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A B S T R A C T

Interleukin-10 (IL-10) is a pleiotropic cytokine and plays a crucial role in immunity. In the current study, we
examined the expression patterns and biological functions of tongue sole Cynoglossus semilaevis IL-10 (CsIL-10).
CsIL-10 is composed of 186 amino acid residues and shares 46.3%–71.7% identities with other teleost IL-10. Csil-
10 expression occurred in multiple tissues and was regulated by bacterial infection. Recombinant CsIL-10 (rCsIL-
10) in the form of a dimer bound to a wide range of bacterial species but did not affect bacterial growth. rCsIL-10
could interact with peripheral blood leukocytes (PBL) and significantly reduce the phagocytic activity, ROS
production, and apoptosis of PBL. When injected in vivo, rCsIL-10 significantly suppressed the expression of
proinflammatory cytokines and promoted bacterial dissemination in tongue sole tissues. Consistently, knock-
down of Csil-10 significantly inhibited bacterial infection in tongue sole. Taken together, these results indicate
that CsIL-10 plays a negative regulatory role in the immune response against bacterial infection.

1. Introduction

Cytokines are produced by many different immune cells and non-
immune cells and play important roles in various immune responses
[1]. On the basis of their functions, cytokines are classed into different
families such as interleukins (ILs), lymphokines, interferons and che-
mokines [2]. Interleukins are one of the most crucial families of cyto-
kines and contain a large amount of members. To date, many inter-
leukin family members have been reported, such as IL-10, IL-19, IL-20,
IL-22, IL-24 and IL-26 [3]. Several IL-10 viral homologues have also
been reported, which mimic the activities of host IL-10 and regulate the
immune system of the host to viral infection [4,5].

IL-10 was originally described as a cytokine synthesis inhibitory
factor (CSIF) secreted by T-helper (Th) 2 cells [6]. In mammals, the
production of IL-10 may be dependent on the stimuli, cell/tissue types
and immune processes [7]. IL-10 functions as a homodimer and exerts
its activity through the receptor complex IL-10R1/IL-10R2, resulting in
the activation of the Jak-Stat signaling pathway [8,9]. Presently, IL-10
is known as a multifunctional cytokine that is indispensable for reg-
ulating various immune responses, in particular inhibiting and

terminating inflammatory responses, which enhance the host to clear
pathogenic microorganism with minimal damage to host tissues [9]. On
the other hand, IL-10 is also a co-stimulator of activation of B cells, mast
cells, thymocytes and T regulatory cells, and exhibits im-
munostimulatory properties that give rise to eliminate detrimental
particles with limited inflammation [10]. The balance between the
immunosuppressive and immunostimulatory effects of IL-10 is greatly
affected by the dominant cells function that determine a specific im-
mune phenomenon [11]. The important effect of IL-10 in immune
regulation is demonstrated by the study with IL-10 knockout mice,
which showed that despite of being raised in a pathogen free environ-
ment, IL-10−/− mice exhibited severe enterocolitis in response to their
natural enteric flora and displayed greatly polarized Th1 bias with
excessive production of pro-inflammatory mediators [12]. Other studies
showed that inhibition of IL-10 bioactivity enhanced effective elim-
ination of Mycobacterium avium in mice [13]. In general, low and high
levels of IL-10 increase resistance and susceptibility, respectively, to
intracellular pathogens including bacteria, viruses, and protozoa [9].

In teleost, studies on IL-10 have been reported in a number of
species including fugu [14] rainbow trout [15], zebrafish [16,17],
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goldfish [18], grass carp [19,20], and Indian Major Carp [21,22]. Fish
IL-10 generally are homologous to mammalian IL-10 in structure and
some functions, however, they differ from each other in expression
patterns [14–16,18,19,21]. In fish, expression of il-10 is known to be
modulated by pathogen infection and LPS stimulation
[15,16,18–21,23–28], and some IL-10 exhibit a negative effect on the
respiratory burst, phagocytosis, and bactericidal activity in different
cell systems [17,18,22,29,30].

Half smooth tongue sole (Cynoglossus semilaevis) is a flatfish species
farmed widely in China. Tongue sole culture is commonly affected by
diseases caused by bacterial pathogens such as Vibrio and Edwardsiella
spp. In the present study, we examined the expression patterns and
biological function of tongue sole IL-10 (named CsIL-10). We found that
CsIL-10 negatively regulates the immune response of host cells and
tissues and plays an important role in bacterial infection.

2. Materials and methods

2.1. Fish

Healthy tongue sole were purchased from a commercial fish farm in
Shandong Province, China. These fish were approximately either 5
month old with an average body length of 15.5 cm and an average
weight of 15.2 g, or 12 month old with an average body length of 43 cm
and an average weight of 505 g. Fish maintenance was carried out as
reported previously [31]. Briefly, fish were maintained at 20 °C in
aerated seawater fed daily with commercial dry pellets; before the ex-
periment, the fish were verified to be pathogen free as described pre-
viously [32]. For tissue collection, fish were euthanized with tricaine
methanesulfonate (Sigma, St. Louis, MO, USA) at the dose of 0.1 g/L
[33]. The ethics of the animal study was approved by the Ethics
Committee of Institute of Oceanology, Chinese Academy of Sciences.

2.2. Sequence analysis

The CsIL-10 sequence (GenBank accession no. XP_008318394.1)
was achieved from National Center for Biotechnology Information
(NCBI). Domain search, theoretical molecular mass and isoelectric
point prediction, multiple sequence alignment, and phylogenetic ana-
lysis were performed as described previously [34].

2.3. Quantitative real time reverse transcription PCR (qRT-PCR)

To examine Csil-10 expression under normal condition, different
tissues (intestine, head kidney, blood, liver, spleen, heart, gill, muscle,
and brain) were taken aseptically from tongue sole (5 fish) and 30 mg of
each tissues were used for total RNA extraction with EZNA Total RNA
Kit (Omega Bio-tek, Doraville, USA). One microgram of total RNA was
used for cDNA synthesis with the Superscript II reverse transcriptase
(Invitrogen Corporation, Carlsbad, CA, USA). To examine Csil-10 ex-
pression in response to bacterial infection, Edwardsiella tarda and Vibrio
harveyi [35,36] were cultured in Luria-Bertani broth (LB) medium at
28 °C to an OD600 of 0.8; the cells were washed with PBS and re-
suspended in PBS to 2 × 107 CFU/ml and 5 × 107 CFU/ml for E. tarda
and V. harveyi, respectively. Tongue sole were divided randomly into
three groups (20/group) and injected intraperitoneally (i.p.) with
50 μl E. tarda, V. harveyi or PBS. At 6 h, 12 h, 24 h, and 48 h post-in-
fection (hpi), head kidney, spleen, and blood (5 fish/group) were taken
and used to examine Csil-10 expression. qRT-PCR was performed as
reported previously [37]. The expression level of Csil-10 was analyzed
using the comparative threshold cycle method (2−ΔΔCT) with β-actin
(ACTB) or 60S ribosomal protein L18a (RPL18a) as an internal re-
ference [37]. The primers for qRT-PCR were listed in Table 1.

2.4. Recombinant protein preparation and antibody preparation

To prepare recombinant CsIL-10 (rCsIL-10), the expression plasmid
pETCsIL-10 was constructed as follows. CsIL-10 was amplified by PCR
with primers CsIL-10-pF and CsIL-10-pR (Table 1); the PCR products
were ligated with the T-A cloning vector T-Simple (TransGen Biotech,
Beijing, China), and the recombinant plasmid was digested with EcoRV
to retrieve the CsIL-10-containing fragment, which was inserted into
pET259 [38] at the SwaI site, resulting in plasmid pETCsIL-10, which
expresses His-tagged rCsIL-10. For purification of rCsIL-10, Escherichia
coli BL21 (DE3) (TransGen Biotech Beijing, China) was transformed
with pETCsIL-10. For purification of His-tagged rTrx, BL21 (DE3) was
transformed with the plasmid pET32a (Novagen, San Diego, USA). The
transformants were cultured in LB medium at 37 °C to mid-logarithmic
phase. Isopropyl-β-D-thiogalactopyranoside was added to the culture to
a final concentration of 1 mM. After growing at 16 °C for an additional
12 h, the cells were harvested by centrifugation, and His-tagged rCsIL-
10 and rTrx proteins were purified using Ni-NTA agarose (QIAGEN,
Valencia, USA) as recommended by the manufacturer. The proteins
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and visualized after staining with Coomassie
brilliant blue R-250. Native electrophoresis was carried out as described
previously [33], using NativeMARK™ Unstained Protein Standard (In-
vitrogen, Carlsbad, CA, USA). Mouse antibodies against rCsIL-10 and
rTrx were prepared as reported previously [39].

2.5. Extracellular production of CsIL-10 by peripheral blood leukocytes
(PBL)

Tongue sole PBL were prepared as reported previously [39]. To
examine extracellular production of CsIL-10, PBL (1 × 107 cells) were
treated with LPS (10 μg/ml) for 12 h and then harvested by cen-
trifugation 600g for 10 min. The extracellular proteins were prepared
by TCA-acetone precipitation method [40]. The whole-cell proteins
were prepared by lysing the cells in RIPA lysis buffer (Beyotime,
Shanghai, China), followed by centrifugation at 15000g for 30 min at
4 °C. Western bolt analysis was performed as described previously [41]
with anti-rCsIL-10 antibody (prepared above) (1:1000 dilution) or
mouse anti-β-actin antibody (ABclonal Biotech, Woburn, USA) (1:2000
dilution) as primary antibodies and horseradish peroxidase (HRP)
conjugated goat anti-mouse IgG antibody (Tiangen, Beijing, China;
1:2000 dilution) as secondary antibody. The immunoblotted protein
bands were visualized by using an enhanced chemiluminescence kit

Table 1
Primers used in this study.

Primer Sequences (5′→ 3′)a

CsIL-10-F CTATTCAAGGCCATGGGCGA
CsIL-10-R CAGAGGTCACTCGCGTTCTT
β-actin F GCACGGTATTGTGACCAACTGG
β-actin R CAGGGGAGCCTCTGTGAGC
RPL18a-F: GAACCCTACCCCTCCTCTGT
RPL18a-R: TACGAGAGTCGTAACGCAGC
CsIL-10-pF GATATCATGGGACCCATGTGCACCAACCAG (EcoRV)
CsIL-10-pR GATATCGGCAGAGGTCACTCGCGTTCTT (EcoRV)
NF-κB-F ACCGTCGCTGAGCTAACAAA
NF-κB-R GGGTCAAGCCCCATCCATAC
TNF-α-F TGACCAACTCGGTGGAATGG
TNF-α-R GGAACGACACCTGGCTGTAA
IL-1β-F CCTTCCCACTTCCTGGCTAC
IL-1β-R TGGCGTGTGCTGGCTTTTAT
IL8-F ATTCCTGCCAGCTCTCACTG
IL8-R CTTCACCCAAGGAGCCTCAG
IL6-F TCCTGCGTGATGGCATAGTG
IL6-R CTCATCAGGACGTCAGAGCC

a Underlined nucleotides are restriction sites of the enzymes indicated in the
brackets at the ends.
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(Beyotime, Shanghai, China).

2.6. Binding activity of rCsIL-10 to bacteria and PBL

The Gram-negative bacteria E. tarda, Pseudomonas fluorescens, and
V. harveyi have been reported previously [35,36,42]. The Gram-positive
bacteria Bacillus subtilis, Micrococcus luteus, and Staphylococcus aureus
were purchased from China General Microbiological Culture Collection
Center (CGMCC); Streptococcus iniae has been reported previously [43].
Bacteria were cultured in LB medium to OD600 0.8. Bacteria-protein
interaction was determined by enzyme-linked immunosorbent assay
(ELISA), Western blot, and immunofluorescence microscopy as reported
previously [41]. For ELISA, bacteria were resuspended in coating buffer
(15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) to 108 CFU/ml; the bacterial
suspension (100 μl/well) was added to ELISA plates (Sangon, Shanghai,
China), and the plates were incubated at 4 °C overnight. After

incubation, the plates were blocked with 5% skim milk powder and
washed with PBST. rCsIL-10, rTrx, or PBS at various concentrations
were added to the plates, followed by incubation at 22 °C for 2 h. The
plates were washed and treated with anti-His antibody (Abcam, Cam-
bridge, UK; 1:1000 dilution) and goat anti-mouse IgG-HRP antibody
(Tiangen, Beijing, China; 1:2000 dilution). Color development was
performed using TMB Kit (Tiangen, Beijing, China). The plate was read
at 450 nm with a precision microplate reader (Molecular Devices,
Toronto, Canada). Protein binding index is defined as follows: A450 of
protein/A450 of PBS. To determine the effect of proteins on bacterial
growth, bacteria were suspended in PBS to 1 × 106 CFU/ml and treated
with rCsIL-10 (16 μg/ml), rTrx (16 μg/ml), or PBS; the mixtures were
placed into in 96-well ELISA plates (100 μl/well). The plates were in-
cubated at 28 °C, and bacterial growth was determined by measuring
OD600 at every hour.

For Western blot, rCsIL-10 or rTrx was incubated with bacterial cells

Fig. 1. Alignment of the sequences of IL-10
homologues (A) and phylogenetic analysis
of CsIL-10 (B). (A) Dots denote gaps in-
troduced for maximum matching. Numbers
in brackets indicate overall sequence iden-
tities between CsIL-10 and the compared
sequences. The consensus residues are in
blue, the residues that are ≥75% identical
among the aligned sequences are in pink,
the IL-10 family signature motif is boxed,
and the signal peptide is underlined. The
cysteine residues involved in formation of
disulphide bridge are labeled with star. (B)
The phylogenetic tree was constructed
based on the amino acid sequences of ver-
tebrate and viral IL-10 homologues with
MEGA 5.0 using the neighbor-joining
method. Numbers beside the internal bran-
ches indicate bootstrap values based on
1000 replications. The GenBank accession
numbers of the IL-10 sequences are as fol-
lows: Paralichthys olivaceus, AHX22595;
Scophthalmus maximus, AWP03065; Danio
rerio, AAW78362; Takifugu rubripes,
CAD62446; Oncorhynchus mykiss,
BAD20648; Cyprinus carpio, BAC76885;
Ctenopharyngodon idella, AFH58708; Homo
sapiens, NP_000563; Mus musculus,
NP_034678; Gallus gallus, NP_001004414;
Cyprinid herpesvirus 3, ABG42961; Anguillid
herpesvirus 1, ADA57788; human cytomega-
lovirus, P17150; Epstein-Barr virus, P03180.
(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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(1 × 109 CFU/ml) at a final concentration of 100 μg/ml at room tem-
perature for 1 h. The bacteria were harvested by centrifugation, washed
four times with PBS, and resuspended in SDS-PAGE loading buffer.
After boiling at 100 °C for 5 min, the samples were separated by SDS-
PAGE. Western blot was performed as described above with mouse
antibody against His-tag (1:1000 dilution) or mouse anti-rTrx antibody
(1:1000 dilution).

For microscopic examination of rCsIL-10 binding to bacteria, V.
harveyi was resuspended in PBS to 108 CFU/ml; rCsIL-10 or rTrx (16 μg/
ml) was added to the bacterial cells, and the mixture was incubated at
22 °C for 1 h. The cells were treated with mouse anti-His monoclonal
antibody (Abcam, Cambridge, UK) (1:1000 dilution) and FITC-labeled

goat anti-mouse IgG (Abcam, Cambridge, UK) (1:2000 dilution) as re-
ported previously [44]. After washing with PBS, the cells were stained
with 4, 6-diamino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, USA)
and examined with a fluorescence microscope (E800; Nikon Corpora-
tion, Tokyo, Japan). For microscopic examination of rCsIL-10 binding
to PBL, PBL were resuspended in PBS to 107 cells/ml, rCsIL-10 or rTrx
(16 μg/ml) was added to the PBL, and the mixture was incubated at
22 °C for 1 h. The cells were treated first with mouse anti-His mono-
clonal antibody and then with fluorescein isothiocyanate (FITC)-labeled
goat anti-mouse IgG as above. After washing with PBS, the cells were
stained with DAPI and CM-DiI (Invitrogen, Carlsbad, USA), and then
examined with a fluorescence microscope as above.

Fig. 2. Csil-10 expression in fish tissues during bacterial infection. Tongue sole were infected with or without (control) Edwardsiella tarda (A) or Vibrio harveyi (B), and
Csil-10 expression in head kidney, spleen, and blood was determined by quantitative real time RT-PCR at various time points. In each case, the expression level of the
control fish was set as 1. 60 fish were used in each experiment. Data are the means of three independent assays and presented as means ± SEM. *P < 0.05;
**P < 0.01.
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2.7. Phagocytosis determined by fluorescence activated cell sorting (FACS)

Phagocytosis determined by FACS was performed as reported pre-
viously [34]. Briefly, E. tarda and V. harveyi were cultured as above and
resuspended in 100 μg/ml of FITC (Tiangen, Beijing, China). After in-
cubation at 37 °C for 2 h, the cells were collected by centrifugation and
washed five times in PBS. The washed cells were resuspended in L-15
medium (Thermo Scientific HyClone, Beijing, China) to 1 × 108 cells/
ml. One hundred microliters of FITC-labeled E. tarda or V. harveyi
containing or not containing 16 μg rCsIL-10 or 16 μg rTrx was added to
1 ml PBL (1 × 106 cells) prepared above, and the mixture was in-
cubated in the dark for 2 h. The PBL in the mixture were collected by
centrifugation and washed with PBS for three times. To quench extra-
cellular fluorescence, 1 ml 0.125% trypan blue in PBS was added to the
cells. The cells were subjected to FACS analysis with a FACSAria II flow
cytometer (BD Biosciences, Heidelberg, Germany). The data were
analyzed with the FlowJo software Version 7.6.1 (Tree Star Inc., Ash-
land, OR, USA). The assay was repeated three times.

2.8. Measurement of reactive oxygen species (ROS)

To measure ROS production, the method reported previously [45]
was adopted. Briefly, PBL were incubated at 22 °C for 30 min with
10 μM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Beyotime,
Shanghai, China) for ROS quantification. PBL were washed in PBS
(5 × 107 cells/ml), treated with LPS (10 μg/ml) at 22 °C for 15 min, and
then mixed with rCsIL-10 (16 μg/ml) or rTrx (16 μg/ml) in the presence
or absence of V. harveyi (5 × 107 CFU/ml) or E. tarda (5 × 107 CFU/

ml). LPS treatment was to increase the ROS production, because both E.
tarda and rCsIL-10 inhibited ROS production, so the ROS level would be
too low to be detected without LPS pre-stimulation. The control cells
were untreated. The cells were seeded in a black 96-well plate
(5 × 106 cells/well), and incubated at 22 °C for 2 h, 3 h, and 4 h. After
incubation, ROS was measured as relative fluorescence units (RFU) at
488 nm excitation and 525 nm emission using a fluorescence spectro-
photometer (Infinite M1000, Tecan, Switzerland).

2.9. Apoptosis assay

Apoptosis determined by FACS was performed as reported pre-
viously [46]. Briefly, tongue sole PBL were distributed in 12-well tissue
culture plates (5 × 106 cells/well) in L-15 medium containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin.
PBL were treated with LPS (10 μg/ml) containing or not containing
rCsIL-10 (16 μg/ml) or rTrx (16 μg/ml). The cells were incubated at
22 °C for 12 h or 24 h. After incubation, the cells were washed twice
with cold PBS. The washed cells were treated with FITC-conjugated
annexin V and propidium iodide (PI) by using annexin V-FITC and PI
Cell Apoptosis Detection Kit (Majorbio Biotech, Shanghai, China) ac-
cording to the manufacturer's instructions. The cells were then sub-
jected to flow cytometry using a FACSAria II flow cytometer (BD
Biosciences, Heidelberg, Germany). The data were analyzed with the
FlowJo software Version 7.6.1 (Tree Star Inc., Ashland, OR, USA). The
assay was repeated three times.

Fig. 3. Binding of rCsIL-10 to bacteria and
peripheral blood leukocytes (PBL). (A and
B) Edwardsiella tarda, Pseudomonas fluor-
escens, Vibrio harveyi, Streptococcus iniae,
Bacillus subtilis, Staphylococcus aureus, and
Micrococcus luteus were incubated with or
without (control) different concentrations
of rCsIL-10 or rTrx, and bacteria-bound
protein was determined by ELISA (A) or
Western blot (B). In (B), rCsIL-10 was used
as a positive control. Data are the means of
three independent assays and presented as
means ± SEM. (C) V. harveyi was in-
cubated with rCsIL-10 (Ca and Cb) or rTrx
(Cd and Ce); the cells were then treated
with anti-His antibody and FITC-labeled
secondary antibody and stained with DAPI.
The cells were observed with a fluorescence
microscope. Cc, a merged image of Ca and
Cb; Cf, a merged image of Cd and Ce. (D)
Tongue sole PBL were incubated with rCsIL-
10 (Da to Dc) or rTrx (De to Dg); the cells
were then treated with anti-His antibody
and FITC-labeled secondary antibody and
stained with DAPI and CM-DiI. The cells
were observed with a fluorescence micro-
scope. Dd, a merged image of Da to Dc; Dh,
a merged image of De to Dg. Bar size,
10 μm.
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Fig. 4. Effect of rCsIL-10 on phagocytosis in
peripheral blood leukocytes (PBL). (A)
Tongue sole PBL were infected with FITC-
labeled Edwardsiella tarda alone (Ab) or in
the presence of rCsIL-10 (Ad) or rTrx (Ac).
The control cells (Aa) were without any
infection or protein treatment. Bacterial
phagocytosis was determined by fluores-
cence activated cell sorting (FACS). (B) PBL
were infected with FITC-labeled Vibrio har-
veyi alone (Bb) or in the presence of rCsIL-
10 (Bd) or rTrx (Bc). The control cells (Ba)
were without any infection or protein
treatment. Bacterial phagocytosis was de-
termined by FACS. M1 represents the cel-
lular population with enhanced fluores-
cence as a result of bacterial uptake. (C)
Phagocytic percentages of A and B. Values
are shown as means ± SEM (N = 3). N, the
number of times the experiment was per-
formed. 3 fish were used in each experi-
ment.

Fig. 5. Effect of rCsIL-10 on the production of reactive
oxygen species (ROS) in peripheral blood leukocytes (PBL).
Tongue sole PBL were infected with Edwardsiella tarda (A) or
Vibrio harveyi (B) in the presence or absence (control) of
rCsIL-10 or rTrx, and ROS was determined at 2 h, 3 h, and 4 h
after infection. Values are shown as means ± SEM (N = 3).
N, the number of times the experiment was performed. 3 fish
were used in each experiment.*P < 0.05; **P < 0.01.
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2.10. In vivo effect of rCsIL-10

In vivo infection was performed as reported previously [34]. Briefly,
tongue sole were divided randomly into three groups and infected with
E. tarda as described above in the presence or absence of 100 μg/ml
rCsIL-10 or rTrx. Head kidney, spleen, and blood were taken from the
fish (five at each time point) at 12 hpi, 24 hpi, and 48 hpi, and sub-
jected for bacterial recovery analysis as reported previously [34]. To
examine the expression of the genes of nuclear factor-kappa B (NF-κB/
p65), interleukin (il)-1β, il-8, tumor necrosis factor (tnf)-α, total RNA was
extracted from the spleen of E. tarda-infected flounder at 24 hpi as
above, and qRT-PCR was used to analyze the expression of the genes as
described above. The PCR primers of the genes are listed in Table 1. All
experiments were performed at least three times. To examine the effect
of bacteria bound rCsIL-10, rCsIL-10 or rTrx was incubated with E. tarda
at a final concentration of 100 μg/ml at room temperature for 2 h. The
bacteria were harvested by centrifugation, washed three times with
PBS, and resuspended in PBS to 2 × 107 CFU/ml. Three groups of fish
were injected intraperitoneally (i.p.) with 50 μl untreated E. tarda or
with the above rCsIL-10- or rTrx-treated E. tarda. At 12 hpi, 24 hpi, and
48 hpi, head kidney, spleen, and blood were taken from the fish (5 fish/
time point) and examined for bacterial recovery by plate count [31].
The experiment was performed in triplicate.

2.11. Csil-10 knockdown

Csil-10 knockdown was performed by small RNA (siRNA) inter-
ference as reported previously [31]. To select effective siRNAs for Csil-
10, the sequences of three siRNA targeting Csil-10 were designed ac-
cording to https://www.genscript.com/ssl-bin/app/rnai and inserted
into the siRNA expression vector pRNAT-CMV3.1 (GenScript, Piscat-
away, USA) between BamHI/AlfII sites, resulting in plasmids pCsIL-10-
1, pCsIL-10-2, and pCsIL-10si-3. The plasmid pCsIL-10siC, which ex-
presses a scramble siRNA, was constructed similarly. Endotoxin-free
plasmid DNA was prepared using Endo-Free plasmid Kit (Omega Bio-
Tek, Doraville, USA) and diluted in PBS to 300 μg/ml. Tongue sole were
divided randomly into five groups (5 fish/group) and injected in-
tramuscularly (i.m.) on the back with 100 μl (about 2 μg plasmid/g fish)
pCsIL-10-1, pCsIL-10-2, pCsIL-10si-3, or pCsIL-10siC; the control group
of fish was injected with PBS. At 7 d post-plasmid injection, expression
of Csil-10 in head kidney, spleen, and blood was determined by qRT-
PCR as described above. The plasmid showing the strongest inhibitory
effect on Csil-10 expression was re-named pCsIL-10si. The experiment
was performed in triplicate. The siRNA sequences expressed by pCsIL-
10si and pCsIL-10siC are 5′-CTCTAGCTACACTCAGATG-3′ and 5′-ACT
CGCGCTGATCATATAC-3′, respectively.

Fig. 6. Effect of rCsIL-10 on the apoptosis of peripheral blood leukocytes (PBL). PBL were treated with LPS in the presence or absence (control) of rCsIL-10 or rTrx for
12 h (A) and 24 h (B). The cells were then stained with annexin V and PI and subjected to fluorescence activated cell sorting. The results are one representative of
three independent experiments. 3 fish were used in each experiment.
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2.12. Effect of CsIL-10 knockdown on bacterial infection

Tongue sole were divided randomly into three groups (N = 15) and
administered with pCsIL-10si, pCsIL-10C, or PBS as above. At 7 d post-
plasmid administration, the fish were infected as above with 50 μl E.
tarda (2 × 107 CFU/ml). At 12 hpi, 24 hpi, and 48 hpi, head kidney,
spleen, and blood were taken from the fish (5 fish/time point) and
examined for bacterial recovery by plate count as reported previously
[31]. The experiment was performed in triplicate.

2.13. Statistical analysis

All experiments were performed in triplicate or independently for
three times, and statistical analyses were carried out with SPSS 17.0
software (SPSS Inc., Chicago, IL, USA). Data were analyzed with one-
way analysis of variance (ANOVA), and statistical significance was
defined as P < 0.05.

3. Results

3.1. Sequence characteristics of CsIL-10

CsIL-10 is composed of 186 amino acid residues and has a calculated
molecular mass of 21.5 kDa and a pI of 6.08. CsIL-10 shares 46.3–71.7%
overall sequence identities with the IL-10 of teleost Danio rerio,
Ctenopharyngodon idella, Cyprinus carpio, Oncorhynchus mykiss, Takifugu
rubripes, Paralichthys olivaceus, and Scophthalmus maximus (Fig. 1A).
CsIL-10 contains an N-terminal signal peptide sequence (residues 1 to
22), an IL-10 family signature motif (KAMGELDLLFNYIE) and four
conserved cysteine residues (Cys-26, 80, 129 and 135) (Fig. 1A). Phy-
logenetic analysis showed that teleost IL-10 formed a clade that was
distinctly separated from that formed by other vertebrate and viral IL-
10 (Fig. 1B). Within the fish clade, CsIL-10 formed a group with the IL-
10 of Paralichthys olivaceus and Scophthalmus maximus.

3.2. Expression of CsIL-10 in fish tissues

qRT-PCR analysis showed that constitutive Csil-10 expression

Fig. 7. In vivo effect of rCsIL-10 on bacterial infection and immune gene expression. Tongue sole were infected with Edwardsiella tarda in the presence or absence
(control) of rCsIL-10 or rTrx. Bacterial numbers in head kidney, spleen, and blood at 12 h, 24 h, and 48 h post-infection (hpi) were determined (A), and immune gene
expression in spleen at 24 hpi was determined by quantitative real time RT-PCR (B). Values are shown as means ± SEM (N = 3). N, the number of times the
experiment was performed. 45 fish were used in each experiment. *P < 0.05; **P < 0.01.
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occurred, in increasing order, in the intestine, head kidney, blood, liver,
spleen, heart, gill, muscle, and brain of tongue sole, with highly ex-
pression level in muscle and brain, followed by gill and heart. Lowest
levels were observed in intestine. (Fig. S1). When tongue sole were
infected with the bacterial pathogen E. tarda, Csil-10 expression was
significantly upregulated at 6 hpi in head kidney, at 12 hpi, 24 hpi, and
48 hpi in spleen, and at 24 hpi in blood (Fig. 2A). When the fish were
infected with the bacterial pathogen V. harveyi, Csil-10 expression was
significantly induced at 6 hpi in head kidney, at 6 hpi and 12 hpi in

spleen, and at 12 hpi, 24 hpi, and 48 hpi in blood (Fig. 2B).

3.3. Purification and analysis of rCsIL-10

To facilitate functional study, rCsIL-10 was purified from E. coli as a
recombinant protein (Fig. S2A). Native gel electrophoresis showed that
rCsIL-10 exhibited a molecular weight of approximately 40 kDa, which
is twice of that of the monomeric CsIL-10 (Fig. S2B). Consistently,
rCsIL-10 cross-linked with DSS also formed a protein complex of 40 kDa
(Fig. S2C). These results indicated that rCsIL-10 existed in the form of a
dimer, which is consistent with the three-dimensional structure of CsIL-
10 (Fig. S2D).

3.4. Detection of CsIL-10 in PBL culture supernatant

To examine whether CsIL-10 was secreted by PBL, the supernatant
and whole-cell proteins of LPS-stimulated PBL culture were subjected to
immunoblot analysis. The results showed that CsIL-10 was detected in
both supernatant and whole-cell by anti-rCsIL-10 antibody (Fig. S3).
Since β-actin was detected only in the whole-cell preparation but not in
the supernatant, the CsIL-10 detected in the culture supernatant was
not due to contamination with cytoplasmic proteins.

3.5. Interaction of rCsIL-10 with bacteria and PBL

ELISA showed that when rCsIL-10 or rTrx, which was purified under
the same condition as rCsIL-10, was incubated with Gram-negative
bacteria and Gram-positive bacteria, i.e., E. tarda, P. fluorescens, V.
harveyi, S. iniae, B. subtilis, S. aureus, and M. luteus, rCsIL-10 was able to
bind to all these bacteria in a dose-dependent manner (Fig. 3A). In
contrast, rTrx did not bind to any of the bacteria. Relatively high and
comparable bindings were observed with E. tarda, P. fluorescens, V.
harveyi, B. subtilis, and M. luteus, while relatively low bindings were
observed with S. iniae and S. aureus. The ELISA results were confirmed
by Western blot (Fig. 3B). Consistently, fluorescence microscopy de-
tected binding of rCsIL-10 to V. harveyi (Fig. 3C). Growth analysis
showed that the presence of rCsIL-10 had no significant effect on the
growth of either of the above seven bacteria (data not shown). Fluor-
escence microscopy also revealed that, following incubation with
tongue sole PBL, rCsIL-10 was detected on the surface of the cells,
suggesting binding of rCsIL-10 to PBL (Fig. 3D).

3.6. Effect of rCsIL-10 on PBL phagocytosis, ROS production, and apoptosis

FACS analysis revealed that when tongue sole PBL were infected
with E. tarda in the presence of rCsIL-10, the intracellular bacterial load
was significantly (P < 0.01) lower than that in untreated PBL or in PBL
treated with rTrx (Fig. 4A and C). Similar results were obtained in PBL
infected with V. harveyi in the presence of rCsIL-10 (Fig. 4B and C).To
examine the effect of rCsIL-10 on the ROS production of PBL, LPS was
firstly added to the cells to initiate a moderate ROS production. The
cells were then infected with or without bacteria, and ROS production
was determined. The results showed that compared to uninfected cells,
PBL infected with E. tarda exhibited significantly reduced ROS levels at
2 h, 3 h, and 4 h of infection, and the presence of rCsIL-10 further re-
duced the production of ROS to significant extents (Fig. 5A). In con-
trast, PBL infected with V. harveyi exhibited significantly increased ROS
production at all time points, but the presence of rCsIL-10 significantly
reduced the ROS levels (Fig. 5B). FACS analysis indicated that com-
pared to PBL treated with LPS in the absence of rCsIL-10, PBL treated
with LPS in the presence of rCsIL-10 exhibited no apparent change in
apoptosis at 12 h post treatment, but showed a significant reduction of
apoptosis at 24 h post-treatment (Fig. 6).

Fig. 8. Effect of Csil-10 knockdown on bacterial infection. Tongue sole pre-
administered with or without (control) pCsIL-10si and pCsIL-10siC were in-
fected with Edwardsiella tarda, and bacterial numbers in head kidney (A), spleen
(B), and blood (C) were determined at various time points. Values are shown as
means ± SEM (N = 3). N, the number of times the experiment was performed.
45 fish were used in each experiment. *P < 0.05; **P < 0.01.

X.-p. Li, et al. Fish and Shellfish Immunology 95 (2019) 93–104

101



3.7. In vivo effect of rCsIL-10 on bacterial infection and immune gene
expression

To examine the in vivo effect of rCsIL-10 on bacterial infection,
tongue sole were infected with E. tarda in the presence or absence of
rCsIL-10 or rTrx, and bacterial invasion into head kidney, spleen, and
blood at 12 hpi, 24 hpi, and 48 hpi was determined by plate count. The
results showed that for all three tissues and at 24 hpi and 48 hpi, the
bacterial numbers in fish treated with rCsIL-10 were significantly
higher than those in the control fish or in the fish treated with rTrx
(Fig. 7A). qRT-PCR analysis showed that compared to the control fish,
fish infected with E. tarda in the presence of rCsIL-10 exhibited sig-
nificantly decreased expression in spleen in the genes involved in in-
flammation, i.e. il-1β, il-6, il-8, and tnf-α, as well as NF-κB (Fig. 7B). To
examine whether bacteria bound rCsIL-10 would have a similar effect
on bacterial infection, tongue sole were infected with rCsIL-10- or rTrx-
bound E. tarda, and bacterial invasion into head kidney, spleen, and
blood at 12 hpi, 24 hpi, and 48 hpi was determined by plate count. The
results showed that in fish infected with rCsIL-10 bound E. tarda, the
bacterial recoveries were significantly higher in all three tissues at 24
hpi and in head kidney and spleen at 48 hpi (Fig. S4).

3.8. Effect of CsIL-10 knockdown on bacterial infection

To further examine the in vivo effect of CsIL-10, Csil-10 was knocked
down by administering into tongue sole the plasmid pCsIL-10si, which
expresses a Csil-10-specific siRNA. As a control, fish were also ad-
ministered with the plasmid pCsIL-10siC, which expresses a Csil-10-
nonspecific siRNA. qRT-PCR analysis showed that at 7 d post-plasmid
administration, Csil-10 mRNA levels in the head kidney, spleen, and
blood of pCsIL-10si-administered fish were significantly (P < 0.01)
reduced compared to that in the control fish, whereas Csil-10 expression
levels in pCsIL-10siC-administered fish were similar to that in the
control fish (Fig. S5). To examine the effect of Csil-10 knockdown on
bacterial infection, pCsIL-10si- and pCsIL-10siC-treated tongue sole
were infected with E. tarda, and bacterial recoveries from head kidney,
spleen, and blood were determined at 12 hpi, 24 hpi, and 48 hpi. The
results showed that in all examined tissues, pCsIL-10si-treated fish ex-
hibited significantly lower bacterial recoveries than the control fish at
12 hpi and 24 hpi (Fig. 8). No apparent difference in bacterial recovery
between pCsIL-10siC-treated fish and control fish was observed.

4. Discussion

In this study, we examined the expression and immune effect of
tongue sole IL-10, CsIL-10. CsIL-10 was classified as an IL-10 family
member based on its possession of the typical IL-10 signature sequence
and the conserved cysteine residues essential for maintaining IL-10
structure. In mammals, il-10 can be expressed on almost all leukocyte
subtypes and non-immune cells [10]. In teleost, the constitutive ex-
pression of il-10 varies among species, but head kidney, gut and gill
showed high expression in most investigated fish [15,16,18–21,23–26].
In our study, the Csil-10 was detected ubiquitously in all examined
tissues of healthy fish, with relatively higher levels occurring in brain
and muscle, and low levels occurring in intestine, which was different
from other teleost il-10 expression profiles. In fish, il-10 expression was
stimulated by bacteria, virus, and LPS [15,16,18–21,23–26]. Similarly,
in our study, Csil-10 expression was detected ubiquitously in the major
tissues of tongue sole and was upregulated by E. tarda and V. harveyi
infection. These results indicate that Csil-10 is involved in host immune
response during bacterial invasion.

Biochemical and crystal structure analyses of mammalian and viral
rIL-10 revealed that this cytokine forms and functions as a homodimer
[47]. In our study, CsIL-10 was predicted to form a homodimeric
structure similar to that of mammalian IL-10. Consistently, rCsIL-10
was found to exist in a dimeric form. Cellular studies showed that in

mammals, IL-10 was secreted to the extracellular milieu by various cells
treated with pathogen [6,10]. In our study, we found that CsIL-10 was
detected in the culture medium of LPS-treated PBL, indicating extra-
cellular production of CsIL-10 by PBL under stimulation.

In mammals, IL-10 is known to bind to its cognate membrane-bound
receptor and form ligand-receptor complexes [8,48]. In fish, the func-
tion of IL-10 receptor is essentially unknown. However, there are evi-
dences indicating the existence of IL-10 ligand-receptor system in
zebrafish and goldfish [49,50]. In our study, we found that was able to
bind to PBL, suggesting an interaction of rCsIL-10 with membrane-
bound receptors on PBL. Interestingly, rCsIL-10 could also bind to
bacterial strains of different species, possibly through some molecules
existing commonly in Gram-negative and Gram-positive bacteria. Al-
though in vitro rCsIL-10-bound and unbound E. tarda exhibited no dif-
ference in growth, rCsIL-10 bound E. tarda showed significantly en-
hanced dissemination in fish tissues, indicating that bacteria-bound
rCsIL-10 also possessed biological functions.

Phagocytosis is an important cellular immune response for pathogen
elimination and is accompanied by an oxidative burst with an increase
in the production of free radicals [51]. Reports have indicated that
mouse IL-10 could suppress macrophage phagocytosis, and human IL-
10 could directly inhibit neutrophil-dependent phagocytosis and
downregulate the production of reactive oxygen intermediates [52–54].
In teleost, rIL-10 of cyprinid fish could inhibit the oxygen and nitrogen
radical production in phagocytes [18,22,29]. Similarly, we found that
rCsIL-10 markedly decreased the phagocytic capacity of PBL against
bacterial pathogens and caused a prominent reduction in ROS pro-
duction. These results indicated that rCsIL-10 negatively regulated PBL
activation.

Previous studies showed that human IL-10 prevented apoptosis in-
duced by lymphocyte activation and LPS stimulation, and the presence
of neutralizing anti-IL-10 antibody enhanced apoptosis [55,56]. Simi-
larly, IL-10 prevented apoptosis of murine macrophages infected with
Salmonella choleraesuis [57]. However, the effect of fish IL-10 on
apoptosis was unclear. In the present study, we found that rCsIL-10
significantly reduced the apoptosis of PBL, which was in agreement
with the negative effect of rCsIL-10 on ROS production in PBL, as in
apoptosis, the induction of death is accompanied with ROS generation
in different cell systems [58].

In humans, excessive expression of IL-10 is associated with persis-
tent and chronic infection [59]. In mice, IL-10 inhibits macrophage
antimicrobial activity, and neutralization of IL-10 reduced the infection
of Klebsiella pneumonia and M. avium and enhanced expression of pro-
inflammatory cytokines [13,60]. In fish, IL-10 has been reported to
weaken the resistance of zebrafish against Mycobacterium marinum in-
fection and suppress the bactericidal activity of amberjack leukocytes
[17,30]. In this study, we found that the presence of rCsIL-10 sig-
nificantly enhanced E. tarda dissemination in fish tissues, and knock-
down of CsIL-10 in tongue sole significantly reduced E. tarda infection.
Furthermore, rCsIL-10 treatment significantly reduced the expression of
proinflammatory cytokines and NF-κB, which is in agreement with the
observed negative effects of mammalian and fish IL-10 on proin-
flammatory cytokines [11,22,49]. It is likely that the enhancing effect
of rCsIL-10 on E. tarda invasion is due to the inhibitory effect of rCsIL-
10 on bacteria-induced proinflammatory response and activation of
phagocytes.

In conclusion, this study demonstrates that CsIL-10 is a cytokine
that was able to interact with PBL and inhibit phagocytic activity and
apoptosis. CsIL-10 could also interact with bacteria of both Gram-ne-
gative and Gram-positive nature, though the biological significance is
not clear. CsIL-10 negatively regulated the expression of proin-
flammatory cytokines and could significantly affect the dissemination
of bacterial pathogens in host tissues. These results provide new in-
sights into the functionality of teleost IL-10 in host immune defense.
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