig. 2D).
These data suggest that the cleavage of SmIL-1f3 could be mediated by
caspase and enable its relocation to the plasma membrane.

3.3. Immersion infection of S. maximus by E. piscicida

To further evaluate the role of SmIL-1f in response to infection, we
established an immersion infection model by optimizing the duration of
infection by indicated doses of E. piscicida (Fig. 3A and B). After 2h
immersion challenge with 2 x 108 CFU/mL E. piscicida, the infection
caused a high accumulated mortality rate of S. maximus, compared with
other groups (Fig. 3B), suggesting that a systemic infection could be
induced. Furthermore, we detected the colonization of E. piscicida in
mucosal sites at 0, 0.5, 1 and 2 days post the challenge. The results
showed that the bacterial loads in the gills have a higher order of
magnitude, compared with in skin and intestine (Fig. 3C); however, the
bacterial loads in systemic sites at early time points (1 and 2 dpi) were
comparatively lower (Fig. 3D). After 5-day infection, the bacterial loads
were observed in systemic sites were significantly increased (Fig. 3D),
but not in muscle (Fig. S2). Taken together, these results suggest that
the E. piscicida were mainly colonized in mucosal organs at the early
time points and metastasized to systemic sites later in turbot.

3.4. SmIL-1B is induced during E. piscicida infection

To better characterize the role of SmIL-1{ in response to E. piscicida
infection, we take the advantage of the immersion infection above, and
found that at 0.5, 1 dpi, the expression levels of SmIL-1f3 was sig-
nificantly induced in gills compared to control groups (Fig. 4A), which
was consistent with higher bacterial burdens (Fig. 3C). After 11-day
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post immersion infection, the SmIL-1p showed a significantly higher
transcriptional upregulation in liver (Fig. 4B), spleen (Fig. 4C) and
kidney (Fig. 4D), which was consistent with the bacterial burdens
happened from gills to systemic sites (Fig. 3D). Moreover, by detecting
the SmIL-1f3 production in serum (Fig. 4E) during infection, we found
that E. piscicida remarkably induced the secretion of SmIL-1f (Fig. 4E),
and interestingly, the SmIL-1( production were higher at the early time
points than that at the late phase (Fig. 4E), which suggest that the SmIL-
1B can be induced during E. piscicida infection.

3.5. SmIL-1p restricts the E. piscicida colonization in vivo

Recently, increasing data indicate that the maturation and secretion
of mammalian IL-13 were important for pathogens clearance [35],
however, whether SmIL-1 plays a role in antibacterial response has not
yet been elucidated. To test this, we knockdowned and overexpressed
the SmIL-1( respectively in vivo to examine its potential effects during
E. piscicida infection. The knockdown and overexpression efficiency of
IL-133 were analyzed in liver, spleen, kidney and gills at 3- and 7-day
post-plasmid injection. The results showed that the expression levels of
IL-13 was significantly reduced in tissues from the fish administered
with pSiIL-1f compared to that control groups (Fig. 5A). Moreover, fish
administered with pIL-13 had an upregulated expression of IL-1f3 was in
indicated tissues compared with in PBS or pCN3 vector treated groups
(Fig. 5B).

To further investigate the effects of SmIL-1f in response to E. pis-
cicida infection, we designed an infection model as shown in Fig. 6A, in
which fish were immersion challenged with 2 x 10® CFU/mL E. pisci-
cida for 2hat 3-day post-plasmid administration, and found that the
SmIL-1f3 production in sera were significantly lower in pSiSmIL-1f ad-
ministrated fish, while in SmIL-1 overexpression fish, the SmIL-1f3
production were comparatively higher in response to E. piscicida in-
fection (Fig. 6B). Consequently, the bacterial loads in gills from fish
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Fig. 5. Efficiency of Smil-1f3 knockdown and overexpression in vivo. (A and B) S. maximus were randomly selected and injected with PBS, pSiSmIL-1p or pSiC
(n = 3 per group and repeated for three times) for knockdown. At 3 (A) or 7 (B) days post-plasmid administration, liver, spleen and kidney, gills were sampled under
aseptic conditions and examined for the transcription of Smil-18 by qRT-PCR. (C and D) S. maximus were randomly selected and injected with PBS, pCN3-SmIL-1f or
PCN3 for overexpression. At 3 (C) or 7 (D) days post-plasmid administration, liver, spleen and kidney, gills were sampled under aseptic conditions and examined for

+

the transcription of Smil-18 by qRT-PCR. Data are presented as mean

administered with pSiSmIL-13 were significantly higher compared to
those in PBS-treated fish at 0, 12 hpi, whereas administration with psiC
did not affect the colonization of E. piscicida (Fig. 6C). Conversely,
bacterial loads in SmIL-13 overexpression fish gills were comparable to
those in PBS or pCN3 treated fish (Fig. 6C). Furthermore, bacterial
loads in spleen, and kidney from SmIL-1[3 knockdown or overexpression
fish are significantly increased or reduced correspondingly, compared
to those in PBS, psiC, or pCN3 treated groups, but the bacterial loads in
liver were not changed (Fig. 6D). Thus, these results indicate that the
SmIL-1 plays critical role in restricting E. piscicida colonization in vivo.

4. Discussion

In mammals, IL-1f is released as mature form following its con-
version from pro-IL-1B by proteolytic cleavage [36]. The well-known
IL-1B converting enzyme is caspase-1, which cleaves the bioactive IL-1f3
domain at Asp'*® [37]. The caspase-1 recognition site is present in al-
most all mammalian IL-1B sequences; however, this caspase-1 re-
cognition site seems not that conserved in fish [10]. In zebrafish, IL-13
was sequentially cleaved by caspase orthologues, caspase-A and cas-
pase-B at Asp'®* and Asp'!'? correspondingly [17]. While in seabass, the
IL-1f3 can be cleaved into a 18 kDa isoform by in vitro incubation with
caspase-1, and the cleavage site is homologous to zebrafish caspase-B
recognition site [22], which is presented in all vertebrate IL-1f se-
quences [10]. In addition to caspase-1, there are many other protease
proteins that can recognize and cleave pro-IL-13. Recent studies have
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SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test).

demonstrated that murine caspase-11, homologous to the human cas-
pase-4/5 and zebrafish caspase-B, also could cleave pro-IL-13 [38].
Moreover, pro-IL-1f3 is also reported to be processed by extracellular
proteases at different sites, such as collagenase, cathepsin G or elastase
[39], chymotrypsin [40], and granzyme A [41]. In this study, we re-
vealed that the cleavage site in SmIL-13 by S. maximus caspase is not
conserved comparing with previously identified fish caspase recogni-
tion site. This results indicate that the cleavage of IL-1p is functionally
conserved, but the cleavage site might not that conserved in different
species, which will provide us a better understanding of innate im-
munity in teleost.

Mucosal immunity constitutes an important component of innate
immune system and plays important role in response to pathogens in-
fection [36]. Since fish are continuously exposed to a microbial-rich
environment and reaches every epithelial barrier of their body, facing a
greater challenge coping with high microbial loads compared to ter-
restrial animals. Thus, it is reasonable to explore the function of mu-
cosal immunity in response to infection [36]. Here, by using an im-
mersion challenge model, we revealed that the E. piscicida were mainly
colonized in mucosal sites, especially in gills at early time points.
Moreover, as one of the central components of inflammation response,
IL-1P regulates both innate and adaptive immune mediated anti-bac-
terial defense in mammals [34,41], and in this study, we provided the
evidence that SmIL-13 expression in gills might play critical role in
mucosal immunity in teleost.

In mice, the interleukin-1 receptor deficient exhibits significant
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Fig. 6. SmIL-1 restricts the E. piscicida colonization in vivo. (A) Diagram of S. maximus immersion infection model. Briefly, healthy fish were administered with
psilL-1p, psiC, pIL-1B, pCN3 or PBS (control), and at 3 days post-plasmid administration, the fish were immersion-infected with EIB202 with 2 x 10® CFU/mL, then
liver, kidney, spleen and gills were sampled under aseptic conditions at indicated time points. (B) Sem-quantitative analysis of secreted serum SmIL-1f3 in (A) at 11-
day post the infection by ELISA, the uninfected group (Uninf.) as the mock. (C) Bacterial loads in liver, spleen, kidney at 11-day post infection. (D) Bacterial loads in
gills at 0, 0.5, 1 and 2-day post-infection. Data are presented as mean = SEM (n = 3 for per group and repeated for two times). *p < 0.05, **p < 0.01,

**¥%p < 0.001; ns, not significant (one-way ANOVA).

defects in generating vaccine-induced protective immunity, whereas IL-
18 deficient were protected compared with wild-type mice, suggest that
IL-1B production governs adaptive immunity in response to Helicobacter
pylori [42]. Moreover, P. aeruginosa-infected IL-1 receptor type 1 (IL-
1R™/7) deficient mice displayed a significantly decreased IL-1B pro-
duction and contained comparable lower bacterial loads in lung, com-
paring with P. aeruginosa-infected wild-type mice [43]. Furthermore,
intraperitoneal injection of IL-1f antibodies into wild-type mice prior to
infection with P. aeruginosa, the bacterial loads in lungs were sig-
nificantly reduced [44]. Besides, IL-1R™/~ mice also have reduced
numbers of neutrophils during the early phase of infection, and reduced
macrophages during the late phase in carriage, which result into pro-
longed bacterial colonizations [45]. Taken together, these studies sug-
gest that mammalian IL-13 might play an important role in anti-
microbial responses through restricting the bacterial colonizations in
vivo. In teleost, accumulating data has revealed that IL-1 can be in-
duced by different stimuli, such as LPS, poly I:C [46-48]. There also has
been abundant evidence that fish immunocytes secrete IL-13 during
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immune responses [49-51]. Interestingly, it was reported that SmIL-1f3
gene showed a significant increase in expression in the kidney of the
nucleotide-supplemented group compared to control [52]. Further, in-
fection of cultivated turbot with V. anguillarum induced rapid synthesis
and secretion of SmIL-1f, which initiates the innate immune response.
Movever, the vesicle-associated membrane protein-2 (VAMP-2) was
found involved in regulating the exocytosis of cytokines in turbot im-
munocytes [53]. Herein, we uncovered the ‘mask’ of SmIL-1f in re-
stricting the colonization of E. piscicida in turbot gills at early time
points of infection, resulting into a reduced bacterial load in systemic
immune organs, including spleen and kidney. Taken together, these
results will provide us a new insight into the immune mechanism of fish
IL-1pB in anti-bacterial infection in vivo, and help us better understand
the evolutionary function of IL-1f in teleost.
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