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ARTICLE INFO ABSTRACT

Keywords: Chemokines are a superfamily of structurally related chemotactic cytokines exerting significant roles in reg-
CXC chemokine ulating cell migration and activation. Currently, five subgroups of fish specific CXC chemokines, named
CXCL_F6 CXCL_F1-CXCL_F5, have been identified in teleost fish. However, understanding of the functions of these fish
Chemotaxis

specific CXC chemokines is still limited. Here, a new member of fish specific CXC chemokines, LcCXCL_F6, was
cloned from large yellow croaker Larimichthys crocea. Its open reading frame (ORF) is 369 nucleotides long,
encoding a peptide of 122 amino acids (aa). The deduced LcCXCL_F6 protein contains a 19-aa signal peptide and
a 103-aa mature polypeptide, which has four conserved cysteine residues (G, G3°, C°¢, and C7?), as found in
other known CXC chemokines. Phylogenetic analysis showed LcCXCL_F6 formed a separate clade with sequences
from other fish species, tentatively named CXCL_F6, distinct from the clades formed by fish CXCL _F1-5 and
mammalian CXC chemokines. The LcCXCL_F6 transcripts were constitutively expressed in all examined tissues
and significantly up-regulated in the spleen and head kidney tissues by poly (I:C) and Vibrio alginolyticus. Its
transcripts were also detected in primary head kidney leukocytes (HKLs), peripheral blood leucocytes (PBLs),
and large yellow croaker head kidney (LYCK) cell line, and significantly up-regulated by poly(I:C), lipopoly-
saccharide (LPS), and peptidoglycan (PGN) in HKLs. Recombinant LcCXCL_F6 protein (rLcCXCL_F6) could not
only chemotactically attract monocytes/macrophages and lymphocytes from PBLs, but also enhance NO release
and expression of proinflammatory cytokines (TNF-a, IL-13, and CXCL8) in monocytes/macrophages. These
results indicate that LcCXCL_F6 plays a role in mediating the inflammatory response.

Large yellow croaker (Larimichthys crocea)
Inflammatory response

1. Introduction terminal cysteines allows chemokines to be split into four major sub-

families, including CC, CXC, CX3C, and CX [6,7].

The chemokines, a large family of small, secreted proteins, are best
known for their ability to stimulate the migration and localization of
cells, most notably leukocytes, through cell surface G protein-coupled
hepta-helical receptors [1]. In addition, chemokines also play important
roles in diverse immunological and physiological processes, such as
activation of T lymphocytes and macrophages, angiogenesis, organo-
genesis, and neurological development [2,3]. Chemokine monomer
consists of a central three stranded B-sheets, an overlying C-terminal a-
helix, and a short unstructured N-terminus that plays a critical role in
receptor activation [4]. The primary characteristic of chemokines is the
four structurally important cysteine residues within the mature protein,
which maintain the structure of the chemokine monomer by forming
disulfide bonds [5]. Variation in the precise configuration of the two N-

In mammals, the CXC chemokines are known to function in che-
motaxis of neutrophils, monocytes and lymphocytes [8-10]. The
mammalian CXC subfamily consists of 17 members, but each species
has slightly variable numbers of genes, with 16 members for human
(lacking CXCL15), 15 for mouse (lacking CXCL6 and CXCL8) and a
smaller number identified from other mammalian species [10]. CXC
chemokines are further classified into ELR-positive or ELR-negative
groups based on the presence of a conserved ELR (glutamic acid-leu-
cine-arginine) motif [11]. The ELR-positive group contains CXCL1-3,
CXCL5-8, and CXCL15, while ELR-negative group includes CXCL4,
CXCL9-14, and CXCL16-17 [6,12].

Currently, an increasing number of CXC chemokines have been
identified in teleost fish, for instance, 23 CXC chemokines have been

* Corresponding author. No.15 Shangxiadian Road, Cangshan District, Fuzhou, 350002, Fujian, China.

E-mail address: chenxinhua@tio.org.cn (X. Chen).

https://doi.org/10.1016/j.fsi.2018.10.068

Received 24 July 2018; Received in revised form 13 September 2018; Accepted 25 October 2018

Available online 26 October 2018
1050-4648/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2018.10.068
https://doi.org/10.1016/j.fsi.2018.10.068
mailto:chenxinhua@tio.org.cn
https://doi.org/10.1016/j.fsi.2018.10.068
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2018.10.068&domain=pdf

Fish and Shellfish Inmunology 84 (2019) 787-794

Y. Mu et al.
Signal peptide Mature polypeptide
Larimichthys crocea CXCL_F6  TREFA VENIR T [GFHR F v ECIEEFN ¥ S I{F Ay G VE KK EPID 3 - - A GEAY TEE EEFS X R 4 S
Miichthys miiuy CXCL_F6 } BINR SK CKCLN[elY\YGI4TI4P QI KEEFNe P VIyHINP SIFCPRTE I IK
MNSAVIYAFLEFLLVLCAQGRP[ENR S[e]K CKC LN[eJ3I GREPEIL I KEEEIE P VidH[|PIY|I F C PCJAE I I
T[S HIERTV[e)FiS RIAV)Y - - G)RYT

Scophthalmus maximus CXCL_F6
Lates calcarifer CXCL_F6
Stegastes partitus CXCL_F6 SEKCKCEANSY IEREEIIQL I[EERY Y] VifJ4P SIFCPRTE I IjiiIX
Oreochromis niloticus CXCL_F6 KCKCP)@EISYIGRIFPIML IKERWAEP VISHNMP ST FCPLEITE I T3l
Pundamilia nyererei CXCL_F6 SWKCKC SYIGRIEPISLIKEESNEPVINHMPSIFCPLEITE I T3l
Poecilia reticulata CXCL_F6 M4S A VILEF\#NC LEGAL CAQQ PANR SINK CK CEF SRR {A A O] T [MEERWE P V\iA§: (P SBIF CPRTE I I3
Cynoglossus semilaevis CXCL_F6 MN S ARNVASALEC L LE4L C A QENQ PERR SJ4K CK C LN[EE] I EFI TS AL B 3@ ¥:47 P V)gHI4P S[HF c PFFAE I 1Y)
* * *
pKEKCVNPEISPLGKLILKNKNKPAOKINFWRVINT TEVA SR DKTTASTRLETSR---- 122
TSR - - - - 122

Larimichthys crocea CXCL_F6
TERIJAASILREISAI SN G Y QUANA T\YNwyA LIS SysDTTAASEREITRH
N---TWEEJTRLRSINHSAPRTM 123

Miichthys miiuy CXCL_F6

Scophthalmus maximus CXCL_F6 JANE SESAFQHV Mugw-REIS O

Lates calcarifer CXCL_F6 GEYA S MU TEIS QUAN - - - TWEEJPRLEISIAR- - - - 118

Stegastes partitus CXCL_F6 AVTTEAS ---TLEEJSTFiITYPKA- - - - 119

Oreochromis niloticus CXCL_F6 GS\YSPERPNGOSPYAAT - - - = = = = = = == = = == = = = 106

Pundamilia nyererei CXCL_F6 GIAYSINRWNC O SPYAAT - - = = = = = = = == = = == = = = 106
L - AT {eAYDIFK IR Tl OiS AN LIRSR S RIAT GLYY YIRQVEJAHIS TSG - - - - STQQAQSR@A---- 117
QEPQL-=---- VEIDVVAAQ--- 18

Poecilia reticulata CXCL_F6
Cynoglossus semilaevis CXCL_F6 VL - BAVIqRBIE LI IAGSAL QORIMASROQEIAALT TGyRATVQQ
*

Fig. 1. Alignment of the CXCL_F6 amino acid sequences from large yellow croaker and other fish.
The four conserved cysteine residues are shown with asterisks. The identical residues are shaded in black. The NCBI accession numbers for the CXCL_F6 protein

sequences are listed in Supplementary Table 2.
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Fig. 2. Phylogenetic tree of CXC chemokines.
A phylogenetic tree was constructed based on the amino acid sequences of CXC chemokines by MEGA 6.06 using neighbour-joining method. The numbers on nodes
represent frequency per 100 bootstrap replications in a total of 10000. The NCBI accession numbers for CXC chemokine protein sequences used here are listed in

Supplementary Table 2.
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identified in zebrafish [10,13], 17 in channel catfish (Ictalurus punc-
tatus) [10], 11 in brown trout (Salmo trutta) [7], and more than 10 in
rainbow trout (Oncorhynchus mykiss) [14]. However, CXCL1-7, CXCL9-
10, and CXCL15-17 homologues have not been found in any fish species
yet. Correspondingly, a number of fish specific CXC chemokines
(CXCL_F) have been discovered in various fish species, which are phy-
logenetically divided into five subgroups, CXCL_F1-CXCL_F5 [7]. The
first fish specific CXC chemokine CXCL_F1 (CXCd) was reported in
rainbow trout and its expression significantly increased in spleen fol-
lowing bacterial challenge or vaccination [14,15]. In brown trout, the
mRNA transcription of CXCL_F1, CXCL_F2, CXCL_F4, and CXCL_F5 in-
creased in spleen and head kidney under both viral haemorrhagic
septicaemia virus and Yersinia ruckeri stimulation [7]. The expression
levels of CXCL_F2 from large yellow croaker was significantly up-
regulated after stimulation with bacterial vaccine and its recombinant
protein obviously attracted monocytes, lymphocytes, and eosinophils
[6]. CXCL18 and CXCL20, two fish specific CXC chemokines of channel
catfish were also induced after Edwardsiella ictaluri and Flavobacterium
columnare infections [10].

The large yellow croaker (Larimichthys crocea) is one of the most
economically important marine fish in China and East Asia [16]. So far,
six CXC chemokines, including CXCL12 [17], CXCL13 [18], three
CXCL8 [19-21], and CXCL_F2 [6], have been identified in this species.
In this study, we identified and characterized a new member of fish
specific chemokines from large yellow croaker (LcCXCL_F6). We found
that LcCXCL_F6 was constitutively expressed in all tissues examined and
was significantly up-regulated in the spleen and head kidney tissues by
poly (I:C) and Vibrio alginolyticus. The LcCXCL_F6 expression was also
detected in three immune-related cells and increased in HKLs by poly
(I:C), LPS, and PGN. Additionally, recombinant LcCXCL_F6 protein
(rLcCXCL_F6) not only exhibited chemotactic activity for monocytes/
macrophages and lymphocytes from PBLs, but also enhanced the NO
release and up-regulated the expression of pro-inflammatory cytokines
in monocytes/macrophages from head kidney.

2. Materials and methods
2.1. Fish and challenge experiments

Large yellow croakers (mean mass: 104 + 13.6g; mean length:
21 * 1.5cm) were purchased from a mari-culture farm at Ningde,
Fujian, China. Fish were cultivated in flow-through seawater at 16 °C.
After 7 days of acclimation, large yellow croakers were divided into
three groups of 30 fish each. The two experimental groups were in-
traperitoneally injected with poly(I:C) (Sigma-Aldrich, USA; 1 mg/mL
in PBS) or Vibrio alginolyticus (1.0 x 10 CFU/mL) at a dose of 0.2 mL/
100 g fish. The control group of 30 fish was injected with sterilized PBS
(pH 7.4) at a dose of 0.2 mL/100 g fish. Spleen and head kidney tissues
from six fish of each group were collected at different time points (6,
12, 24, 48 and 72h) after injection, frozen immediately in liquid ni-
trogen, and stored at —80 °C for next use.

2.2. Primary cells

Primary peripheral blood leukocytes (PBLs) were isolated as pre-
viously described [21]. Briefly, the blood was sampled from the caudal
vein sinus of large yellow croaker, diluted by Leibovitz's medium (L-15
medium; Gibco, USA), loaded onto freshly prepared 34%/51% Percoll
(GE, USA) density gradients and separated via centrifugation at 650 X g
for 30 min at 4 °C. PBLs were then taken from the interface between
34%/51% Percoll and diluted to a final concentration of 1 x 10° cells/
mL in L-15 medium.

Primary head kidney monocytes/macrophages (PKMs) were iso-
lated according to the procedure described previously [22]. Briefly,
head kidney tissue was collected and pushed gently through 70 um
stainless steel screens. The resultant cell suspension was loaded onto
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34%/51% Percoll density gradients, followed by centrifugation at 650g
for 30 minat 4 °C. Primary head kidney leukocytes (HKLs) were col-
lected from the gradient interface and put on culture dish for 2hat
28 °C until cell attachment. After removing nonadherent cells by two
washes with L-15 medium, attached cells were digested with trypsin
(Gibco, USA). The resulting cell suspension was centrifuged at
1500 rpm for 10 min to remove the trypsin, and PKMs were then col-
lected and diluted to a final concentration of 1 X 10° cells/mL in L-15
medium.

Large yellow croaker head kidney (LYCK) cell line was established
and maintained in our laboratory [23].

2.3. Cloning and sequence analysis of LcCXCL_F6 cDNA

The LcCXCL_F6 gene sequence was predicted from the genome da-
tabase of large yellow croaker (JRPUOO0O00000) [16]. To obtain the
open reading frame (ORF) of LcCXCL_F6, primer set of LcCXCL_F6—F1
and -R1 was designed according to the predicted LcCXCL _F6 sequence
(Supplementary Table 1). Using first strand cDNA from total RNA of
large yellow croaker spleen as a template, PCR was performed using
EasyPfu DNA Polymerase (TransGen Biotech, China) under the fol-
lowing conditions: 95 °C for 1 min, then 35 cycles of 95 °C for 30, 57 °C
for 30s, 72°C for 1 min, followed by a final extension at 72°C for
10 min. The resulted PCR product was inserted into pMD20-T simple
vector (Takara, China) and sequenced. Multiple alignments were per-
formed using the CLUSTAL Omega program (https://www.ebi.ac.uk/
Tools/msa/clustalo/). Protein domains were predicted by Simple
Modular Architecture Research Tool (SMART) [24]. Signal peptide was
predicted by using SignalP 4.1 [25]. Phylogenetic tree was constructed
with Molecular Evolution Genetics Analysis (MEGA) software version
6.06 using the neighbour-joining method [26]. The NCBI accession
numbers for CXC chemokine protein sequences used here are listed in
Supplementary Table 2.

2.4. Expression analysis of LcCXCL F6 by real-time PCR

Various tissues including blood, brain, gills, head kidney, heart,
intestine, liver, muscle, skin, and spleen were collected from five large
yellow croakers. Total RNA was isolated from a pooled tissue of five fish
and reverse-transcribed into first strand cDNA. Real-time PCR was
performed with the primer set of LcCXCLF6—F3 and -R3
(Supplementary Table 1). The B-actin gene was amplified with the
primer set of Actin-F1 and -R1 as internal control (Supplementary
Table 1). PCR cycles were performed on the Mastercycler epgradient
realplex 4 system (Eppendorf, Germany) with SYBR Premix Ex Taq™ kit
(Takara, China). The cycling conditions were 1 min at 95 °C, followed
by 40 cycles of 95°C for 5s, 58 °C for 155, and 72 °C for 20s. The re-
lative expression of LcCXCL_F6 gene was normalized against -actin
using the 2724°T method [20], and was expressed relative to
LcCXCL_F6 expression in the brain.

To further understand the modulation of LcCXCL_F6 gene expres-
sion, total RNA was extracted from spleen and head kidney tissues of six
fish collected at each time point (12, 24, 48 and 72 h) post-induction
with poly (I:C) or V. alginolyticus, respectively. Real-time PCR was
performed using the conditions described above. The relative expres-
sion levels of LcCXCL_F6 gene were normalized by (-actin. Fold change
of LcCXCL_F6 gene expression levels was expressed as the ratio of the
normalized gene expression levels in fish injected with poly (I:C) or V.
alginolyticus versus those in fish injected with PBS at the same time
point. The data obtained from three independent assays with three
replicates in each assay were subjected to statistical analysis.

To analyze the expression of LcCXCL_F6 gene in three immune-re-
lated cells, total RNA was extracted from 1 x 10° of HKLs, PBLs, and
LYCK cells using the ReliaPrep RNA Cell Miniprep System (Promega,
USA), respectively. Real-time PCR was performed as described above.
The expression levels of LcCXCL_F6 were calculated by normalization to
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Fig. 3. Tissue expression analysis of LcCXCL_F6 gene.

(A) Relative expression of LcCXCL F6 transcripts in different tissues of large
yellow croaker (five fish), including blood, brain, gills, head kidney, heart,
intestine, liver, muscle, skin, and spleen. Modulation of LcCXCL_F6 gene ex-
pression in spleen and head kidney based on induction with poly (I:C) (B) and
Vibrio alginolyticus (C). Spleen and head kidney tissues were collected from six
fish at each time point (6, 12, 24, 48, and 72h) after induction. The B-actin
expression was used as an internal control for real-time PCR. Deviation bars
represent the standard error of the mean (SEM) of three independent PCR as-
says with three replicates in each assay. Statistically significant differences were
indicated with asterisks where *p < 0.05 and *p < 0.01.
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B-actin using the 272ACT method and expressed as the ratio of the

LcCXCL_F6 expression level in LYCK cells.

HKLs were further treated with a final concentration of 40 ug/mL
poly(I:C), 50 pg/mL LPS (Sigma Aldrich), or 20 ug/mL PGN for 6, 12,
and 24 h. Total RNA was extracted from these cells for real-time PCR
analysis of LcCXCL_F6 expression. The relative expression levels of
LcCXCL_F6 were normalized by B-actin and expressed as fold changes
by comparing the normalized gene expression levels in cells treated
with poly(I:C), LPS, or PGN with those in the PBS-treated cells at the
corresponding time point.

2.5. Expression and purification of recombinant LcCXCL_F6

LcCXCL_F6 gene fragment excluding the signal peptide was ampli-
fied with the primer set of LcCXCL_F6—F2 and -R2 (Supplementary
Table 1) and inserted into pET-His vector. The constructed recombinant
plasmid pET-LcCXCL_F6 was transformed into E. coli Rosetta competent
cells. Expression of rLcCXCL_F6 was induced by 0.1 mM isopropyl-3-p-
1-thiogalactopyranoside (IPTG) at 37 °C for 4h, and was analyzed by
SDS-PAGE. The rLcCXCL_F6 was purified by Ni-NTA rilotriacetic acid
(NI-NTA) affinity chromatography under nondenaturing condition
using ProBond™ Purification System (Invitrogen, USA). The resulting
rLcCXCL_F6 was then dialyzed against PBS, filtered with a sterile 0.2 pm
filter, and stored at —80 °C. Recombinant GST protein (rGST) was ex-
pressed and purified in the same system as a control.

2.6. Chemotaxis assay in vitro

In vitro chemotaxis assay was performed using a 24-well Costar
Transwell apparatus (Corning, USA) as described previously [6]. Pur-
ified rLcCXCL_F6 was diluted to 1, 10, 30, 50 pg/mL in L-15 medium.
Then, 600 uL of each diluted protein solution was added to lower
chamber of the transwell unit. Polycarbonate filters with a pore dia-
meter of 3 um were then placed onto the lower wells, and 100 uL of
PBLs (1 x 10°cells) were added in the upper chamber. The unit was
incubated at 22 °C for 4 h. At the end of reaction, cells migrated to the
lower chamber and the reverse side of polycarbonate filters (digested
by trypsin) were counted. Finally, the migrated cells were collected for
morphological identification using rapid Wright-Giemsa staining
(NJJCTECH, China). Each experiment was repeated three times. Pur-
ified rGST (10 pg/mL) was used as control in the chemotaxis assay.

2.7. Nitric oxide assays

PKMswere cultured in 96-well plates (3 X 10° cells/well) and
treated with rLcCXCL_F6 (at a final concentration of 0.01, 0.1, 1, and
5ug/mL) or the same concentration of rGST (as a control). The cells
were incubated at 28 °C for 72 h and the cell culture supernatants were
collected for analyses of NO concentration. Absorbance values at
540 nm were acquired and nitrite concentration was determined using a
sodium nitrite standard curve based on the Griess reaction with NO
determination kit (Beyotime, China). All data were obtained from three
independent experiments with three replicates in each experiment.

2.8. Expression analyses of iNOS and pro-inflammatory cytokine genes by
real-time PCR

PKMs (3 x 10° cells/well) were cultured in 6-well plates at 28 °C for
2h and treated with rLcCXCL_F6 (at a final concentration of 10 ng/mL)
or the same concentration of rGST (as a control). The cells were then
harvested at 6, 12, and 24 h after treatment for expression analysis of
iNOS and proinflammatory cytokine TNF-a, IL-1f3, and CXCL8 genes.
Real-time PCR was performed with the gene specific primers
(Supplementary Table 1). The relative expression levels of each gene
were normalized by 3-actin and expressed as fold change by comparing
the normalized gene expression levels in the rLcCXCL_F6-treated cells
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with those in the rGST-treated cells at each time point. All data were
obtained from three independent experiments with three replicates in
each experiment.

2.9. Statistical analysis

All data were analyzed using GraphPad Prism 5 software and ex-
pressed as mean + standard error of the mean (SEM) of three in-
dependent experiments. Student t-test was performed to check the
statistical differences between the experimental and control groups.
The P < 0.05 stands for statistically different and P < 0.01 for sig-
nificantly different.

3. Results
3.1. Identification and characterization of LcCXCL_F6

The complete ORF of LcCXCL _F6 gene was 369 nucleotides (nt) in
length and encoded 122 amino acids (Supplementary Fig. 1). The first
19 amino acids were predicted to be the signal peptide. The deduced
LcCXCL_F6 protein contained four conserved cysteine residues (G,
€39, C5¢, and C”?), as found in other CXC chemokines, and the first two
cysteine residues were separated by a lysine (Fig. 1). LcCXCL_F6 lacked
the ELR motif. Phylogenetic analysis showed that most of the large
yellow croaker CXC chemokines were clustered into known clades with
their respective counterparts from other vertebrates with strong boot-
strap support (Fig. 2). However, LcCXCL_F6 formed a separate clade
with sequences from other fish species, distinct from the clades formed
by fish CXCL_F1-5 and mammalian CXC chemokines. Homology com-
parison showed that the LcCXCL_F6 has a higher sequence identity of
48-93% with other fish CXCL F6 proteins, but a relatively low identity
with other subgroups of CXC chemokines (9-35%, Supplementary
Table 2).

3.2. Tissue expression analysis of LcCXCL F6 gene

Real-time PCR was used to investigate expression levels of
LcCXCL_F6 gene in various tissues. The results showed that the
LcCXCL_F6 transcripts could be detected in all tissues examined, with
the highest levels in spleen and gills, and the lowest level in brain
(Fig. 3A). Under stimulation with poly (I:C), LcCXCL_F6 transcripts
quickly increased in spleen with 79.0-fold increases at 6 h post-stimu-
lation (Fig. 3B). However, in head kidney, the LcCXCL_F6 expression
reaching the peak was at 24 h post-stimulation with poly (I:C). Simi-
larly, LcCXCL_F6 transcriptional levels were significantly up-regulated
in spleen and head kidney by V. alginolyticus and both reached the peak
at 6 h post-stimulation, with 14.6- and 32.3-fold increases, respectively
(Fig. 30).

Fig. 5. Chemotactic activity of rLcCXCL_F6.
(A) Chemotactic activity of rLcCXCL_F6 to large
yellow croaker PBLs at various concentrations.
Recombinant GST was used as control. Deviation
bars represent the standard error of the mean
(SEM) of three independent experiments.
Statistical differences are indicated with asterisks
B¢ where *p < 0.05 and *p < 0.01. (B) Wright-
@ Giemsa staining cell image ( X 100). The attracted
large yellow croaker peripheral blood cells were
stained by Wright-Giemsa staining after chemo-
tactic activity assay. Lymphocytes were pointed
by black arrow and monocytes/macrophages by
blue arrow. (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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Fig. 6. Nitric oxide response and iNOS gene expression in PKMs treated
with rLcCXCL_F6.

(A) Nitric oxide production of primary head kidney macrophages (PKMs)
treated with rLcCXCL_F6. PKMs were treated with rLcCXCL_F6 at final con-
centrations of 0.01, 0.1, 1 or 5ug/mL, and the cell culture supernatants were
harvested at 72h after treatment. PKMs were treated with the same con-
centration of rGST as controls. Nitric oxide production was determined using
the Griess reaction and nitrite concentration was calculated from the sodium
nitrite standard curve based on the Griess reaction. (B) Expression analysis of
iNOS gene in PKMs treated with rLcCXCL_F6. PKMs were treated with
rLcCXCL_F6 at a final concentration of 1 pg/mL. PKMs were also treated with
the same concentration of rGST as controls. The relative expression levels of
iNOS were normalized by B-actin and expressed as fold change by comparing
the normalized gene expression levels in the rLcCXCL_F6-treated cells with
those in the rGST-treated cells at each time point. All data were obtained from
three independent experiments with three replicates in each experiment. Error
bars represent SEM of three independent experiments. p < 0.05; p < 0.01.

3.3. Expression analysis of LcCXCL_F6 in immune-related cells

As shown in Fig. 4A, LcCXCL_F6 gene could be detected in HKLs,
PBLs, and LYCK cells, and relatively high expression level was detected
in HKLs. Furthermore, LcCXCL_F6 expression levels were significantly
up-regulated in HKLs by poly (I:C), LPS, and PGN, and reached the
peaks at 6, 12, and 6 h post-stimulation, respectively (Fig. 4B).

3.4. Chemotaxis assays

To determine the chemotactic activity of LcCXCL_F6, rLcCXCL_F6
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was produced in E. coli Rosetta and purified using immobilized Ni-NTA
metal affinity chromatography (Supplementary Fig. 2). The purified
rLcCXCL_F6 showed obvious chemotactic activity to large yellow
croaker PBLs at different concentrations of 1, 10, 30, and 50 pg/mL, and
displayed the strongest ability to attract PBLs at 10 ug/mL (Fig. 5A).
Comparatively, the control protein rGST had no chemotactic activity to
PBLs. Then, the migrated cells were stained using Wright-Giemsa. It
was found that the monocytes/macrophages and lymphocytes were
main cell types attracted from PBLs (Fig. 5B).

3.5. Effect of LcCXCL_F6 on iNOS gene expression and NO release

The rLcCXCL_F6 could increase the NO production in the PKMs at a
final concentration of 0.1, 1, and 5 pg/mL, and displayed the strongest
ability at 1 pg/mL (Fig. 6A). Since NO is synthesized by iNOS in mac-
rophages as a free radical [27], we then examined the effect of
rLcCXCL_F6 on iNOS gene expression. In the rLcCXCL_F6-treated PKMs,
the expression levels of iINOS gene were significantly up-regulated at 12
and 24 h, with 2- and 5-fold increases, respectively (Fig. 6B).

3.6. The rLcCXCL_F6 induced expression of pro-inflammatory cytokine
genes in PKMs

To understand whether LcCXCL_F6 could induce the expression of
pro-inflammatory cytokine genes in monocytes/macrophages, we de-
tected the expression levels of major pro-inflammatory cytokines TNF-
a, IL-1B, and CXCL8 in the rLcCXCL_F6-treated PKMs by real-time PCR.
As shown in Fig. 7, the transcript levels of TNF-a, IL-1f3, and CXCL8
were obviously up-regulated in the rLcCXCL_F6-treated PKMs and had
164-, 5.6-, and 391-fold increases at 6, 12, and 12h after treatment,
respectively.

4. Discussion

Here, we identified a new member of fish specific CXC chemokines,
LcCXCL_F6, from large yellow croaker. As found in other known CXC
chemokines, LcCXCL_F6 also contains four conserved cysteine residues
(Fig. 1), which are essential for the tertiary structure and classification
of chemokines [28]. Currently, five subgroups of fish specific CXC
chemokines, named CXCL_F1-CXCL_F5, have been identified in teleost
fish [7]. Phylogenetic analysis based on the amino acid sequences of
CXC chemokines from various organisms showed that LcCXCL_F6
formed a separate clade with sequences from other fish species, distinct
from the clades formed by fish CXCL_F1-5 and mammalian CXC che-
mokines (Fig. 2). LcCXCL_F6 also has a relatively low sequence identity
with the members from other CXC chemokine subgroups. Based on
these data, LcCXCL_F6 and its counterparts should be assigned to a new
subgroup of fish specific CXC chemokines, tentatively named CXCL_F6.

The LcCXCL_F6 transcripts were widely detected in various tissues,
with the highest expression levels in spleen and gills, and the lowest
level in brain (Fig. 3A), which are consistent with the tissue distribution
of other CXCL_Fs. LcCXCL_F2 mRNA was detected in various tissues,
with the highest level in spleen [6]. Brown trout CXCL_F4 and CXCL_F5
were highly expressed in the spleen [7]. In rainbow trout, CXCL_F4
mRNA was highly transcribed in spleen, while CXCL_F5 transcripts
were highly expressed in gills [14]. High expression of CXCL_Fs in fish
spleen and gills suggests that the CXCL Fs producing cells may be
abundant at these two organs, which are two major immune-related
organs in fish. Furthermore, similar to other CXCL_Fs [6,10,14,15], the
transcription of LcCXCL _F6 was significantly increased in spleen and
head kidney under stimulation by poly (I:C) and V. alginolyticus (Fig. 3B
and C), and increased in HKLs by poly(I:C), LPS and PGN (Fig. 4B).
These results suggested that LcCXCL_F6 may participate in immune
responses against viral and bacterial infections.

In mammals, the CXC chemokines have been reported to function in
chemotaxis of neutrophils, monocytes and lymphocytes. However, the
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Fig. 7. Expression analysis of pro-inflammatory cytokines in PKMs treated with rLcCXCL_F6.

Primary head kidney macrophages (PKMs) were treated with rLcCXCL _F6 at a final concentration of 10 ng/mL, and harvested at different time points after treatment.
PKMs were treated with the same concentration of rGST as controls. The relative expression levels of TNF-a (A), IL-1f3 (B), and CXCL8 (C) genes were normalized by
B-actin and expressed as fold change compared with the controls (rGST-treated PKMs) at each time point. All data were obtained from three independent experiments
with three replicates in each experiment. Error bars represent SEM of three independent experiments. p < 0.05; “p < 0.01.

studies on chemotaxis and target cells of fish specific CXC chemokines
are limited. The rLcCXCL_F2 showed obvious chemotactic activity to
monocytes/macrophages, lymphocytes and eosinophils [6]. Re-
combinant LcCXCL8_L3 could attract the lymphocytes and eosinophils
[21], and carp CXCb showed a strong chemotactic activity towards
monocytes, granulocytes and lymphocytes [29]. In our study,
rLcCXCL_F6 showed obvious chemotactic activity to monocytes/mac-
rophages and lymphocytes (Fig. 5). Mammalian CXC chemokines have
been divided into two subgroups: ELR-positive subgroup and ELR-ne-
gative subgroup, based on the presence or absence of the ELR motif.
The ELR motif is responsible for receptor binding and activation of
neutrophils, and CXC chemokines that lack this motif act on monocytes
and lymphocytes [30]. LcCXCL_F6 lacks the ELR motif and its potential
target cells are monocytes/macrophages and lymphocytes (Fig. 5 B),
suggesting that LcCXCL_F6 may possess a similar chemotactic activity to
mammalian ELR-negative CXC chemokines. Production and release of
NO have been considered as a clear indication for respiratory burst in
macrophages and play an important role in the inflammatory response
[31,32]. The production of NO in the body is catalyzed by inducible
nitric oxide synthase (iNOS) [33]. In this study, we observed significant
increases of NO production and iNOS expression in the rLcCXCL_F6-
treated PKMs (Fig. 6), implying that increased respiratory burst in the
rLcCXCL_F6-treated PKMs may result from iNOS induction. Pro-in-
flammatory cytokines (such as TNFa, IL-1p, IL-6, and IL-8) play key
roles in mediating inflammatory response [34]. Most of these pro-in-
flammatory cytokines in teleost could be found their mammalian
counterparts, and they exhibited conserved pro-inflammatory activities
[35,36]. Therefore, we further tested the effect of rLcCXCL_F6 on pro-
inflammatory cytokine expression in PKMs and found that LcCXCL_F6
could significantly up-regulate the expression levels of TNF-a, IL-1f3,
and CXCL8. These results support that LcCXCL_F6 plays a role in
mediating inflammatory response in large yellow croaker.

In conclusion, we identified a new member of fish specific CXC
chemokines (LcCXCL_F6) in large yellow croaker. LcCXCL_F6 was con-
stitutively expressed in all tested tissues and three immune-related
cells, and was significantly up-regulated in the spleen and head kidney
by poly (I:C) and V. alginolyticus. The rLcCXCL_F6 not only exhibited
chemotactic activity for lymphocytes and monocytes/macrophages
from PBLs, but also enhanced the NO release and pro-inflammatory
cytokine expression in PKMs, indicating that LcCXCL_F6 plays a role in
the inflammatory response.
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