
lable at ScienceDirect

Fish & Shellfish Immunology 38 (2014) 47e55
Contents lists avai
Fish & Shellfish Immunology

journal homepage: www.elsevier .com/locate / fs i
Full length article
Characterization and mucosal responses of interleukin 17 family
ligand and receptor genes in channel catfish Ictalurus punctatus

Xingqiang Wang a,b, Chao Li a, Wilawan Thongda a, Yupeng Luo a, Benjamin Beck c,
Eric Peatman a,*

a School of Fisheries, Aquaculture and Aquatic Sciences, Auburn University, AL 36849, USA
b Jiangsu Key Laboratory of Marine Biotechnology, Huaihai Institute of Technology, Lianyungang 222005, China
cUnited States Department of Agriculture, Stuttgart National Aquaculture Research Center, Stuttgart, AR 72160, USA
a r t i c l e i n f o

Article history:
Received 3 December 2013
Received in revised form
17 February 2014
Accepted 23 February 2014
Available online 4 March 2014

Keywords:
Interleukin 17
Interleukin 17 receptor
Mucosal immunity
Catfish
* Corresponding author. Tel.: þ1 334 844 9319; fax
E-mail address: peatmer@auburn.edu (E. Peatman

http://dx.doi.org/10.1016/j.fsi.2014.02.020
1050-4648/� 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

Interleukin (IL) 17 family cytokines are important mediators of mucosal immune responses, tightly
regulated by signals from the complex milieu of pathogenic and commensal microbes, epithelial cells and
innate and adaptive leukocytes found at tissue barriers. In mammals, IL17 ligand expression has been
linked not only to protective immunity but also excessive tissue inflammation and damage in the gut and
lungs. To better understand the scope and action of the IL17 family in channel catfish Ictalurus punctatus,
we identified and characterized seven IL17 ligands and four IL17 receptor (IL17R) homologues from
transcriptomic and genomic databases. To gain insight into the mucosal actions of the IL17A/Fs-associated
pathway in inflammatory processes, the expression profiles of three IL17A/Fs and their putative receptors
IL17RA and IL17RC inmucosal tissues of catfish following experimental challengewith Edwardsiella ictaluri
and Flavobacterium columnare were investigated. Bacterial challenge induced higher expression of the
catfish IL17A/Fs as early at 4 h post-infection, particularly in gill tissue. In contrast, in the catfish intestine,
where IL17 function is best understood in mouse models, IL17A/F expression showed minimal early
responses to E. ictaluri infection. Instead, a significant up-regulation of IL17 ligands and receptors was
observed in the intestine at 7 d, highlighting species and tissue-specific regulation of the IL17 family.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In vertebrates, the process of inflammation can be coordinated
by cytokines secreted by cells of the innate and adaptive immune
systems. In the early stages of inflammation, the innate immune
system with pro-inflammatory cytokines promotes phagocytosis
and neutrophil recruitment [1]. Later, innate immunity, in turn,
activates the antigen-specific immune cells including naive CD4þ T
helper (Th) cell proliferation and differentiation to prevent path-
ogen colonization and growth [2,3]. So far, three distinct subsets of
Th cells (Th1, Th2 and Th17) have been reported. In general, Th1
cells are characterized by production of interferon-g and inter-
leukin (IL) 2 and induce cell-mediated immunity against intracel-
lular pathogens, Th2 cells produce IL4, IL5, IL10, IL13 and IL17E and
stimulate humoral immunity against parasites, while Th17 cells
produce IL17A, IL17F, IL21, IL22 and IL23 and may confer protection
: þ1 334 844 4694.
).
against extracellular bacterial and fungal pathogens that Th1 or Th2
cells are not well suited for [4,5]. Originally, IL17 family cytokines
were thought to be produced exclusively by Th cells, but it is now
known that they can also be secreted by a variety of innate immune
cells [2,6e8].

To date, six members of the IL17 family including IL17A (also
known simply as IL17), IL17B, IL17C, IL17D, IL17E (also known as
IL25) and IL17F have been reported in mammals [8,9]. IL17A, IL17F
and IL17E have been extensively studied in human and mouse
models [2,9]. IL17A, originally identified from a murine T cell hy-
bridoma, is the first characterized member in the IL17 family [10].
IL17F and IL17A are closely clustered on the same chromosome and
share the highest degree of homology among the IL17 family genes
[11]. It has been shown that IL17A and IL17F have to form homo- or
heterodimers to induce the expression of inflammatory cytokines,
chemokines and antimicrobial proteins in line with neutrophil
recruitment in several autoimmune and inflammatory diseases of
mammals [12e14]. In teleosts, several fish species possess tran-
scripts that show similar homology to both IL17A and IL17F, and
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were thus termed IL17A/F1 to 3 [15e17]. Interestingly, in zebrafish
Danio rerio, IL17A/F1 and IL17A/F2 are localized on the same
chromosome, while IL17A/F3 is on a different one [18]. Similar to
IL17A and IL17F, IL17B, IL17C and IL17D also form dimers and
exhibit chemoattractant activities through the induction of cyto-
kines and chemokines [19]. Mainly derived from activated Th2 cells,
IL17E is the most divergent member of the IL17 family. Unlike other
IL17 cytokines, IL17E possesses a unique role in regulating Th2
allergic reactions against parasitic infections [19,20].

IL17 family cytokines must depend on cell surface IL17 receptors
(IL17Rs) for signalling [21]. Inmammals, the IL17R family consists of
fivemolecules: IL17RA (also known as IL17R), IL17RB (also known as
IL17Rh1), IL17RC (also known as IL17RL), IL17RD and IL17RE [22].
IL17RA and IL17RC are well-studied members of the IL17R family in
human and mouse models. IL17RA is known as the receptor for
IL17A and IL17RC for IL17F [23]. Although IL17RA binds preferen-
tially to IL17A, it also has affinity for IL17F. IL17RC also has shown to
have affinity for IL17A in humans, whereas in mouse IL17RC is
specific only for IL17F [13]. Intriguingly, IL17RB is the receptor of
IL17B but has much higher affinity to IL17E, whereas IL17RE func-
tions as a receptor for IL17C [24,25]. By contrast, the IL17D binding
receptor is unknown. Although each IL17 cytokine preferentially
binds to one IL17R over another, mechanistically, IL17 cytokines in
the formsof homo- orheterodimers act throughengagement of pre-
associated homo- or heterodimeric IL17Rs for biological activities
[13,24,26]. Recent evidence demonstrates that IL17RA may act as a
shared receptor for IL17 family cytokines and has the ability to form
aheterodimerwith IL17RB, IL17RC, IL17RDor IL17RE [21,23]. In basal
chordates such as amphioxus Branchiostoma floridae, there were
only two IL17R members: IL17RA and IL17RD [27]. During the evo-
lution of early vertebrates, large-scale gene duplications,most likely
whole genome duplications, may have resulted in the expansion of
the two IL17Rs into five early vertebrate IL17R genes (IL17RAeE)
[27,28]. Recently, several IL17R genes including IL17RA, IL17RC,
IL17RD and IL17RE have been identified in teleosts such as Japanese
pufferfish Takifugu rubripes, Atlantic salmon Salmo salar and
rainbow trout Oncorhynchus mykiss and zebrafish [16,17,27]. As
IL17R proteins possess an intracellular SEFIR domain, upon IL17 li-
gands binding, this conserved domain directly interacts with Act1
adaptor/ubiquitin ligase to initiate signalling cascades, activating
other inflammatory cytokines and chemokines that are usually
associated with innate immune responses [6,21,29]. The special
capacity for IL17/IL17R familymembers to cooperatewith cytokines
of innate immunity to promote inflammation implies that they
might act as a bridgebetween innate and adaptive immune systems.

In the U.S., catfish (Ictalurus spp.) aquaculture has faced a series of
setbacks in recent years and suffers from serious bacterial diseases
such as enteric septicaemia and columnaris disease. Mucosal sur-
faces in catfish form critical physical and immunological barriers
between the organism and the external environment [30,31]. Pre-
vious studies found that both the causative bacterium of enteric
septicaemia Edwardsiella ictaluri and columnaris disease bacterium
Flavobacterium columnare infected catfishmainly by penetrating and
disrupting mucosal tissues [30e33]. Nevertheless, little is known
about the precise molecular mechanisms involved. In mammals, it
has been shown that IL17/IL17R cytokines are enriched at epithelial
mucosal surfaces and exhibit potential roles in host defense network
[8,12,13,34,35]. In both gut and lung, IL17-driven neutrophil
recruitment and inflammation, while clearing the infection, gener-
ates considerable tissue damage and/or morbidity [36,37]. By
contrast, deletion or blocking of IL17 responses has revealed that
poorly-understood protective effects are conveyed by the ligands,
often in a microenvironment-specific manner [38,39]. However,
limited data are available about the defense role of these cytokines
in teleosts, especially at mucosal surfaces [3,17,40,41]. Recent
research in rainbow trout made clear that IL17A/F2 and its putative
receptor IL17RA are both functional and mediating innate immune
responses to a variety of pathogens [17]. In our recent transcriptomic
profiling studies in channel catfish and blue catfish Ictalurus furcatus,
we have observed IL17/IL17Rs among the differentially expressed
genes following immersion challenge with several bacterial patho-
gens. IL17A/F2 levels were greater than 12-fold higher basally in
F. columnare-susceptible catfish gills compared with resistant catfish
[42]. IL17A/F2 was also significantly induced by virulent Aeromonas
hydrophila infection in channel catfish skin, while IL17D was up-
regulated in blue catfish skin by A. hydrophila [31,43]. We have
also observed smaller, but significant induction of IL17RA in the gill
of catfish infected with F. columnare [44]. However, these results
were scattered observations which did not allow a clear consensus
to be formed regarding IL17/IL17R function in teleosts.

As a first step to elucidate the mucosal immune role of IL17/
IL17R cytokines in teleosts, seven IL17 and four IL17R homologues
were identified by searching the transcriptomic and genomic da-
tabases of channel catfish Ictalurus punctatus. To further gain
insight into themucosal actions of the IL17A/Fs-associated pathway
in inflammatory processes, the expression profiles of IL17A/Fs and
their putative receptors IL17RA and IL17RC in mucosal tissues of
catfish following experimental challenge with E. ictaluri and
F. columnare were investigated.

2. Materials and methods

2.1. Database mining and phylogenetic analysis

To identify the IL17/IL17R family genes, catfish databases con-
taining ESTs, RNA-seq and the whole genome database (scaffold-
level assembly) of channel catfish were searched using available
teleosts, frog, chicken and mammalian IL17/IL17R genes as queries
[45,46]. TBLASTN was used to obtain the initial pool of IL17/IL17R
sequences with a cutoff E-value of 1e�5. The IL17/IL17R sequences
were then aligned to delete the repeated entries and a unique set of
sequences were subjected to further analysis. BLASTN was then
used to verify the cDNA sequences through comparing the tran-
scriptome sequences with the whole genome sequence. The
retrieved sequences were translated using ORF Finder (http://
www.bio-soft.net/sms/) and GENSCAN software (http://genes.mit.
edu/GENSCAN.html). Further, the predicted ORFs were verified by
BLASTP against the NCBI non-redundant protein sequence data-
base. The signal peptide, transmembrane and putative domains
were predicted with SMART (http://smart.embl-heidelberg.de).
The full length sequences were used in the phylogenetic analysis
for IL17 and IL17R cytokines, respectively. Multiple protein
sequence alignments were conducted using the ClustalW program.
Neighbor-joining (N-J) phylogenetic trees were constructed with
MEGA5 [47]. The reliability of the branching topology was tested by
bootstrap re-sampling (10,000 pseudo-replicates).

2.2. Expression analysis of catfish IL17/IL17R family genes

Reverse-transcriptase PCR (RT-PCR) was conducted to study the
mRNA expression of IL17/IL17R family genes in healthy catfish
(Marion strain) using gene-specific primers with 18S rRNA as
housekeeping gene (Table 1). Ten tissues including head kidney,
brain, ovary, trunk kidney, gill, liver, intestine, skin, muscle and
spleen (approximately 50 mg) were collected from three pools
of five healthy catfish each. These samples were snap-frozen in
liquid nitrogen and immediately subjected to RNA extraction using
RNeasy Plus Kit (Qiagen, USA) following manufacturer’s in-
structions. RNA concentration and integrity was measured using a
NanoDrop ND-1000 UVeVIS Spectrophotometer version 3.2.1. First
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Table 1
Primers used for RT-PCR and QRT-PCR.

Primer name Forward/sequence (50e30)

IL17A/F1 TGGTTGCTCAGGCTGCTCCTT
ACGCCAGCTTGATGTCATGTTCC

IL17A/F2 ACATCAACAACCGCTCGCTGTC
TGTGCTGGTGGCTGTGAGGAT

IL17A/F3 AATCCCGCATCCCGAGCCATAT
TCGATTCCAGACCAGCGTCTTCA

IL17B AGGAGGACCGCTCAATGACCAG
CGGCACGCACTTCTTCTTCTTCT

IL17C TGAAGTGGCCGAGTGTCTGTGT
AGGAACATGACGCTCTGCATCAC

IL17D CGTCCAGAGGTCCAGCATTCCT
GGTCCCATCAGACAGCCCTTACA

IL17N CCGTGGGCTGTGTAGTGGATGA
GGCTGCGTTCGTTGATGTGACT

IL17RA ATGGTGAGTGTTCCGTGCTGATC
CCGTGTCCAGGAGGTCCAAGTAA

IL17RC GTTGCACTCGCGTCTTCATCGTA
CTCTCGCCGCTCAGTCTTCTCT

IL17RD ACCGCCTTGAGCACAGACAGA
AACCGAACAGCCGCAGAAATCC

IL17RE GGCACAATGTGGCACTCAGACC
GGGCTTTAGGGCTCCAGGCTAT
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strand cDNA was synthesized using iScript� cDNA Synthesis Kit
(BioRad, USA) according to manufacturer’s protocol.

RT-PCR was carried out using Platinum Taq DNA polymerase
(Invitrogen). The 20 ml PCR reaction mixture contained 2.0 ml of
10� buffer,1.0 ml of MgCl2 (25mM),1.0 ml of dNTP (10mM), 0.4 ml of
Taq polymerase (1 U), 1 ml (10 pmol/ml) of each primer, 2 ml cDNA
and 12.6 ml PCR-grade water. A no-template control was used for
each pair of primers. Amplificationwas performed on a Bio-Rad PCR
system for 35 cycles of denaturation at 95 �C for 30 s, annealing at
58 �C for 30 s and extension at 72 �C for 1 min. The PCR products
were electrophoresed on a 2.0% agarose gel, stained with ethidium
bromide (0.5 mg/ml) and visualized under a UV transilluminator.

2.3. Bacterial challenge and quantitative real-time PCR (qRT-PCR)

Immersion challenge of E. ictaluri or F. columnarewas conducted
following established detailed protocols [33,48e50]. All procedures
involved in handling and treatment of fish during this study were
approved by the Auburn University Institutional Animal Care and
Use Committee prior to initiation. Based on references and pre-
liminary experiments, the durations for E. ictaluri and F. columnare
challenges were set to 168 h and 60 h, respectively [30,31,33,44,49].
Marion channel catfish with average wet body weight of 35 � 1.3 g
were reared at the Auburn University Fish Genetics Research Unit.
Prior to experiments, healthy catfish were maintained in a series of
30 L aquaria and acclimatized in the laboratory with aeration at
28 �C for 2 weeks. Each aquarium contained forty individuals with
flow-through well water. Fish were challenged in these aquaria
with four control and four treatment groups. Before challenge, the
bacteria was cultured from a single colony, re-isolated from a
symptomatic fish and biochemically confirmed before being inoc-
ulated in the shaker incubator overnight. The concentration of
bacteria was determined using colony forming unit (CFU mL�1) by
plating 10 ml of 10-fold serial dilutions onto plates. During chal-
lenge, symptomatic fish and control fish were collected and
confirmed to be infectedwith E. ictaluri, F. columnare and pathogen-
free, respectively, at the Fish Disease Diagnostic Laboratory, Auburn
University. Briefly, E. ictaluri (MS-S97-773) was cultured in a brain
heart infusion medium at 28 �C overnight [30], while F. columnare
(BGFS-27, genomovar II) was inoculated in modified Shieh broth at
28 �C overnight [49]. Afterwards, the culture medium of E. ictaluri
and F. columnare were added into the aquaria with the finial
concentration of 4 � 108 CFU mL�1 and 3 � 106 CFU mL�1,
respectively. During the immersion, water was turned off for 2 h,
and then continuous water flow-through resumed for the duration
of the challenge experiment. Thirty fish were randomly sampled
from both challenge and control aquaria at 4 h, 24 h, 72 h and 168 h
post E. ictaluri challenge, divided into three replicate pools (ten fish
each) and euthanized with tricaine methanesulfonate at 300 mg/L
before tissues were collected. Similarly, eighteen fish were sampled
from both challenge and control aquaria at 4 h, 24 h, 48 h and 60 h
post F. columnare infection, divided into three replicate pools (six
fish each) and euthanized for tissue collection. Previous studies
found that critical attachment points for E. ictaluri in catfish include
gill, intestine and skin mucosa. By contrast, F. columnare gained
entry mainly through catfish gill and skin mucosa [32,33,51]. Equal
amounts (approximately 50 mg) of a given tissue were pooled
within each replicate, immediately stored at �80 �C for subsequent
RNA extraction and first strand cDNA synthesis (as described
above). All the cDNA products were diluted to 250 ng/ml for the
qRT-PCR reaction on a CFX96 Touch� RT-PCR Detection System
(Bio-Rad Laboratories, Hercules, CA).

Prior to RNA extraction, samples were removed from the �80 �C
freezer and groundwith sterilizedmortar and pestle in the presence
of liquid nitrogen to a fine powder. Total RNA was extracted from
tissue powder using the RNeasy Plus Kit (Qiagen) following manu-
facturer’s instructions. RNA concentration and integrity was
measured using a NanoDrop ND-1000 UVeVIS Spectrophotometer
version 3.2.1. First strand cDNA was synthesized by iScript� cDNA
Synthesis Kit (Bio-Rad) according tomanufacturer’s instructions. The
iScript chemistry uses a blend of oligo-dT and random hexamer
primers. All the cDNAproductswere diluted to 250ng/ml andutilized
for the quantitative real-time PCR reaction using the SsoFast�
EvaGreen� Supermix on a CFX96 real-time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA). Each qRT-PCR reaction con-
sisted of a total volumeof 10ml containing 5.0 ml SsoFast� EvaGreen�

Supermix (Bio-Rad, USA), 0.5 ml of each primer (5 pmol/ml), 2 ml cDNA
and2ml PCR-gradewater. The specificprimersof IL17A/Fs, IL17RAand
IL17RCwere usedwith 18S rRNA as housekeeping gene (Table 1). The
thermal cyclingprofile consistedof an initial denaturationat95 �C for
30 s, followed by 40 cycles of denaturation at 95 �C for 5 s, an
appropriate annealing/extension temperature at 60 �C for 5 s. An
additional temperature ramping stepwasutilized toproducemelting
curves of the reaction from 65 �C to 95 �C. qRT-PCR analysis was
repeated in triplicate runs (technical replicates) to confirm expres-
sionpatterns. A no-template controlwas run on all theplates. Results
were expressed relative to the expression levels of 18S rRNA in each
sample using the Relative Expression Software Tool (REST) [52].

Thebiological replicatefluorescence intensities of the control and
treatment products for each gene, as measured by crossing-point
(Ct) values, were compared and converted to fold differences by
the relative quantification method. Expression differences between
groups were assessed for statistical significance using a randomi-
zation test in the REST software. The mRNA expression levels of all
samples were normalized to the levels of 18S rRNA gene in the same
samples. Test amplifications were conducted to ensure that 18S and
target geneswerewithin an acceptable range. A no-template control
was run on all plates. qRT-PCR analysis was repeated in triplicate
runs (technical replicates) to confirm expression patterns.

3. Result

3.1. Identification of IL17/IL17Rs

Extensive database mining uncovered seven putative IL17 li-
gands and four IL17Rs. Phylogenetic analysis was performed on the
full length sequences of known IL17/IL17R cytokines using the N-J



Fig. 1. Phylogenetic relationship of catfish and other vertebrate IL17 ligands (A) and
IL17 receptors (B). The tree is shown with 10,000 bootstrap replicates with the per-
centage of bootstrap values given next to the branches.
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method (Fig.1 and Supplementary Fig.1). The putative catfish IL17A/
F1, IL17A/F2, IL17A/F3, IL17B, IL17C, IL17D and IL17N proteins consist
of 155, 139, 159, 192, 159, 195 and 137 amino acid (aa) residues,
respectively. Each IL17 protein is highly conserved and contains a
typical IL17 domain (Supplementary Fig. 1A). The N-terminal re-
gions of both IL17A/F1 and IL17N deduced amino acid sequence
contain a predicted signal peptide with about 20 aa. Of the seven
identifiedmembers of the IL17 family, IL17A/F1 and IL17A/F3 shared
the greatest structural homology at the amino acid level, whereas
IL17C was most divergent. The phylogenetic tree constructed with
IL17 sequences of teleost and other vertebrate species showed that
catfish IL17A/Fs, IL17C, IL17D and IL17N were grouped correspond-
ing with their teleost counterparts (Fig. 1A). Catfish IL17B was the
first identified IL17B teleost homologue to mammalian, avian and
amphibian IL17 sequences [16]. However, a catfish IL17E homologue
was not identified from the available databases. Notably, the result
of phylogenetic analysis revealed that teleost IL17A/Fs fell into two
distinct, well-separated branches. IL17A/F2 formed a common
branch, while the cluster of IL17A/F1 was closely grouped with that
of IL17A/F3 within the other branch. A multiple alignment of the
amino acid sequences of known IL17 cytokines revealed that IL17
proteins are well conserved across vertebrate species and possess
two pairs of cysteine residues that are essential for the formation of
two intrachain disulphide bonds in the tertiary structure (Fig. 2A).

The catfish IL17R family contains four receptors that are struc-
turally similar to teleost and other vertebrate IL17Rs (Supplementary
Fig. 1B). The putative IL17RA, IL17RC, IL17RD and IL17RE proteins
consist of 808, 713, 747 and 554 aa, respectively. IL17RA, IL17RC and
IL17RD contain a predicted signal peptide with 20e28 aa. IL17RC
possesses a predicted single transmembrane domain with 23 aa,
while IL17RE has two transmembrane domains (19 and 23 aa,
respectively). Among these four identified genes, IL17RC and IL17RE
shared the greatest sequence similarity, while IL17RA was most
divergent. Based on the phylogenetic relationship between the
various IL17 amino acid sequences of teleost and other vertebrate
species, catfish IL17RD was clustered with the teleost counterpart,
teleost IL17RAwas clustered with mammalian, avian and amphibian
IL17RA, while teleost IL17RC or IL17RE was closely related to corre-
sponding counterparts of mammalian and amphibian IL17Rs
(Fig. 1B). However, a catfish IL17RB homologue could not be iden-
tified from the available databases at this time. Amultiple alignment
of the amino acid sequences of known IL17R cytokines revealed that
vertebrate IL17R proteins are highly conserved within the intracel-
lular SEFIR domains and contain four identical amino acid residues,
i.e. leucine, valine, glycine and tryptophan (Fig. 2B). Furthermore,
among vertebrate IL17R family proteins aligned, IL17RA and IL17RD
were relatively conservative as compared to IL17RC and IL17RE.

3.2. Tissue distribution of IL17/IL17Rs

RT-PCR-based expression analysis of IL17/IL17R family genes in
catfish tissues showed that IL17A/F1 and IL17RA transcripts were
ubiquitously expressed in all the tissues examined, while IL17Dwas
only present in the ovary (Fig. 3). Transcripts of IL17A/F2, IL17A/F3,
IL1717B, IL17Cand IL17Nwereall detectable in thegill, skin, intestine
and liver. In contrast to the broad expression of IL17RA, both IL17RC
and IL17RE were detected in seven tissues, including the ovary, gill,
skin, intestine, liver, muscle and spleen. In the case of IL17RD,
expression was seen only in ovary, gill, skin, intestine and liver.

3.3. Expression analysis of IL17A/Fs, IL17RA and IL17RC upon
bacterial challenge

The temporal expression of IL17A/Fs and their putative receptors
IL17RA and IL17RC in mucosal tissues of catfish following bacterial



Fig. 2. Multiple sequences alignment of catfish and other vertebrate IL17 ligands (A) and IL17 receptors (B). Identical amino acid residues are indicated in black, and similar amino
acid residues in black boxes. Dashes indicate gaps. The Arabic numerals in the last column represent the number of the amino acid residues in a line for the aligned amino acid
sequences. Cysteine residues important in forming disulfide bonds are connected with a line.
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Fig. 3. RT-PCR-based expression analysis of IL17/IL17Rs in different tissues of healthy channel catfish. H-kidney, head kidney; T-kidney, trunk kidney; 18S, 18S rRNA. 18S was used as
housekeeping gene and the gene names are indicated on the left of the panel.
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challenge were investigated by qRT-PCR analysis (Figs. 4 and 5,
Supplementary Table 1e5). We first examined the expression
changes of these genes in gill, intestine and skin of fish challenged
with E. ictaluri. The expression of IL17A/F1 and IL17A/F3 were
significantly up-regulated at 4 h in gill (Fig. 4A) as compared with
the untreated control groups (P < 0.05). IL17A/F1 and IL17A/F3
returned to basal levels at 24 h and 72 h, before again rising at 168 h.
By contrast, the expression of IL17A/F2 increased significantly at
24e168 h in gill of catfish following infection (P < 0.05). No sig-
nificant changes were observed in either of the receptors in gill
(P < 0.05). In the intestine (Fig. 4B), only IL17RC (4 h) and IL17A/F1
(72 h) were significantly induced following infection before the
168 h time point (P < 0.05). At 168 h, however, all five examined
IL17 ligands and receptors were up-regulated significantly
(P < 0.05). Similar to the intestine, the skin of fish challenged with
E. ictaluri (Fig. 4C) showed the highest up-regulation at 168 h and no
significant changes at previous time points. At 168 h, IL17A/F1,
IL17A/F2 and IL17A/F3 were all significantly up-regulated (P< 0.05).
Taking all tissues together, IL17 ligand responses were skewed to-
ward the latest time point (168 h; 7 d), indicating that they may not
be critical for early responses at the point of pathogen adhesion and
entry as much as shaping the later inflammatory response.

A different picture was revealed in the expression analysis of gill
and skin following F. columnare infection. In gill, the only large
changes were at 24 h post-infection in IL17A/F1 and IL17A/F2
(P < 0.05), which both rose approximately 16-fold (Fig. 5A and
Supplementary Table 4). Similarly, the only significant change in
the skin was an induction of IL17A/F2 of approximately 8-fold
(Fig. 5B and Supplementary Table 5, P < 0.05). IL17RA and IL17RC
did not rise significantly in either skin or gill (P < 0.05).

4. Discussion

Fish mucosal barriers are multifaceted permeable fences where
interactions among the epithelia, circulating leukocytes, microbes
and the external environment are continuously regulating entry
and fine-tuning the host immune response, often through the in-
duction of cytokine responses. One component of this complex
cytokine response is the IL17 family, homologous members of
which have been identified from invertebrates and fish [16,53].
However, even in mammals, where IL17/IL17Rs are better studied,
questions remain as to when and where IL17 is acting, and, more
fundamentally, how to differentiate its protective vs. immuno-
pathological roles [38]. Unsurprisingly, our knowledge of IL17 roles
in fish is even more limited, mostly restricted to examinations of
single genes or reports of structural conservation [16,54]. We set
out here, therefore, to better understand the scope and diversity of
the IL17 family in catfish and to explore further expression of key
members in mucosal tissues critical for pathogen adhesion and
entry.

We identified clear catfish homologues of IL17A/F1e3, IL17B,
IL17C, IL17D and a teleost-specific IL17N as well as IL17RA, IL17RC,
IL17RD and IL17RE (Fig. 1). Notably, IL17B identified in catfish
formed a separate cluster with mammalian, avian and amphibian
IL17B and was the first identified teleost IL17B homologue [16]. In
mammals, IL17Bwas found to stimulate the release of TNF-a and IL-
1b in the THP-1 monocytic cell line and was chemotactic for neu-
trophils [55]. Also, recombinant IL17B inhibited endothelial cell-
matrix adhesion and cellular migration [56]. Based on the struc-
tural similarity to other vertebrate IL17B, teleost IL17B may play
roles in modulating various inflammatory responses.

Besides exhibiting considerable sequence divergence among
vertebrate IL17 or IL17R family cytokines, IL17/IL17R proteins con-
tained conserved family motifs (IL17 domain for IL17 protein or
SEFIR for 17R), indicating that they may utilize the same intracel-
lular pathway for signalling. Alignment analysis found that four
conserved cysteine residues were present in almost all the IL17
proteins of vertebrates (Fig. 2A), suggesting that they may be
involved in the formation of two disulfide bonds and further form
the cysteine knot characteristic of the IL17 family [57]. As the
teleost-specific IL17Nwas closely related to IL17D, it was speculated
that the so-called teleost IL17N genes may have evolved from an
ancestral IL17C gene that subsequently gave rise to IL17N and IL17D.

Expression analysis in healthy tissues showed that IL17 ligands
and receptors are homeostatically expressed in a range of tissues,
but that gene-specific patterns dominate (Fig. 3). For example,
IL17B was present in the gill, liver, intestine, skin and muscle, IL17D
was only observed basally in ovary, while IL17A/F1 was expressed
ubiquitously in all examined tissues. Though not quantitative,
expression levels were most consistently robust in gill, skin, liver,
intestine and spleen. Given that IL17-expressing cell types are
present at all the mucosal surfaces where pathogen recognition
receptors on innate lymphoid cells will detect invasion and trigger
subsequent IL17 release, catfish IL17/IL17R family cytokines appear



Fig. 4. Temporal expression of IL17A/Fs, IL17RA and IL17RC mRNA relative to control
expression and normalized to changes in 18S as measured by qRT-PCR in gill (A), in-
testine (B) and skin (C) of catfish post E. ictaluri challenge for 4e168 h. Significant
differences between challenged group and the control are indicated with an asterisk at
P < 0.05.

Fig. 5. Temporal expression of IL17A/Fs, IL17RA and IL17RC mRNA relative to control
expression and normalized to changes in 18S as measured by qRT-PCR in gill (A) and
skin (B) of catfish post F. columnare challenge for 4e60 h. Significant differences be-
tween challenged group and the control are indicated with an asterisk at P < 0.05.
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to be critical in mucosal-associated immune defense network un-
der normal conditions [58].

A clear consensus on tissue expression of the IL17 ligands
and receptors in fish has not emerged. Differences in tissue distri-
bution patterns of the vertebrate IL17/IL17R family cytokines may
be related to their distinct biological role [8,41,59]. In Japanese
pufferfish, notable expression of IL17A/F1 was observed in the brain
and gill, IL17A/F2 was highly expressed in the skin, while IL17A/F3
was detected in all tissues examined [15]. Also, tissue distribution
patterns of IL17N are quite different among Japanese pufferfish,
Japanese rice fish Oryzias latipes and catfish. Japanese pufferfish
IL17N was highly expressed in the head kidney, heart, spleen, and
gill, while that of Japanese rice fish was observed only in the kidney
and brain [15,16]. We observed expression of catfish IL17N in gill,
liver, skin and spleen (Fig. 3). These contradicting results indicate
that the roles of IL17 family cytokines in maintaining tissue ho-
meostasis may differ dramatically among species.

We examined the expression responses of a subset of catfish
IL17 family to infection in mucosal tissues. In mammals, the vast
majority of functional studies have focused on IL17A, IL17F, IL17RA
and IL17RC. IL17A and IL17F and IL17RA and IL17RC often form
ligand dimers and receptor complexes, respectively, with one
another to carry out their roles inmucosal immunity [58].We chose
to examine the teleost equivalent of these ligands and receptors
here. Following E. ictaluri infection or F. columnare infection, in-
duction of IL17A/F1 in gill was observed as early as 4 h post-
challenge (Figs. 4 and 5), indicating that IL17A/F1 is highly sensi-
tive to these pathogens. In E. ictaluri-challenged fish gill, IL17A/F2
induction was dominant at 24 h (Fig. 4), similar to IL17A/F2
expression reported in rainbow trout gill following Yersinia ruckeri
infection [17]. At 168 h post E. ictaluri challenge, the expression of
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IL17A/F1, IL17A/F2 and IL17A/F3 were all significantly up-regulated
in gill, skin and intestine of catfish (P < 0.05). By contrast, only
IL17A/F2 exhibited significant changes at 24 h in the gill and skin of
catfish following F. columnare challenge (P < 0.05). Overall,
E. ictaluri-driven IL17 responses were noticeably skewed toward
the latest time point (7 d) across gill, intestine and skin, suggesting
that, rather than immediate, local defense response, IL17 may be
responding later to tissue damage and inflammation, potentially
following further Th17 differentiation elsewhere. Consistent with
our hypothesis, in Atlantic salmon vaccinated with oil-adjuvanted
vaccines, high gene expression of IL17A correlated with severity
of injection site reactions [3]. In humans, numerous experimental
evidence confirmed that in uncontrolled inflammation processes
such as psoriasis, rheumatoid arthritis or inflammatory bowel
disease, increased levels of IL17 cytokines may cause tissue dam-
age [14,26]. Thus, the negative regulation of IL17 signalling is crit-
ical to shut off persistent inflammatory responses to prevent
inflammation-mediated pathogenesis. In the present study, in
contrast to F. columnare-mediated up-regulated expression of
IL17A/F1 and IL17A/F2 at 24 h in gill of catfish (P < 0.05), significant
down-regulation of IL17A/F3 expressionwas observed at 60 h in the
same tissue under the same pathogen infection (P < 0.05). Notably,
the three catfish IL17A/F ligands rarely were induced or repressed
in concert, potentially indicating that a balance between each
IL17A/F isoform may regulate pathogen attachment and disease
progression in culture environments.

In contrast to significant variation of IL17A/Fs across both bac-
terial challenges, the lack of significant up-regulation of IL17RA and
IL17RC at most critical time points was notable, for IL17RA and
IL17RC exhibited no significant changes during F. columnare infec-
tion (P < 0.05), while following E. ictaluri infection, significantly
increased expression of IL17RA and IL17RC geneswas only observed
in intestine at 168 h (P < 0.05). We speculate that, in most cases,
levels of IL17RA and IL17RC already present in mucosal tissues may
have been sufficient to bind their corresponding ligands. This
speculation is supported by the robust expression of IL17RA and
IL17RC in mucosal tissues under normal conditions (Fig. 3). In
contrast, however, Monte et al. [17] observed significant IL17RA
induction at all time points and in all tissues following Y. ruckeri
infection. Further functional characterization of the catfish IL17A/F
ligands and their receptors at a cellular level in the future may lead
to a better understanding of the observed tissue-level expression
profiles.
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