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Abstract

The chemokine and chemokine receptor networks aggulleukocyte trafficking,
inflammation, immune cell differentiation, cancemda other biological processes.
Comparative immunological studies have revealet lthéh chemokines and their receptors
have expanded greatly in a species/lineage spegdic Of the 10 human CC chemokine
receptors (CCR1-10) that bind CC chemokines, oothas only to CCR6, 7, 9 and 10 are
present in teleost fish. In this study, four figlesific CCRs, termed as CCR4La, CCR4Lcl,
CCRA4Lc2 and CCR11, with a close link to human C®&RARd 8, in terms of amino acid
homology and syntenic conservation, have beeniftshind characterized in rainbow trout
(Oncorhynchus mykiss). These CCRs were found to possess the consesaguarés of the G
protein-linked receptor family, including an extetlalar N-terminal, seven TM domains,
three extracellular loops and three intracellutpls, and a cytoplasmic carboxyl tail with
multiple potential serine/threonine phosphorylatses. Four cysteine residues known to be
involved in forming two disulfide bonds are presanthe extracellular domains and a DRY
motif is present in the second intracellular loBgnaling mediated by these receptors might
be regulated by N-glycosylation, tyrosine sulfati8Apalmitoylation, a PDZ ligand motif and
di-leucine motifs. Studies of intron/exon structwexealed distinct fish-specific CCR gene
organization in different fish species/lineaged tmégght contribute to the diversification of
the chemokine ligand-receptor networks in differéisi lineages. Fish-specific trout CCRs
are highly expressed in immune tissues/organs, asithymus, spleen, head kidney and gills.
Their expression can be induced by the pro-inflatongecytokines, IL-B, IL-6 and IFNy, by
the pathogen associated molecular patterns, Payi@ peptidoglycan, and by bacterial
infection. These data suggest that fish-specifiRk€@re likely to have an important role in

immune regulation in fish.

Key words: Rainbow trout, CC chemokine receptor, CCR4La, @GR CCR11, expression,

modulation, pro-inflammatory cytokine, bacteridiection, parasitic infection,
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1. Introduction

A hallmark feature of an inflammatory responsehis accumulation of leukocytes in injured
or infected tissues, where they remove pathogedsnawrotic tissue by phagocytosis and
proteolytic degradation. This leukocyte trafficking regulated by the chemokines and
chemokine receptors [1]. The mammalian genome ascapproximately 50 different
chemokines, which are classified into two majorfanblies (CC and CXC) and two minor
subfamilies (CX3C and XC), based on the spacinthefconserved cysteine residues [2, 3].
According to expression patterns and function, tbay also be classified as inflammatory,
homeostatic or dual-functional chemokines. Inflartonachemokines are upregulated during
inflammation. Homeostatic chemokines are constiélyi expressed under normal
physiological conditions being involved in homedistanigration and homing of cells. Some
chemokines have both properties, and are thusdcall®l-function chemokines [4]. The
binding of a chemokine with its cognate receptiggers a cascade of intracellular events that
promotes physiological events, from gene trangoripto cytoskeleton rearrangement and
chemotaxis. In addition to their roles in leukocytafficking, chemokine receptor-ligand
interactions can give rise to a variety of addiibcellular and tissue responses, including cell
proliferation, activation and differentiation, extellular matrix remodeling, angiogenesis,
hematopoiesis, embryologic development, lymphodgteelopment, dendritic cell maturation,

inflammation, tumor growth and metastasis [1, 5-10]

Chemokine receptors are seven transmembrane (TdéBips belonging to the superfamily of
G protein-coupled receptors (GPCRs). As the recgptere discovered after the chemokines
and most of them are selective for members of treenokine subfamily, they are classified
according to the subfamily of chemokines to whicbstnof their ligands belong. Thus,
receptors are named using the prefixes CCR, CXCR3CR, and XCR followed by an
identifying number [1, 11]. The extracellular faoé the receptor includes an extended,
largely unstructured N-terminal region and threerezting loops (extracellular loops, ECL1,
2, and 3), with conserved disulfide bonds conngctire N-terminus to ECL3 and ECL1 to
ECL2. The cytoplasmic face of the receptor includesee additional connecting loops
(intracellular loops, ICL1, 2, and 3) and the Qsaral region. Upon binding to their cognate
chemokine ligands, the receptors undergo confoomatichanges giving rise to activation of
intracellular effectors (G proteins @rarrestins), initiation of signal transduction pagys

and, ultimately, cellular responses.

The N-terminal is a critical determinant of ligabithding and involved in signal transduction.

Chemokine receptors, in common with other rhodofikgnGPCRs, have a conserved DRY
3
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motif after the third TM domain that is criticalrfeignaling. The C-terminal of the receptor,
as for many GPCRs, contains key serine and threarisidues which can be phosphorylated
by G protein-coupled receptor kinases (GRKs) tou@ad recruitment of arrestin proteins
leading to receptor internalization and signal iaation [3]. Chemokine receptors are subject
to a variety of post-translational modificationsick as N-glycosylation, tyrosine sulfation,

and palmitoylation, that are known to influencera&ine recognition and signaling [1, 12].

The human genome encodes for 18 standard chemo&asptors (CXCR1-6, CCR1-10,
XCR1 and CX3CR1), and at least 5 atypical non-diggachemokine receptors (ACKR1-5)
that bind chemokines but do not elicit standardnabtactic responses following ligand
binding [4, 10]. Individual chemokine receptors eoftbind more than one chemokine.

Conversely, a single chemokine often binds to ntieae one receptor [4, 13].

Studies in teleosts have revealed that both chamaskand their receptors have expanded
greatly through whole genome duplication (WGD) dseand/or species-specific gene
duplications. For example, in zebrafidbafio rerio), medaka Qryzas latipes) and tetraodon
(Tetraodon nigroviridis), which have undergone 3R WGD events, express389and 20
chemokines [14] and 40, 31, and 24 chemokine recgptespectively [4, 15]. More genes
have been found in 4R WGD salmonid fish, where HW@&okine receptor loci are present in
the Atlantic salmonSalmo salar) genome with 40 supported by transcript expresgléh
Similarly in rainbow troutOncorhynchus mykiss, another economically important salmonid
species, a humber of chemokines and chemokinetarsdpave been cloned and functionally
characterized [19-28]. Of the CCRs, clear orthomyof mammalian homeostatic CCR7, 9
and 10, and dual functional CCR6 are present aogts. However, the inflammatory CCR1,
2, 3 and 5, and dual functional CCR4 and 8, clast®&n human chromosome 3, are absent in
fish [4]. Conversely, fish-specific CCRs, includi@gR4La-c, CCR11 and CCR12 have been
identified. Only CCR®6, 7 and 9 have been repomeacinbow trout [29-31], although CCR10

and CCR12 sequences are present in GenBank.

In this communication, four fish specific CC chenmek receptors, CCR4La, CCR4Lc1,
CCRA4Lc2 and CCR11, which share higher identitieslarities to human inflammatory/dual
functional CCR1-5 and 8 CCRs, were identified, eldrnand sequence characterized in
rainbow trout. The expression of these CCRs inthgalnd infected (bacterial and parasitic)
trout was investigateih vivo. The effects of pathogen associated moleculaeipett(PAMPs,
polyinosinic acid: polycytidylic acid and peptidgghn), and pro-inflammatory cytokines
(IL-1B, IL-6 and IFN) on CCR expression was examinéavitro, in head kidney (HK)

macrophages.
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2. Materials and methods

2.1. Database sear ching, gene cloning and sequence analysis

Blast (the basic local alignment search tool [38Barch was performed at NCBI

(http://blast.ncbi.nim.nih.gov/Blast.cgi) using CE€Rrom trout and other fish species
resulting in the identification of a number of catade ESTs and genomic loci in rainbow
trout. ESTs and genomic loci to known trout CCRsenexcluded and four novel candidates
were identified. Trout genomic sequences were aedlyby FGENESH software

(http://www.softberry.com) to predict the potent&duntranslated region (UTR) and 5-UTR.

Primers (Table 1) were designed within the 5-UTiid 8’-UTR and used for PCR using

cDNA samples prepared from HK as template. PCR ymtsdwere cloned and sequence

analyzed as described previously [33, 34].

Open reading frames in sequences were determined Tsanslate software at the ExPASy

server (http://www.expasy.org). Other bioinformatigrograms used for sequence analysis

were; TMpred program [35] for transmembrane domaiadiction, NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/) for Nygbsylation prediction, NetPhos 3.1

Server [36] for serine/threonine phosphorylatiorediction, SulfoSite [37] for tyrosine
sulfation site prediction, PDZPepint [38] for pretittn of potential PDZ domain binding
peptides and GPS-Lipid server [39] for palmitoyatisite prediction. A multiple amino acid
sequence alignment was generated using Clustal ®nid§] and boxshaded at
http://www.ch.embnet.org/software/BOX_form.html. reighbour-joining phylogenetic tree
was constructed using MEGA 7.0 [41] with 10,000 tstap calculations.

2.2. Fish

Rainbow trout (~300g) were purchased from the bfilElrich Trout Fishery (Aberdeenshire,
UK). Fish were maintained in 1-m-diameter aeratberglass tanks with a re-circulating
water system at 14 + 1 °C and fed twice daily vatandard commercial pellets (EWOS).
Prior to any experiments, fish were acclimatedafioleast 2 weeks and screened for potential
bacterial infection by taking head kidney swabs: the challenge experiment the fish were

kept in the same facility for three months befase.u

2.3. Tissuedistribution of expression of the novel CCRs

To detect the transcript level of CCRs in healtisi fsix individuals (mean + SEM =142 £+ 9
g) were anaesthetized, killed and seventeen tigsaiefins, adipose fin, thymus, gills, brain,
scales, skin, muscle, liver, gonad, spleen, HK,dahwkidney, intestine, heart, blood and

adipose tissue) sampled. RNA and cDNA preparatind eeal-time PCR analysis was
5
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performed as described previously [24, 42]. Expoeskevels of each gene were normalized

to the expression level of the house-keeping geRelo.

2.4. Expression of novel CCRs after bacterial infection

For the infection group, trout were injected ingdfoneally (ip) withYersinia ruckeri (strain
MT3072), a Gram-negative salmonid pathogen, atse @ 0.5x10cfu in 0.5 mL PBS. The
dose and volume (0.5 ml) were as used in our pusvatudies [43], and induce mortalities
from day 3. Control fish were injected with PBSr&q0.5 mL per fish). HK tissue from six
fish in each group was sampled at 6 h, 24 h, 48ch72 h post-injection. Real-time PCR
quantification of expression was as described presly [43] and expressed as fold change

relative to time-matched controls.

2.5. Expression of novel CCRs after parasitic infection

Caudal kidney tissues were collected from fish atéd with the myxozoan parasite
Tetracapsuloides bryosalmonae, the causative agent of proliferative kidney désegPKD), as
described previously [44]. The severity of clinigathology was analyzed and a kidney
swelling index assigned to each fish accordinghtkidney swelling index system devised
by Clifton-Hadley and colleagues [45]. In brieGHikidneys were graded using the following
criteria: Grade 0 fish exhibited normal / healthgirieys that appeared slightly concave. The
kidney tissue of grade 1 fish no longer appearedaee, although there was no indication of
kidney swelling. Grade 1-2 fish exhibited modenatelv level swelling of the caudal kidney
tissue with the remaining kidney resembling thenkigs of grade 1 fish. Grade 2 fish
exhibited markedly swollen kidneys particularly tbke caudal kidney tissue, whilst grade 3
fish exhibited gross swelling throughout the kidiwegh clear signs of tissue discolouration
and appearance of ascitic fluid in the peritoneaitg. Collected caudal kidney samples were
analyzed for CCR expression by real time-PCR asrilesi above. Gene expression, at each
swelling grade, was expressed as average expregsiehrelative to levels in un-infected

controls.

2.6. Expression of novel CCRsin primary HK macrophage

Primary HK macrophages were isolated, culturedeassribed previously [46], and stimulated
with PAMPs and recombinant cytokines, including ypabsinic acid: polycytidylic acid
(PolylC, 50ug/ml, Sigma), peptidoglycan (PGNudé/ml, Invivogen), riL-B (20 ng/ml) [47],
riL-6 (100 ng/ml) [46], rIFNy (20 ng/ml) [34], for 4 h, 8 h, and 24 h. Incubatiwith the
stimulants was terminated by dissolving the cell§ RI reagent (Sigma). RNA preparation
and real-time PCR analysis were performed as destdbove. The expression level of each

treatment group was expressed as a fold changesedia time-matched controls.
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2.7. Statistical analysis

All data were expressed as mean + SEM. SPSStismpackage 24 (SPSS Inc., Chicago,
llliois) was used for statistical analysis. Thead&tom the infection studies was analyzed
using one way-analysis of variance (ANOVA) and 8D post hoc test. Data from vitro
studies was analyzed by paired-sample T-test, asrided previously [33]. Statistical

significance was set with@value <0.05 .
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3. Results

3.1. Sequence analysis of novel CCRsin rainbow trout

Four genomic loci have been identified in the raimktrout genome that could encode for
four novel CCRs. Primers were designed at the ptedi5’- and 3'-UTR to enable the
cloning of full length cDNA sequences (supplementaigs. S1-4). Each sequence translated
into a complete ORF. Three sequences have atdaash-frame stop codon upstream of the
ORF, as summarized in Table 2. The proteins encedrd termed as CCR4La, CCR4Lcl,
CCR4Lc2 and CCR11 according to the unified nomeodda[4] and our analysis of
chemokine receptors. The sequences were found totbelogous to the recently reported
Atlantic salmon CCR4, CCR2a, CCR2b and CCRS5, resmdyg [16]. Importantly, the
salmon genes were not found to be orthologous éo vikll-studied mammalian genes
encoding CCR4, CCR2 and CCRY5, thus introducing guityi into CCR nomenclature. For
clarification, the current state of CCR nomenclasuin humans, rainbow trout, Atlantic
salmon and zebrafish are presented in Table 8.Hbieworthy that trout CCR4La, CCR4Lcl

and CCR11 are located at the same genomic scdffdld.

The cDNA sequences of CCR4La, CCR4Lcl, CCR4Lc2 @adR11l exhibit: An ORF of
1227 bp, 1038 bp, 1038 bp and 1062 bp encoding@8raa, 345 aa, 345 aa and 353 aa; 6, 1,
2 and 2 potential N-glycosylation sites in the feemtl extracellular regions; 3, 2, 1 and 4
potential tyrosine sulfation sites; 6, 3, 3, angrédicted palmitoylation sites, respectively
(Table 2, Figs. S1-4). Each translation containepredicted extracellular amino-terminal
domain (N-terminus), three ECLs, three ICLs and yomasmic carboxyl domain
(C-terminus), separated by seven transmembraneon®g(Figs. 1, S1-4). Multiple
serine/threonine phosphorylation sites and a PDatlibg motif were predicted in the

cytoplasmic tail of each receptor (Table 2, FigsS1-4).

Trout CCR4La shares highest amino acid identittesalmon CCR4a (88.7%) and salmon
CCR4b (77.9%). It also shares higher identitieslanmties (48.0-55.1%/65.9-70.8%) to
CCRA4La or CCR4Lb molecules found in other teledst than to any other CCR protein
(Table 4). Similarly, trout CCR11 shares highesniities to salmon molecules and higher
identities to fish CCR11 (Table 4). The trout CCR4land CCR4Lc2 share 92.2% identity
with similar identities to salmon CCR2a and 2b $924.5%). As with CCR4La, they share
higher identities to fish CCR4Lc molecules thanotber CCRs (Table 4). All of the trout
CCRs exhibit higher identities to human CCR1-5 &nldan to human CCR6, 7, 9 and 10. For
example, trout CCR4Lcl and 2 exhibit 38.0-41.5%niitg to human CCR1-5 and 8 relative

to 31.2-33.7% to CCR6,7,9 and 10 (Table 4). Tro@R@La, CCR4Lc and CCR11 were
8
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found to have low sequence identity when compareghth other.

Multiple alignments of the fish CCR4La/b, CCR4LAaBCR11 molecules from selected fish
species (salmonids, zebrafish, medaka, tetraodah pdatyfish Xiphophorus maculatus)
revealed general conservation of chemokine recgptocluding the seven transmembrane
domains that separate the N-terminal, the threesE@iree ICLs and the C-terminal tail with
a well conserved DRY motif in ICL2 (Figs. 2-4). Eaextracellular region (the N-terminal,
and three ECLs) had a conserved cysteine resi@uesttknown to form two disulfide bonds
between the N-terminal and ECL3, and ECL1 and E(#iB. 1) to stabilize the receptor
conformation [24]. The exceptions are zebrafish @0R medaka CCR4La and medaka
CCRA4LDb, in which one of the conserved cysteinesissing. The predicted tyrosine sulfation
and cysteine palmitoylation sites in the trout ssopes were conserved in most fish species,
although their actual positioning was not consenidglycosylation sites were predicted in
the N-terminals, and in some ECL2s in most fish enoles. Multiple serine/threonine
residues, which could be phosphorylated after tecegctivation, and a PDZ binding peptide
motif were found in the cytoplasmic tail in mossHi species (Figs. 2-4). Furthermore,
di-leucine motifs (L/I)(L/1) that are well conseryén salmonid CCR4La/b and CCR11, were
also found in CCR4La/b and some CCR11 moleculan fither fish species (Figs. 2 and 4).

3.2. Phylogenetic tree analysis

To further understand the relationship of CCRs frémheosts and other vertebrates,
phylogenetic tree analysis was performed usingrama acid multiple alignment of CCR
molecules from selected fish species and mammalsshdwn in an unrooted phylogenetic
tree (Fig. 5), 14 CCR orthologous groups namelyRCa2, CCR4La/b and CCR4Lc were
present in fish and mammals with high bootstrapsup(98-100%), the only exception being
mammalian CCR2/5 owing to mammalian-specific genetinversion [48]. The homeostatic
molecules, CCR7, 9 and 10, and the dual functid®@®@R6 were conserved in fish and
mammals and form a distinct sub-family with highotstrap support (99%) and separated
from the rest of CCRs. The inflammatory CCR1, &r@l 5 molecules, and dual-functional
CCR4 and 8 were found to be mammalian specific,IsviCCR11-12, CCR4La/b and
CCRA4Lc were found to be fish-specific. Furthermdreuyt CCR4La, CCR4Lcl and 2, and
CCR11, cloned in this report, clustered with ortignles from other fish species, thus
supporting our proposed nomenclature. This tres fupports the notion that the fish specific
CCRs are phylogenetically closer to mammalian CGRid 8, than they are to the CCRS, 7,
9-10 subfamily, as suggested by homology analysiblé 4).

3.3. Geneorganization analysis
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A detailed analysis of gene organisation of CCR$ theeir conservation in different animal
lineages is lacking due to the need for mMRNA/cDNggence information [49]. The cloning
of novel trout CCR cDNAs has enabled the deterrionadf the gene organisation. Trout
CCRA4La has a four exon/three intron gene organisatith the coding region spanning the
last three exons separated by two phase Il intfBigs 6A). The three coding exon structure
was also observed in salmon CCR4a and zebrafishdC&B, although the second coding
exon was found to be missing in salmon CCR4b anB41@ genes from fugu and platyfish
(Fig. 6A). Both trout CCR4Lcl and c2 have a two rexstructure with the first exon being
noncoding and the last exon encoding the compl&®&. Ohis gene organisation might be
preserved in salmon CCR2a-b and zebrafish CCR4ut |ths different in CCR4Lc from
fugu, platyfish and medaka, which have a threegpa@ixon structure (Fig. 6B). Similarly,
trout CCR11 has a two exon structure with the pmo¢@coded by the last exon, a structure
that may also be preserved in salmon CCR5a-b. Hemveaebrafish CCR11a-d has two
coding exons separated by a phase | intron, whutsi and platyfish CCR11 orthologues

have a three coding exon structure with both irgtiarphase I. (Fig. 6C).

3.4. Tissuedistribution of transcript expression of the four trout CCRs

The transcriptional levels of the four novel tr@Z€Rs were examined in seventeen tissues
from six healthy fish by real-time PCR (Fig. 7).[Ee&ssion of all four CCRs was detectable
in all tissues examined albeit at different levdlse highest expression levels were detected
in spleen and thymus, and lowest in liver for allfreceptors (Fig. 7). High expression levels
were also detected in other immune organs, su¢tkaand gills, and non-immune tissue, eg.
gonad. Expression patterns and levels of trout @G@R4Lcl and 4Lc2 were similar. It is

noteworthy that CCR11 expression in intestine, skid scales was relative low (Fig. 7).

3.5. Modulation of the expression of trout CCRs by bacterial and parasitic infection

CCR transcriptional levels were also investigatedivo following bacterial and parasitic
infection. The bacteriuriversinia ruckeri is the causative agent of ERM or yersiniosis, and i
responsible for significant economic losses in salith aquaculture worldwide [43]. Disease
symptoms were observed from day 3 in naive fiskraift injection and modulation of
immune gene expression has been observed previfasty 6 h to 72 h [43]. Thus the
expression of CCRs in the current study was exairem 6 h to 72 h post ip challenge in
HK, a major immune tissue in fish. CCR4La exprassiemained unchanged at 6 h, but
increased significantly by 24 h (5-fold) and 483Hdld) and returned to control levels by 72
h post challenge (Fig. 8A). An increased expressio@CR11 (7-fold), CCR4Lcl (10-fold)

and CCR4Lc2 (15-fold) was only observed at 24 h pballenge (Fig. 8B-D).
10
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Proliferative Kidney Disease of salmonid fish isskbbw progressive disease of major
economic importance to aquaculture. The causatigenta a myxozoan parasite
Tetracapsuloides bryosalmonae, primarily targets the kidney of infected fish whédt causes a
chronic lymphoid hyperplasia with an anti-inflamiat phenotype [44]. Expression of trout
CCRs was examined in caudal kidney tissue in fighibiting a range of clinical disease
(kidney swelling grade) collected during a natueaposure to the parasite, as described
previously [44]. The expression of trout CCR4La agmed unchanged, whilst a small but
significant increase (2-fold) of CCR11 was obserwvethfected fish with swelling grade of 2
(Fig. 9A-B). In contrast, expression of CCR4Lcl aD@R4Lc2 decreased significantly in
infected fish from grade 1 to grade 3 (Fig. 9C-D).

3.6. Modulation of the expression of trout CCRsin primary HK macrophages

Modulated CCR expression by bacterial and parasifiction prompted further investigation
regarding CCR expression in primary HK macrophamess stimulation with PAMPs (PolyIC,
and PGN) and recombinant proinflammatory cytoki(ids1p, riL-6 and rIFN). In general,
CCR expression exhibited a U-shaped response erafier stimulation, the dynamics of
which was CCR-specific (Fig. 10). PolylC down-remeld CCR4La expression at 8 h, but
up-regulated expression at 24 h. It also upregill®€R4Lcl1 expression at 4 h and 24 h but
had no significant effects on CCR11 and CCR4Lc2esgion at all three time points (Fig.
10). PGN up-regulated CCR4La, CCR4Lc2 and CCR1temson at 4 h, an effect that was
lost by 8 h post stimulation with the expressiotumgng to control levels or even increasing
in the case of CCR4Lcl at 24 h. PGN had no sigmfieffects on CCR4Lc2 expression.
riL-1B, riL-6 and rIFN, had similar effects on CCR expression with alieéh cytokines
upregulating CCRL4a, CCR4Lcl and CCR11 at 4 h,stisilippressing expression levels by
8 h and with no significant effects observed ah3#bst stimulation (Fig. 10A-C). CCR4Lc2
was less responsive, with only decreased expresdiearved at 8 h following riLflLand
rIFNy stimulation (Fig. 10D).

11
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4, Discussion

4.1. Nomenclature of Chemokine receptorswith particular referenceto the CCRs

Four novel fish-specific CCRs have been charaadrin rainbow trout and named as trout
CCRA4La, CCRA4Lcl, CCR4Lc2 and CCR11, a nomenclahaefits with the outcome of the
phylogenetic analysis conducted in this study &ednaming system proposed by Nomiyama
et al. [4]. It is now clear that there are well-served CCRs (CCR6-7 and CCR9-10) from
fish to mammals with others being either mammadipeeific (CCR1-5 and CCRS8) or
fish-specific (CCR4La/b, CCR4Lc and CCR11-12). Fgkecific CCRs in different fish
species have been assigned a variety of namesngaasidegree of ambiguity in the

comparative study of chemokine biology [2, 16, 3@,

From our phylogenetic analysis, fish-specific CGRs apparently more closely related to the
mammalian CCR1-5 and 8 subfamily than the CCR6& &0 subfamily. Consistent with
this concept, trout CCRs cloned in this study eithib similarly high amino acid
identity/similarity to human CCR1-5 and 8 compatedCCR6-7 and 9-10. The mammalian
specific CCR1-5 and 8 subfamily are located at $hene genomic locus (eg. Human
chromosome 3). Fish specific CCRs were also foandet located in the same locus (eg in
zebrafish chromosome 16) [49]. Trout CCR4La, CCR4had CCR11 were located at the
same genomic scaffold. Similarly, their salmon degparts (CCR4, 2 and 5) were located at
the same loci in two separate contigs (acc. noKB@026506 and AGKD03006887) that
have arisen from the 4R salmonid WGD [16]. Thesta dauggest that mammalian and
fish-specific CCRs arose from a common ancestrahegehat expanded by local
lineage-specific gene duplications with further @xgion in salmonids facilitated by the 4R
WGD event. Overall, consistent with our analysis, adopted the nomenclature proposed by
Nomiyama et al. [4] in naming fish specific CCR4GCR4Lc, CCR11 and CCR12.

4.2. Themolecular features of functional importance

All newly identified trout CCRs were found to possethe conserved G protein-linked
receptors (GPLR) family features. Firstly, all tt@@CRs possess; an extracellular N-terminal,
seven TM domains, three ECLs and three ICLs, angt@plasmic carboxyl tail. Secondly,
four cysteine residues involved in forming two dfisie bonds were present in the
extracellular domains of the novel CCRs [51]. Third DRY motif was present in the second
ICL [52] with the extended DRYLAIV motif present isalmonid CCR4La, CCR4Lcl and
CCR4Lc2 and in most other fish species. However,DRYLAIV motif differed in salmon
CCR11 (DRYWVIV) and orthologues in other fish spexi The triggering of classical

downstream signaling, such as calcium mobilizatiod chemotaxis, requires the coupling of
12
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chemokine receptors tooproteins. The DRYLAIV motif is essential for Ggiein coupling,
and is highly conserved in classical chemokine pre and less so in atypical chemokine
receptors [53]. The implication on down-stream algng of fish CCR11 remains to be

determined.

The N-terminal region of chemokine receptors isantgnt for ligand binding [1]. Thus, any
post-translational modification of the N-terminagron of CCRs is likely to influence ligand
binding and downstream signaling. Putative N-glytatson sites and tyrosine sulfation sites
are predicted in the N-terminal region of trout GCahd in other fish CCRs. N-glycosylation
is a post-translational modification, which hadidig functional consequences, including the
determination of protein conformation, stabilitsafficking, ligand-receptor binding affinity
and intracellular signaling. N-glycosylation of CR@ is known to influence its binding to
CXCL10 [54]. Tyrosine sulfation is a post-transtaal modification of secreted and
transmembrane proteins, including chemokine recsptoy the addition of a negatively
charged sulfate to their hydroxyl groups. Sulfatwinthese receptors has been shown to
increase chemokine binding affinity and potency][55hus, N-glycosylation and tyrosine

sulfation of fish-specific CCRs may have a rol¢ha regulation of ligand binding.

S-palmitoylation, a process by which palmitate éversibly attached to proteins via a
thioester linkage, effectively increases the hytdigicity of its modified substrate. Thus,
S-palmitoylation can regulate membrane associatiwin various cellular proteins.

Palmitoylation of human CCRS5 is involved in ligamtuced receptor phosphorylation,
desensitization and internalization [12]. Multighgsteine palmitoylation sites were predicted
in the trout CCRs and that were conserved in CQRotigues in other fish species. This
suggests palmitoylation of fish-specific CCRs is/alved in ligand induced receptor

phosphorylation, desensitization and internalizatio

After ligand binding and activation, chemokine ngioes typically undergo internalization,
followed by either degradation or recycling to fflasma membrane. The process starts with
receptor activation by the ligand and phosphomgtatf serine or threonine residues near the
C-terminus of the receptor, leading to receptoredssization. Phosphorylated receptors,
containing the “di-leucine” motif, facilitate thecaruitment of endocytosis-related molecules
adaptin 2 (AP2) andB-arrestin, leading to internalization of the receptto form
clathrin-coated vesicles. Studies of receptors C@mRb CXCR2 have suggested that a PDZ
ligand domain at the C-terminus can direct recepboting between recycling or degradation
pathways [1]. Multiple serine/threonine residued anPDZ binding motif are present in the

cytoplasmic tail of fish-specific CCRs. In additjodi-leucine motifs (L/1)(L/l) are well
13
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conserved in salmonid CCR4La/b and CCR11 and are @ksent in CCR4La/b, and some
CCR11 molecules in other fish species. This suggénstt multiple regulatory mechanisms

likely take place during fish specific CCR / ligaimieractions.

4.3. Implications of diversified CCR gene organization

Whilst all mammalian-specific CCRs in humans, wiith exception of CCR3, being encoded
by a single exon, each fish-specific CCR4L and CClglencoded by 1 to 3 exons in a
CCR-specific and species-specific manner. This asiggthat intron insertions occurred
independently in different CCRs and in differeneaps/lineages during teleost evolution.
Intron insertion (retention) is energetically cggt cells, although the selective advantages of
carrying additional introns has been proposed tinkide regulation of alternative splicing,
positive regulation of gene expression, and reguladf nonsense-mediated decay [56].
Alternative splicing is a controlled molecular manfsm producing multiple variant proteins
from a single gene in a eukaryotic cell. For exam@XCR3, exists in three differentially
spliced forms—CXCR3A, CXCR3B, and CXCR3AIlt. CXCRa&Ad CXCR3B differ only in
the lengths of their N-terminal regions, with CXGRBbeing a truncated protein. These
splice variants have been reported to show spesxficession profiles in particular cell types
and activate different signaling pathways [57]hdis been estimated that 95% of multi-exon
genes in the human genome may undergo alterngtliegng [56]. Interestingly, the intron
insertion in fish specific CCRs has occurred at 3hend encoding mainly the N-terminal.
Alternative splicing of these exons may produce €®®th different N-termini that could

affect ligand binding specificity/affinity.

4.4. Theexpression of thetrout CCRs

CCR expression has been studied in several fishiegpdut in only a limited number of

tissues. Liu and colleagues [49] examined zebr&@SR expression in 6 tissues by RT-PCR.
Grimholt and colleagues [16] investigated salmomnebkine receptor expression in 11
tissues by RNAseq using a single fish and by RTRREing a single pooled sample of three
fish. In this study, we have examined fish-specd@iICR expression in 17 tissues including
thymus, a tissue not examined in previous studiks. highest CCR expression levels in the
present study were detected in thymus and spleiin, high expression levels also seen in
other immune organs, such as HK and gills. Thesemwiations suggest that fish-specific
CCRs may have important roles in immune regulatitigh levels of CCR expression were
also seen in other tissues, such as gonad, suugette presence of migrating CCR

expressing leukocytes in non-immune tissues obtganism.

Due to the additional WGD, salmonids often poss&ssparalogues of a gene relative to 3R
14
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teleost fish [42, 58-62]. Thus, two loci for CCR4L&CR4Lc and CCR11 have been
identified in the salmon genome [16]. In this studg were unable to identify additional
CCR4La and CCR11 loci in the current version ofttbet genome of 1.9 Gb [63], and in the
NCBI EST database. These paralogues may have bseim ltrout after the 4R WGD event,
or are present in the genome but are expressewvdevels, as suggested by their expression
levels in salmon where CCR4b and CCRS5b transcripese absent from RNAseq

transcriptomes [16].

45. The inflammatory characteristics of the trout CCR4La, CCR4Lcl, CCR4Lc2 and
CCR11

Some chemokines and receptors are constitutivglyessed in specific tissues and cell types,
where they contribute to homeostatic functions sashT cell development, stem cell
migration, and lymphoid organogenesis. Others rdeded at sites of injury or infection as
part of the inflammatory response. Moreover, a é@mokines and their receptors appear to
have both homeostatic and pro-inflammatory funaiddf the 10 human CCRs, CCR7, 9 and
10 are homeostatic, CCR1, 2, 3 and 5 are inflammatnd CCR4, 6 and 8 have dual
functionality [1, 4]. The close link of trout CCR4L.CCR4Lc and CCR11 to human CCR1-5
and 8, as revealed by phylogenetic tree and homaoglysis, may suggest that they are of
an inflammatory nature. This notion is supportedthgir induction in HK macrophages
stimulated with the inflammatory cytokines I3;1L-6 and IFNy, and by PAMPs. In all cases,
a U-shaped time course was observed, suggestihghtharanscription of these receptors is
tightly regulated to allow proper control over thBammatory response. Differences between
the 4R WGD paralogues CCR4Lcl and CCR4Lc2, in mspe to PAMPs and

proinflammatory cytokines, is noteworthy and peshaqlicates functional diversification.

The notion that trout CCR4La, 4Lc and 11 are inflzatory in nature was also supported by
their induction during bacterial infection and mtation during PKD.Y. ruckeri infection
elicits an acute inflammatory response wherebynlieohmatory cytokines and chemokines,
such as IL-B, IL-6, IL-8, TNFa and IFN, are highly induced [43]. Cell differentiation and
movement of lymphoid and monocytic cells have &lsen observed in immune organs after
Y. ruckeri infection [64]. The increased expression of tloeitiCCRs aftel. ruckeri infection
may indeed be upregulated directly by bacteriaéatibn, or indirectly by the upregulated
proinflammatory cytokines. However, the contribatiaf cell trafficking events to changes in

CCR gene expression after infection cannot be eecu

The characteristic kidney swelling associated WIKD is due to the predominant increase of

proliferating lymphocytes accompanied with the esgpression of immunoglobulin isotypes
15
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and dysregulated TH-like responses [44]. The eswasof anti-inflammatory cytokines,
including IL-10, TGFB1 and nIL-1Fm are upregulated, whilst lacking ttessical signs of a

pro-inflammatory response characterised by uprégali-13 and TNFe transcription. Thus,

PKD appears to be associated with a prevailing-infiimmatory phenotype [44]. The
expression of both CCR4Lcl and CCR4Lc2 decreasednficted fish, with CCR11

exhibiting only a minor transcriptional increaseda@CR4La remaining refractory to
infection. These expression patterns may refleetlélck of pro-inflammatory signals, or be
partly due to the decreased ratio of receptor-esgimg inflammatory cells owing to thesitu

proliferation of lymphoid cells during PKD.

4.6. Conclusion

In conclusion, four fish specific CCRs (CCR4La, CILR1, CCR4Lc2 and CCR11), that are
closely linked to mammalian CCR1-5 and 8, have lidemacterized in rainbow trout. These
novel CCRs possess the conserved G protein-linkagptor (GPLR) family features,
including an extracellular N-terminal, seven TM dons, three ECLs and three ICLs, and a
cytoplasmic carboxyl tail with multiple serine/tbréne phosphorylation sites. Four cysteine
residues that are known to be involved in the fdionaof two disulfide bonds are present in
the extracellular domains with a DRY motif presémtthe second ICL. The signaling
mediated by these receptors may be regulated byyddgylation, tyrosine sulfation,
S-palmitoylation, a PDZ ligand motif and di-leucimetifs. Studies of intron/exon structure
revealed a diversified gene organization with intrinsertion being receptor and
species-specific. The fish-specific trout CCRskhighly expressed in immune tissues/organs,
such as spleen, thymus, HK and gills with expresdieing inducible in the presence of
proinflammatory cytokines, PAMPs and bacterial atiten. Overall, this study suggests that
fish-specific CCRs are involved in inflammation kipotentially important roles in fish

immune regulation.
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Figurelegend

Fig. 1. Schematic representation of key features of the trout CCRs located acrossthe cell

membrane. The N-terminus and three extracellular loops (EG)LIre located outside the
cell, whereas the C-terminus and three intracellidaps (ICL1-3) are within the cell. The
CCRs have seven transmembrane helices (TM1-7). Esxdptor has multiple potential
N-glycosylation sites and tyrosine sulfation sitethe N-terminus, a DRY motif in ICL2, and
multiple serine/threonine phosphorylation sitesledcine motifs and a PDZ binding motif
predicted in the C-terminus. The conserved cystewsdues located in each of the

extracellular regions, that potentially form tweudlfide bonds, are also indicated.

Fig. 2. Multiple alignment of trout CCR4La with CCR4La and CCR4Lb from selected
teleosts. The multiple alignment was produced using CluSalega and conserved amino
acids shaded using BOXSHADE (version 3.21). Thedssiga at the N-terminus and
C-terminus has been removed to illustrate othertufea. The N-terminal, seven
transmembrane domains (TM1-7), three extracellidaps (ECL1-3), three intracellular
loops (ICL1-3) and the C-terminal are marked abthvealignment. The conserved cysteine
residues in the extracellular regions that fornmulfiide bonds are indicated by black arrow
heads, and predicted palmitoylation sites indicdigded arrows below the alignment. The
DRY motifs in ICL2 region are within the red boxutBtive sulfated tyrosine residues in the
N-terminus are in red and underlined, and poterifialycosylation sites are in purple.
Serine/threonine residues in the cytoplasmic tadt tmay be phosphorylated and bind
B-arrestin are highlighted in yellow, and an amincdamotif predicted to bind PDZ
domain-containing proteins is in red and underlin€de di-leucine motif is in bold and
underlined. Note that the N-terminals of medaka @GR and b are not complete.
Salmon-a=Salmon CCR4a and salmon-b=salmon CCR4lke. adtession numbers for

sequences used in this alignment are given ingrig.

Fig. 3. Multiple alignment of trout CCR4L c1 and CCR4L c2 with CCRA4L ¢ from selected
teleosts. The multiple alignment was produced using Clust@le@a and the conserved amino
acids shaded using BOXSHADE (version 3.21). Thedsiga at the N-terminus and
C-terminus has been removed to illustrate othertufea. The N-terminal, seven
transmembrane domains (TM1-7), three extracellidaps (ECL1-3), three intracellular
loops (ICL1-3) and the C-terminal are marked abthvealignment. The conserved cysteine
residues in the extracellular regions that fornmulfiide bonds are indicated by black arrow
heads, and predicted palmitoylation sites indicditgded arrows below the alignment. The

DRY motifs in ICL2 region are in red box. The pinatsulfated tyrosine residues in the
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N-terminus that potentially is sulphated are in ,reahd underlined and potential
N-glycosylation sites are in purple. The serin@timine residues in the cytoplasmic tail that
may be phosphorylated and bipirrestin are highlighted in yellow, and an amioalanotif
predicted to bind PDZ domain-containing proteingnised and underlined. The C-terminal
amino acids (326-384) of zebrafish CCR4Lc were nesdo from the alignment.
Salmon-c1=Salmon CCR2a and salmon-c2=salmon CCHRBb. accession numbers for

sequences used in this alignment are given in5rig.

Fig. 4. Multiple alignment of trout CCR11 with CCR11 from selected teleosts. The
multiple alignment was produced using Clustal Omegé the conserved amino acids shaded
using BOXSHADE (version 3.21). The shading at théehninus and C-terminus has been
removed to illustrate other features other chareties. The N-terminal, seven
transmembrane domains (TM1-7), three extracellidaps (ECL1-3), three intracellular
loops (ICL1-3) and the C-terminal are marked abibvealignment. The conserved cysteine
residues in the extracellular regions that fornulfide bonds were indicated by black arrow
heads, and predicted palmitoylation sites indicdigded arrows below the alignment. The
DRY motifs in ICL2 region are within the red boxhd Putative sulfated tyrosine residues in
the N-terminus that potentially is sulphated arerégd and underlined and potential
N-glycosylation sites are in purple. The serin@timine residues in the cytoplasmic tail that
may be phosphorylated and bipirrestin are highlighted in yellow, and an amioalanotif
predicted to bind PDZ domain-containing proteingnised and underlined. The di-leucine
motif is in bold and underlined. The C-terminal amiacids (358-492) of zebrafish CCR11c
were removed from the alignment. Note that the Mtieals of medaka CCR11a and b are
not complete. Salmon-a=Salmon CCR5a and salmonthesa CCR5b. The accession

numbers for sequences used in this alignment semgn Fig. 5.

Fig. 5. An unrooted phylogenetic tree of vertebrates CCRs. The tree was constructed using
amino acid multiple alignments and the neighbourtm method within the MEGA7
program. Node values represent percent bootstnajidence derived from 10,000 replicates.
Evolutionary distances were computed using the diafrix-based method and pairwise
deletion option. The accession number for eachesempiis given after the species name and
molecular type. Trout CCR4La, CCR4Lcl, CCR4Lc2 a@R11 are marked in red.
Bootstrap values at the roots of the clades frdferdint lineages are highlighted with a circle.

Molecular groups are indicated on the right.

Fig. 6. Comparison of gene organizations of teleost CCR4La/b (A), CCR4Lc (B) and

CCR11 (C). Gene organization was predicted using the Splipigram based on sequences
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from the Ensembl database. Black and white boxg®sent amino acid coding regions and
untranslated regions within exons, respectively black bars represent introns. Exon size
(bp) is numbered in the boxes. Intron phase (@,1l)ds also denoted. Dotted boxes denote
uncertainty of exon presence or size. Detailed geén@equences used for this analysis are

given in Fig. S5.

Fig. 7. Congtitutive expression of trout CCR4La (A), CCR11 (B), CCR4Lcl and
CCRA4Lc2 (C) in vivo. Transcript levels of trout CCRs were determineddaf time RT-PCR

in 17 tissues from six fish. Transcript levels wérst calculated using a serial dilution of
references and normalized against the expressiehdé EF-Xi. Results represent the means
+ SEM of six fish.

Fig. 8. Modulation of trout CCR4La (A), CCR11 (B), CCR4Lcl (C) and CCR4Lc2 (D)
expression by Y. ruckeri infection. Rainbow trout were injected ip with ruckeri or PBS as
vehicle control. HK tissue was collected at 6 hh2418 h and 72 h post-challenge and gene
expression expressed as fold change, calculatédeaaverage expression level of infected
fish normalized to expression levels in time-matthentrols. Results are presented as means
+ SEM of five fish. Significance of LSD post hocste after one way-analysis of variance

between infected and time-matched control fisthmag above the barsp<0.05,** p<0.01,

* 1) 20.001.

Fig. 9. Modulation of trout CCR4La (A), CCR11 (B), CCR4Lcl (C) and CCR4Lc2 (D)
expression by parasite infection. Kidneys from rainbow trout infected witfetracapsul oides
bryosalmonae or from unexposed (control) fish were collectediniyira natural infection.
Gene expression was expressed as fold changelatattas the average expression level of
infected fish normalized to expression levels imtomls. Results are presented as means +
SEM. Numbers of fish analyzed were 11, 5, 9, 10 @&melpresenting control, grade 1, 1-2, 2
and 3, respectively. Significance of LSD post hests after one way-analysis of variance

between infected and control fish is shown aboeebtdrs ag p<0.05, ** p<0.01.

Fig. 10. Modulation of trout CCR4La (A), CCR11 (B), CCR4Lcl (C) and CCR4Lc2 (D)
expression in primary HK macrophages. Four day old primary HK macrophages were
stimulated with PolylC (5Qug/ml), peptidoglycan (PGN, g/ml), rIiL-1 (20 ng/ml), riL-6
(200 ng/ml) and rIFM (20 ng/ml) for 4 h, 8 h and 24 h. Gene expressian expressed as
fold change, calculated from the average expressicgach treatment group normalized to

expression levels in time matched controls. Resarkspresented as means + SEM of cells
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839  from four fish. Significant results of a paired gdet-test between stimulated samples and

840  controls at the same time point is shown abovédé#ne as: *p<0.05.
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Tablel

Primersused for cloning and expression analysis.

Gene Primer Sequence (5'to 3) Usage
CCR4lLa F1 CACACCAGAGTGTCACACCCAG PCR cloning
R1 GCAGTTAAGTTGCTGTTCACACGGC PCR cloning
QF CCAGTTATGCATATGGCACACATTTTG Real-time PCR*
QR AGGATGACCCACAGGACCAGAAC Real-time PCR
CCRA4Lcl F1 ATAGTTATCTAGAGCACACCTTAC PCR cloning
R1 GTCTTCTGCTCTACTTGCTGCTTTC PCR cloning
QF TGTACATCAGAAAAGAAGGTATTGGGTAAG | Real-time PCR
QR TGCCAGTGCTACAAGGGCTTT Real-time PCR
CCR4Lc2 F1 ATAGAGTAGACAAAACCTAAGAG PCR cloning
R1 GAACAGAAATTGGTCTTCTGCTCAATG PCR cloning
QF TGTACATCAGAAAAGAAGAGATTGGGTAAG | Real-time PCR
QR CCAGTGCTACAGGGGCTGC Real-time PCR
CCR11 F1 AGACTCAGAGAAGAAACACCAAAGAGC PCR cloning
R1 GAAATCCTACTTACATTTGTTTGTAGT PCR cloning
QF GCTAATTGATCATTAATTATACCTGACAAGGA | Real-time PCR
QR ATGACGCCCACGATGAAGAC Real-time PCR
EF-lo F CAAGGATATCCGTCGTGGCA Real-time PCR
R ACAGCGAAACGACCAAGAGG Real-time PCR
Note

* The primer amplification efficiencies of reatvte PCR were 1.98, 2.01, 1.95, 1.98 and 1.90 for
EF-10, CCR4La, CCR4Lcl, CCR4Lc2 and CCR11, respectively.



Table?2

Summary of sequence analysis of four novel CCRsin rainbow trout.

Features CCR4La CCR4Lc1 CCR4Lc2 CCR11
GenBank Acc. No. KM516348 KM516343 KM516344 KM516345
cDNA length 1,292 1,219 1,244 1.222
ORF (bp) 1227 1038 1038 1062

In frame stop coddn 0 2 1 1
ORF (aa) 408 345 345 353
N-glycosylation site’s 6 1 2 2
Sulfation site¥ 3 2 1 4
Phosphorylation sités 6 4 5 8
Palmitoylation sites 6 3 3 4
PDZ binding motif 1 1 1 1
Genome location Scaffold 174 Scaffold 1743Bcaffold 1620 Scaffold 1743

3

Notes

!In frame stop codons before the main ORF.

% Potential N-glycosylation sites in extracellulagions.

® Potential tyrosine sulfation sites predicted atkaterminal.

* Potential serine/threonine phosphorylation siteh@C-terminal tail.

® Predicted palmitoylation sites.

®Predicted PDZ binding peptide at the C-terminal tai



Table3

The CC ckemokine receptors known in humans, rainbow trout, Atlantic salmon and zebr afish
in relation to the unified nomenclature of chemokine receptors (Nomiyama et al., 2011). *-’

denotes absence. The trout molecules shaded vagredcin this report.

CCR Humans Rainbow trout Atlantic salmon  Zebrafish
CCR1 CCR1 - - -
CCR2 CCR2 - - -
CCR3 CCR3 - - -
CCR4 CCR4 - - -
CCR4La/b - CCR4a CCR4La
CCR4b CCR4Lb
CCRA4Lc - CCR2a, CCRA4Lc
CCR2b
CCR5 CCR5 - - -
CCR6 CCR6 CCR®6al, CCR6.14, CCR6a
CCR6a2 CCR6.1b CCR6b
CCR6.2
CCR7 CCR7 CCR7 CCR7a CCR7
CCR7b
CCR8 CCR8 - - -
CCR9 CCR9 CCR9a CCC9.1a CCR9a
CCR9b CCR9.1b CCR9b
CCR9.2a CCR9c
CCR9.2b
CCRI10 CCRI10 CCRI10 CCRI10 CCRI10
CCR11 - CCRba CCR1lla
CCR5b CCR11b
CCR11c
CCR11d
CCR12 - CCR12 CCR3a CCR12
CCR3b



Table4

Comparison of the amino acid identity/similarity of rainbow trout CCR4La, CCR4Lcl,
CCRA4L c2 and CCR11, with relevant molecules from selected fish species and human CCRs. The
homologies of the same molecules between troutotimer fish species are in bold and underlined,

and between trout and human CCR1, 2, 3, 4, 5, ard &) bold and italics.

Trout Trout Trout Trout
CCR4La CCR4Lcl | CCRA4Lc2 CCR11
Trout Trout CCR4La 36.5/56.9 25.2/55.6 34.2/54.2
CCRs Trout CCR4Lcl 36.5/56.9 92.2/95.1 38.2/59.2
Trout CCR4Lc2 25.2/55.6 | 92.2/95.1 37.0/60.1
Trout CCR11 34.2/54.2 38.2/59.2 37.0/60.1
CCR4La/b | Salmon CCR4a 88.7/91.2 36.3/57.1 35.6/56.4 35.6/53.8
Salmon CCR4b 77.9/82.1 39.8/61.8 39.0/61.3 38.9/59.3
Zebrafish CCR4La | 50.6/68.4 35.1/55.4 36.3/56.2 32.7/56.5
Zebrafish CCR4Lb | 48.4/67.1 33.0/50.1 33.0/50.3 30.9/50.6
Medaka CCR4La* | 52.8/67.4 36.5/57.7 37.8/57.7 34.4/57.7
Medaka CCR4Lb* | 48.0/65.9 36.2/57.4 36.1/57.7 34.9/56.3
Platyfish CCR4La | 55.1/70.8 36.6/62.1 36.2/62.6 36.4/61.6
Tetraodon CCR4La | 49.4/62.3 34.6/59.7 34.3/58.8 35.3/60.1
CCRA4Lc Salmon CCR2a 35.4/55.4| 92.5/95.4 92.5/96.3 39.3/60.3
Salmon CCR2b 35.9/55.6 | 94.5/97.4 93.3/95.9 39.0/59.5
Zebrafish CCR4Lc 28.5/51.0 | 47.1/62.8 47.1/63.0 33.3/55.5
Medaka CCR4Lc 33.4/48.8 | 46.2/64.9 47.8/65.8 34.3/57.2
Platyfish CCR4Lc 35.0/53.9 | 54.1/73.0 53.0/71.9 36.7/61.8
Tetraodon CCR4Lc | 31.7/49.0 | 47.8/64.3 48.0/64.9 34.1/55.5
CCR11 Salmon CCRb5a 35.7/55.6 39.0/58.7 37.6/59.3 87.7/91.9
Salmon CCR5b 35.0/53.7 39.6/58.6 37.9/58.9 | 93.8/96.0
Zebrafish CCR11a 33.4/49.8 37.8/58.3 37.1/58.8| 45.8/65.4
Zebrafish CCR11b 35.3/52.5 38.3/59.3 37.9/59.3| 51.3/72.6
Zebrafish CCR11c**| 27.8/43.7 29.0/42.9 26.9/41.9 | 36.3/51.0
Zebrafish CCR11d 33.7/52.9 38.6/59.0 37.5/58.5| 49.4/72.0
Medaka CCR11a* 31.6/48.8 35.5/54.5 35.9/54.2 | 46.5/63.2
Medaka CCR11b* 29.6/47.1 36.6/55.4 35.7/54.5 | 43.9/59.8
Platyfish CCR11 33.6/54.4 34.8/57.2 35.2/57.2 | 46.8/67.7
Human Human CCR1 36.3/55.6 40.8/58.9 40.4/57.7 41.0/63.7
CCRs Human CCR2 35.1/53.7 37.5/55.9 38.0/57.0 40.2/60.4
Human CCR3 35.7/54.9 41.3/58.6 40.2/59.2 42.3/61.1
Human CCR4 37.0/53.4 41.5/59.4 41.3/60.3 42.5/62.5
Human CCR5 32.6/52.2 39.2/58.8 38.9/58.8 43.3/66.3
Human CCR6 32.2/51.7 31.2/51.3 31.7/51.9 34.7/56.1
Human CCR7 29.7/50.2 33.4/54.0 33.2/54.0 30.1/52.9
Human CCR8 34.6/51.5 38.9/57.2 39.8/56.1 35.9/60.8
Human CCR9 30.3/50.5 32.2/52.6 32.3/52.3 33.5/53.4
Human CCR10 26.9/41.9 32.7/49.7 33.7/51.7 30.5/49.4
Note

*N-terminal amino acid sequence is not complete.

**Zebrafish CCR11c has an unusually large C-teriniaih
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N-terminus
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------------------------- MNI TGYPVHTTAGGNTTTI PFSSVSVENGNSSSYSYENSSSYAY- - - - - - - - - - -
------------------------- MNTTGYPVHTTEGGNTTTI PFSSVSVENGNSSSYAYENSYS- - - - - = -« - - - - - -
------------------------- IMNE TGYPVHTTA- - - = = < = - = = m o e e e e e e e e
--------------------------------------- MBSTI ALLSI AAQLLLTD- - - MEDSSI PDLNDHTLYI - - - -
M TTTGFVRGRAVSEI SNKTAEHL SSTLARQTKTHKRAKL SFSFPFLLLSNI RSTDS- - - MADGLLQPL SDTI EELNGAWT
------------------------------------------------------------------------------ NN

™1 LT

ENSSSYAYENSSSYAYGTHFADT- FEVTTYDYGDYDDGVCKYKPYGANFLPVLYSLFFI LGFLGNVLVLW/I LQGVKLRN
————————————— YAYGTHFADA- FEVTTYDYSDYDDG CEYKPHGASFLPVLYSLFFI LGFLGNVLVLWI LLGVKLCS
---------------- STHFADA- FEVTTYDYNNYDDGVCKYNAHGASFLPVLYSLFFI LGFLGNVLVLW/I LLRVRLRS
- - SNVNGPVTDQPTTPVLM TDYSYDDYYNSV- DPDSLPCVYPAHGASI LPVLYSLFFVLGFLGNTLVI RLVLKS- - LRS
KEASPGHPDRNQPL HHLLNL SQQFG- - TNSSSSLQNYI NYNYS- HGASI LPVLYSLFFVVGFLGNALVI WWWVLMGVKLRS
NFPSFVFLFKSSSGHPTTTFSDDATTEYDYDYF- LQFETCYYEKL GARFI PAMYSMFFLLGLLGNSLVI W/VVCGARLRS

-- | SFTVDDNVLFYLPKL- - - - - - ------ PFS- ANSQ AFKLNLSVMWDPGLYI MFFLLG.LGNSLVI W/WVCGARLRS
MNSTESDL FTSDGYNSSMPFTDGT TI EYFYPGDDEDYQTCYYVRHGAYFLPPLYAI FFLLGLLGNSLVI W/ ACGVRLRS
A

ECL1

» < >

T™M2 T™3 ICL2

MIDVCLLNLALADL L LVCTLPFLAHHATDQUWFGDVMCKVWLGAYHI GFYSG FFI TLMSVDRYLAI VHAVYAVRARTRK
MIDVCLLNLALADL L LVCTLPFLAHHATDQWFGDI MCKVWLSAYHI GFYSG FFI TLMSVDRYLAI VHAVYAVRARTRK
MIDVCLLNLALADL L LVCSL PFLAHHARHQWFGDVMCKVWLSAYHVGFYSG FFI TLMBVDRYLAI HAVYAVMRARTRK
MIDI CLLNLAI ADLLLVSSLPFLAHYARDQW FGGPMCTI VLSVYHI GFYSG FFI VLMSVDQYLAVVHAVFALKVRTRT
MI'DI CLLNLAI ADLLLVSSLPFLAHYARDQA FGDHMCTMW/LSVYHI GFYSG FFI VMVBVDRYLAVVHAVFALKVRTKT
MIDVCLLNLAI ADL L LVCSL PFLAYQARDQAL FGDAMCKI VLGVYHVVFYSG FFI CLMSI DRYLAI HAVYAMKARTLF
MIDMVCLLNLAI ADLLLVCSLPFLAYQARDQWL FGDAMCKI VLGVYNVVFYSG FFI CLMSI DRYLAI HAVYAMKARTLF

MIDVCLVNLAI ADLLMWCSLPFLAHQARDQAL FGDAMCKWLA YHI AFYCA FFI CLMSI DRYLAVVHAVYALKARTRT
P - A

9 ™4 . ECL2 N ™5 R

YGAI AAVVTV\LAGFLASFPEALFT_KVEKH NEKENCRPVYDD- - - - - - - - - - VR’ALVI FGLFKIMNTLGLLI PLVI MGFCYT

YGAI AAWTW.AGFLASFPEAL FLKVEKH- NEKENCRPVYDG- - - - - - - - - - HAWE FGLFKMWMNTLGLLI PLVI MGFCYT

YGAI AAWTW.AGFLASFPEAL FLKVEKN- NEKENCRPVYDG- - - - - - - - - - HSWE FALFKRI | FGLLI PLI | MGFCYT

YGFLASLVI WAAVAASFPELI YI DTTDI - NNQTLCTSYPTTD- - - - - QSSYHDSKTNG FKMNI | GLI | PLSVI GFCYS
YG LASLVI WWAAVTASFPELI HLKTTVT- NNQTLCASYPTTD- - - - - QABYHDSKTAG FKMNVI GLI LPLSVI GFCYS
FGRI AAAVTWIAGFLASFPELI FI KQQTT- TNKTEKT- - - - - - - - - - - DSSSHFWI'I FSI FKMNI MGLFI PLCI MTFCYS
FGRI AAAVTWIAGFLASFPEL | FI KQQEE- GCDRHHCL SVYPDSGAGE- DDSSHFWRI FG FKIMNI MGLFVPLCI WYCYS
CA AAAAVTWLAGFLASFPDLI FLKTQTSVNGSQYCYPEYPQKSPNDVSGNLHFWSVFSLLKMNI LGLFI PI FI LGFCYS
A -

ICL3 9 ™6 ECL3 ™7

Q VRRLLSRPSSKKQAI RLI LI VWWWFFCCWIPYNMT SFFKAL EL SEVY- SSCESSKAI RLTLQ TEAMAYSHSCLNPI L
Q VKRLLSCPSSKKQTI RLI LI VWWWFFCCW PYNMTAFFKAL EL SEVY- SSCESSKAI RLTLQ TEAMAYSHSW.NPI L
Q VRRLLSAPSSKKQAI RLI LI VWWFFCCW PYNMTAFFKAL EL SEVY- SSCESSKAI RLTLQ TEAMAYSHSCLNPI L
M LI KLLNVRSSRKQAI RLVWWVWWMWVFFCCW/PYNI AAFFKALELKRVI PHSCESSKAI TLSLQ TEAVAYSHSCI NPFL
M LI KLLTVRSSRRQAMRL VWWWMWWVFFCCWAPYNI AAFFKAL ELKKVL THSCESSKAI TLSLQ TEAVAYSHSCVNPFL
Rl I WKLLDSHSSRKQPI RLVLLVI AVFFCCW/PYNI SSLFKGLELLQ Y- MGCESSNSI RLALQVTEVI AYSHSCLNPI L
Q | VKLLDSHSSRKQTI RWI LVI WFFCCW/PYNI TSMWKGLELLQ Y- TGCESSKAI TLALQVTEVI AYSHSCLNPI L

Q | CRLLSTQSSKKQAI RLVWWAVFFCCWPYNVVAFFKTLELLQVY- ATCESSKAVRLALQ TEVI AYSHSCLNPI L
E & 2 A

C-terminus

YVFVGKFRRPLI RLI NKAPRRMCQFMKNYL PVDFRASRTGSVYSQT TSMDERSTAV- - - - - - - - - -
YVFVGEXKFRRPLI RLI NKAPCRMCQFMKNYLPRDFRVSRTGSI YSQT TSMDERSTAVGTAT- - - - - -
YVFVGEKFRKHLFRLLNRTPFSRLQFMKSYVQT - T- - - - - ASVYSQITTSLDARSSASV- - - - - - - - -
YVFVGEKFRKHLFRLLNRTPFSRLQFMKSYI | QAT- - - - - GSVYSQTTSMDERSSVAV- - - - - - - - -
YVFVGEKFRRQLLRLI SKTPCLLCQM KVYI PQNR- - - | FGSTYSQNTSMEERSTAV- - - - - - - - - -
YVFVGEKFRRQLLRLI SKTPCLI COM KVYI PCER- - - | FGSTYSQSTRVMNERSTAKNI SETLDQ T
YVFVGEKFRRHLVRQNRAP%SLCQ\/I KMYl PQDR- - - GT- SVYSQTTSVDERNTW- - - - - - - - - -




N-terminus

T™M1 ICL1

> < > <

T™M2

Trout-c1 1 MNTTQATSTDNYYGH---GNYESPCSTGT-SLTQGS NYQPILFYLVFTLGLTGNSLVLWVLLKYMKLKTMTDICLLNLAL

Trout-c2

1 MNTTEATSTDDYSGDDYNG---SPCSTGT-SLTQGS  NYQPILFYLVFTLGLTGNSLVLWVLLKYMKLKTMTDICLLNLAL

Salmon-c1 1 MNTTEATSTDDYSGDNYYGNMISPCSTGT-SLTQGSNYQPILFYLVFTLGLTGNSLVLWVLLKYMKLKTMTDICLLNLAL

Salmon-c2 1 MNTTEATSTDDYYG-----YDSPCSTGT-SLTQGS
Zebrafish 1 «eeememeecemencnens MCNTE--EGSLNP
VT I SR —— MYDYTNNCDNSSADLQDGS

NYQPILFYLVFTLGMTGNSLVLWVLLKYMKLKTMTDICLLNLAL
HIKAAIFYIVFVLGLVGNIIVLWVLLKSMHVKNMTNLCLLNLAM
KFFLVLYCIMFGFGLIANCTVLWVLIKHIKLRMMTDVLLLNLVL

Platyfish 1 MGNTMNVTENLT----EYYDYDSDCNETSWVFTSGS  VLIPVLYYMLFCVGLIGNAIVLWVLLRYTKIRTMTDVFLLNLVL

Tetraodon

A
ECL1

1 -MNTSGVNFSLY-PDIYDYDYNSTCDQDPNPVLSDT VL-RLFYCVVFGFGLIGNSTVIWVLLQFIKLKTMADVCLLNLAL

s 5

T™M3 ICL2 T™M4

DRYLAIVHAVAAMRARTLRYGALASIVWV
DRYLAIVHAVAAMRARTLRYGALASIIVWV

Trout-c1 77 SDLLLALSLPLWAHHAQGHEFKGDSPCKIMAGAYQV GFYSSILFVTLMS
Trout-c2 77 SDLLLALSLPLWAYHAQGHEFEGNSPCKIMAGVYQV GFYSSILFVTLMS
Salmon-c1 80 SDLLLALSLPLWAYHAQGHEFEGDSPCKIMAGVYQEFYSSILFVTLMSYDRYLAIVHAVTAMRARTLRYGTLASIIVWV
Salmon-c2 74 SDLLLALSLPLWAYHAQGHEFEGDSPCKIMAGVYQGFYSSILFVTLMSYDRYLAIVHAVAAMRARTLRYGTLASIIVWV
Zebrafish 56 SDLLMVLSLPFWALYAQGHYLKTDAMCKAMAGAYQWGFYSGIFFVTLMSVDRYLVIVHAVAVLGAKMLRYGIVASVIIWM
Medaka 64 SDLLLAVSLPLWIVKSHN-----IGLCKLVTGIYQL GFYSGTFFVTVM$VDRYLAIVHAVAAIRARALRYGIIVSVVIWI
Platyfish 77 SDLLMAVSLPVWVHVAQS-----LPSCKLATGFYQL GFYSGTFFVTMMSVDRYLAIVHAVAAMRKRTLRYGLIASVIIWV
Tetraodon 78 SDLIFAVSLPLWAFNFQI-----LALCKVMTAIYQV GFYSGTLFVTLMSLDRYVAIVHAVSSMRARTLHRGIIASISIWA
A

ECL2 T™M5 ICL3

Trout-c1 157 ASISAALPEAIFVAVVRENDENSGTSCQLIYPENTE KTWKLLRNFGENGVGLVLCLPIVVFCYICILTVLQRLRNSKKDR
Trout-c2 157 ASIGAALPEAIFAAEVWEDDEDSGSSCQRIYPENTE KTWKLLRNFGENGVGLVLCLPIVVFCYISILTVLQRLRNSKKDR
Salmon-c1 160 ASISAALPEAIFAAVVRENDENSGTSCQRIYPEDTE KTWKLLRNLGENGVGLLLCLPIMVFCYISILTVLQRLRNSKKDR
Salmon-c2 154 ASISAALPEAIFVAVVRENDESSGTSCQRIYPEDTE KTWKLLRNFGENGVGLLLCLPIMVFCYISILTVLQRLRNSKKDR
Zebrafish 136 VSIGAALPEVIFAEVVKDSE---SNSCQRHYPDESA RKWKLFRNFGENAVGLFISLPIIAYCYLRVLMVVKKTKNSKKNR
Medaka 139 VSVIMAAPQVVFASLEKE-D-FDTSHCHPVYPEETV EFWKKLRNFSENTVGIFVCLPIMIFCYVKILLVLSKSRNSKKDK

Platyfish 152 ASVVLATPHVVFASLESL-D-NESFQCHPIYPEETE = SSWKMQRNFTENVVALFLCLPVIIFCYVNILVVVSKSRNSKRDK

Tetraodon 153 VSIIIAAPQVKYASLEIDPE-NNLSQCQPLYPEDSM EFWKMRRNLSENIVALFVCLPIMIFCYVKILIVLSKSPNSKKDK
A - -

™6 . ECL3 9 ™7

Trout-c1l 237 AMKLIFAIVGVFVVSWVPYNVVVFLQTLQMF-DIGN SCEASTQLDTAMEVTETIALAHCCVNPVIYAFVGEKFRKCLGTV
Trout-c2 237 AMKLIFAIVGVFVVSWVPYNIVVFLQTLQMF-DIGN  SCEASTQLDKAMEVTETVALAHCCVNPVIYAFVGEKFGKCLGTV
Salmon-c1 240 AMKLIFAIVGVFVVSWVPYNVVVFLRTLQMF-DIGN SCEASTQVDRAMEVTETIALAHCCVNPVIYAFVGEKFRKCLGTA
Salmon-c2 234 AMKLIFAIVGVFVVSWVPYNVVVFLQTLQMF-DIGN SCEASTQLDAAMEVTETIALAHCCVNPVIYAFVGEKFRKCLGTV

Zebrafish 213 AIKLILGIVIMFVVFWVPYNVVVFLKTLHEF-DMLT
Medaka 217 VVKLIFTVVCVFVACWVPYNILVFLQTLEQL-EILD
Platyfish 230 AIKLIFIVVCLFVLCWVPYNIVVFLKTLQPMSEYLN

Tetraodon 232 AIRLIFAIVCVFVMCWVPYNVTVFLQTLQIF-EILV

C-terminus

>

>

Trout-cl 316 LSRYPLCKKLGKHAMVSSRGSENETSNTPV----
Trout-c2 316 LSRYPLCKKLSKHAMVSSRGSENETSNTAV----
Salmon-cl 319 LSRYPLCKKLSKHAMVSSRGSENETSNTPV----
Salmon-c2 313 LSRYPLCKKLSKHAMVSSRGSENETSNTPV----
Zebrafish 292 FSKYLRCLKTYQSTPSQSRISENDTSNTAIFSTS
Medaka 296 L-KNHFC--------=---mrememmmeeeev

Platyfish 310 LSKYFRWNYQS----- TSQTTDNETSNTPVRSDY
Tetraodon

SCEPYKIINMAMDVTETIALTHCCVNPFIYAFVGEKFRKYLASA
DCQLSNNINKAMHFTEIMALSHCCLNPIIYAFIGEKFRKSLGNA
NCESSQAIDAAMVFAEIIALSHCCVNPVIYAFVGEKFRKTLAKV
SCSASRSISLTMSFAEIIALSHCCLNPIIYAFAGEKFRKSL---

A



Tr out

Sal non- a
Sal mon- b
Zebrafish-a
Zebrafish-b
Zebr afish-c
Zebr afi sh-d
Medaka- a
Medaka- b

Pl atyfi sh

Trout

Sal non- a
Sal non- b
Zebrafish-a
Zebrafish-b
Zebr afish-c
Zebr afi sh-d
Medaka- a
Medaka- b

Pl at yfi sh

Trout

Sal non- a
Sal non- b
Zebrafish-a
Zebrafish-b
Zebr afish-c
Zebr afi sh-d
Medaka- a
Medaka- b

Pl at yfi sh

Trout

Sal non- a
Sal non- b
Zebr afish-a
Zebrafish-b
Zebrafish-c
Zebr afi sh-d
Medaka- a
Medaka- b

Pl at yfi sh

Trout

Sal non- a
Sal non- b
Zebr afish-a
Zebrafish-b
Zebrafish-c
Zebr afi sh-d
Medaka- a
Medaka- b

Pl atyfish

153
156
153
150
151
155
151
149
137
157

232
235
232
228
231
235
231
228
211
235

311
314
311
307
310
314
310
308
291
315

N-terminus

™1 ek

——————— MEPTTDYNYSAYYDDTERL DTSEGQPCNNANVKEFGRVFLPTFYSLVFI VGVI GNGYWYVLVKFRRTRSMID
- - MPDKDVEPTTEYNYSSYYDDTEGL YR- - SEPCNTANVKEFGRVFLPTLYSLVFI VGFI GNGLVWWCVLVKFRRI RSI TD
------- MEPTTDYNYSAYYDG EG.DTSEGQPCNNANVKEFGRVFLPTLYSLVFI VGFI GNGLWWYVLVKCRRTRSMID
———————— MGMGKKGFNKYYNYNETE- - HLAPPCNDAKTKAFSEVFLPI LYSI VFI | G | GNGLVWW/FI RCRQKSNMID
——————— MSATONSSFDDYYNYNETG- - HVAPPCNNGNAKAFSEVFLPTLYSI VFI VGFI GNGLVWW/LI RHRQKSNMID
- MTEEPSTVAATKTDYSDYYNE- - EG- - DFEQPCNNGQTKAFSEVFLPTLYSI VFI | GFI GNGLVWW/LVRYRHKSNMID
------- MSGAQNRSYDDYYNYNETE- - HVAPLCNNGNAKAFSEVFLPTLYSI VFI | GFl GNGLVWW/LI RHRQKSNMID
—————— SFFASTTTDYSSYYDGDE- - - - - GGAPCDMNDI KTFSRGFLI TLYSLVFVLGFLGNGLWCVLVKHWKQSNLTD
—————————————————— TSLPTG - - - - | YNFCDYDSVDVTNTG VI LYNLVFALGLLGNGLVWCVLVKHWKQSNLTD
MSNI TEDPLEVTSADYSGYYDYDIWNST- - - HFVEEQDDNRTFSKGFLVTI YTLVFI LGFLGNGLVVCVLVKHRNQTNMID

™2 . ECLL ™3 ICL2

>

LCLLNLALSDLFFVI SLPFWSHYATAAEW. L GCDFMCRLVTGLYM.GFYGSI FFWI LTVDRYWVI VHSHKM ARLRSVRV
LCLFNLALSDLFFI I SLPFWSHYATAAKW.L GCDFMCRLVTGLYM.GFYGSI FFWI LTVDRYWVI VHAHTM ARPRSVRV
LCLLNLALSDLFFVI SLPFWSHYATAAEW.LGDFMCRLVTGLYMLGFYGSI FFMM LTVDRYVWVI VHAHKM ARLRSVRL
VCLLNLALSDLLFLVSLPFWAHNA- MNQRTFCGKFMCHTI TGLFM GLYASI FFMWLLTLDRYAI | | HPNCMFFRNRSAKL
VCLFNLALADLI FLVSLPFWAHNA- MDEW LGRFMCHTI TGLFM GLYASI FFMWLMILDRYAI | [VHAHSVFSRNRSTKM
VCLFNLALADLLFLVSLPFWAHNA- MDEW FGRFMCHTI TGLFM GLYASI FFMWLMILDRYAI | [VHAHSVFSRNRSTKM
VCLFNLALADLI FLVSLPFWAHNA- MDEW FCKFMCHTI TGLFM GLYASI FFMWLMILDRYAI | VHAHSVFSRNRSTKM
I CLFNLALSDLLFVI TLPFYANLSMVGYWIFGNFMCHI LSGFHRTGFFSSI FFM | MTLIDRYI VI LYSHKV- ARYRTVRL
I CLFNLALSDLLFVI TLPFYSHVLVKGYW FGNFMCSI LSGFHCTGFFSSI FFM | LTLDRYI VI LHSHKV- AQYRTMVRL

MCLFNLAFSDLLFLLTLPFY!I HYTLI GKWIFGDFMCRFL SCSHHTGFFSSI FFWVI MTLIDRYVVI [MYAHKV- ARYRTTKA
- A

T™4 ECL2 R TM5

>

GVTLSLLMAMLSLCASLPTI | FTKVNNESG- L TTCKPEYPEGSMARQVSYLEM\VLGLLLPLSVMWI CYCRI VPMLVNI K
GVTLSLFMMVSLCASLPTI | FTKVNNESG- LTTCKPEYPEGSMARQVSYLEMNI LGLLLPLSI MWI CYSRI VPMLVTI K
GVTLSLFMMLSLCASLPTI | FTKVNNESG- LTTCKPEYPEGSMARQVSYLEMNVLGLLLPLSVMWI CYSRI VPMLVNI K
GLAL- - LVAWWLSLLASLPNI | FANEKFDLNHI KSCQPDFPDNTSWVSFTY! NMNLLSLI FPLI | LI FCYSRI | STLFRWK
GLALASLVWMLSLFASLPNI | FANANNGTNSKSSCRPDFPDNTSWVSFTYI NWNLLSLI FPLI | MSFCYSRI | PTLLSI K
GLALASLVWMLSLLVSLPNI | FAKDKNETNSKI SCGSDFPKDSSWWPFTYLKMNLLSLVFPLI | M FCYSRI | PTLLSMK
GLALASLVW | SLFAALPNI | FTNEQVDLNKRKSCQLDFPDNTSWVSFTY! NMNLLSLI FPLI I M FCYSRI | PTLLSI K
TI ALTLTSW LSACVSLPSFI FTKVSNYSGKQDECY- FFPENEDWYHYDLFATNMLGLI LPLLVMVACYSRI | PVLVKWK
TI ALTLTSW LSACVSLPSFI FTKVTN- - - - - DECH- LLPENEDWYHYDLFAKNI LG.1 LPLLLMVACYSRI | PVLVKMWK

CFSLI VLI W VSFCVSLPTFI FTKLENDGE- TVGCF- YRPESEI W/YYDLFATNI LGLLI PMLVMWACYSRI | PTLVKMR
- A -

ICL3 TM6 ECL3 T™7

TTKKHKAI KLI || | VWFFCFWIPYNWVI LLRYLEEQS- YFGDCTTHKNI DLAMAEVI AFTHCCLNPI | YAFVGOKFM
TTKKHKAI KLI || | VWFFCFWIPYNWVI LLRYLETQS- YFGDCTTHTNI DLAMQCTEVI AFTHCCLNPI | YAFAGQKFM
TTKKHKAI KLI | | | VWFFCFWIPYNWWVI VLRYLEAQS- YFGDCI THKNI DLAMMATEVI AFTHCCLNPI | YAFVGOKFT
SEKKPKLVKLI LAWTVYFLFFTPYN VI FLLFLQRME- YFFSCEWH DLSLAMMVETI ALSHCCLNPI | YAFASQQFR
SQKRHKWWRLI LAWAVYFLFWITPYNI VMFL MFL QRVE- YMFSCEWHNGL SLAMMWET I ALSHCCLNPI | YAFAGEKFR
SQKKHKWWVRLI LAWAVYFI FWTPYNI VMFL MFL QKME- YMLTCEWANGL SLAMMW/ETI ALSHCCLNPI | YAFAGEKFR
SQKRHKWWRLI LAWAVYFLFWTPYNI VMFLLFLQRRG YMLTCEWANGL SLAMMWETI ALSHCCLNPI | YAFAGEKFR
TAKKHRWVKLI | SI VGVFFLFWAPYNI SLFLNFLLLQQ | PSTCNGDKNLRLAVSVTEAFAYTHCCLNPI | YAFVGOKFM
TAKKHRWVKLI | SI VGVFFLFWAPYNI SLFLNFLLSHNI | PQTCDSDKNLRLAESVTEAFAYTHCCLNPI | YAFVGOKFM
TAKRHRI VKLI | SI VI VFFLFWAPYHI SRFLKFLYSTDLMASGCASVENNLKVSTI VSEAI AYTHCCLNPI | YAFVGQKFM

C-terminus

SLVLKLLRKWWPMCFTRP- NI S- ELSERKSSVYSRSSEI TSTRLM
SLVLKLLRKWVPMCFARP- YVC- GLSERNI SVYSRSSEI SSTRLL
SLVLKLLRKWWVPFCFARP- NVS- ELPEQKSSVYSRSSEI TSTRLL
GAV- - - - KDQFPLCFRRYATVSQQASERRSSI| F- - - - - -------

RAVL KVL KDQFPMCFKQCASFSQQL SERRSSI FSRSSEI SSTQ A
GAVI KVLNDQFPI TSPATQAVLQQEVSNLLDHNI | EESQSPWSAP
RAVLKVL KDQFPMCFKQCASFSQQL SERRSSAFSRASEMSSTQ A
RRALOVLKKFVPI = = = === - -

RRTLOVLKKWLPI - - === -

RRAM—I&KKV\AP?VSFK ————— ESSFRRSSVMSRSS- VISTVI M




100 29 Cow CCR8 ADD82800
Human CCR8 P51685 ] CCRS8
~—"—g——— Mouse CCR8 P56484
ol SRS ] comy
ow
100 Mouse CCR1 P51675
N Human CCR3 P51677
00/ Mouse CCR3 P51678 | CCR3
, 100 %9 Cow CCR3 D9ZDE0
|| 46 Human CCR2 P41597 ] c 5

49 Cow CCR2 ADD82797

% M iouse CLRS 31682
— 100 ouse

k/go Human CCRS P51681 ] CCR5
85 Cow CCR5 Q2HJ
—— Mouse CoRA Ps1680
100 Human CCR4 P51679 CCR4
L 86 —.Cow CCR4 NP 001093763
33 75 —38 Medaka CCR11a blast search
100 ,—|_|: Medaka CCR11b ENSORLT00000006548
2] | Platyfish CCR11 ENSXMAG00000000811
Tetraodon CCR11a ENSTNIG00000001750
1008 Trout CCR11 KM516345
v almon
100 Salmon CCR5b AGKD03026506 CCR11
1 ,—salmon O brafish CCR11c XP_001344220
eprarisi C
" 100 ) 1 — Zebraish CCRAIAXP QO26E1S24 "~
eprarisi
30 95— Zebrafish CCR11b XP 001344151

82 — 100 — Zebrafish CCRA4La XP 001332018 —

Zebrafish CCRALb XP 002664843

- 97, Trout CCR4La Ki
100)) _wn_E': Salmon CCéa AGKDD3006857

Salmon CCR4b AGKD03026506

99 Tetraodon CCRALa ENSTNIT0000022558 CCR4La/b
92 Platyfish CCR4La ENSXMAG00000000814
&7 Medaka CCR4La ENSORLT00000006580

100 Medaka CCR4Lb ENSORLT00000006570 _

49 Medaka CCR4Lc ENSORLT00000006550
E Platyfish CCR4Lc ENSXMAG00000000813
— 98 Tetraodon CCR4Lc ENSTNIT00000022557
100 Zebrafish CCR4Lc XP 002664844

a 44 [~ Trout CCRALc1 KM516343 CCR4Lc
87 Trout CCRALc2 KM516344
100 |~ Salmon CCR2a AGKD03026506
§7 | Saimon CCR2b AGKD03006887 .

P Zebrafish CCR12b A9JRY7
100 Zebrafish CCR12a Q1LY14
100 Trout-CCR12 CDQ97006 CCR12
0 Salmon CCR3a AGKD03008339
almon
1 Salmon CCR3b AGKD03016107
100 — salmon CCR6.1b AGKD01035475 —
100 Trout CCR6b CDQ59939

)

42 mon CCR6.1a AGKD01094526
49 100 Trout CCR6a CDQ74175
66 [ | —— Zebrafish CCR6a NP 001093461

99 Tetraodon CCR6a ENSTNIT00000007608
Medaka CCR6a ENSORLT000

Medaks Catt ENSDRL T00000022904 =+ |CCR6
_@) 51—|E Salmon CCR6.2 AGKD03001847
74 Zebrafish CCR6b XP 002665313

— Mouse CCR6 054689

Cow CCR6 ADD82799
100 o, men CORG Pa1684

56 [ Salmon CCR7a AGKD03010725
80 Salmon CCR7b AGKD03025083
89 100 - Trout CCR7 L7TUKG5
) Medaka CCR7 ENSORLT00000003263

Zebrafish CCR7 NP 001092213 CCR7
—— Mouse CCR7 P47774
100 L— Human CCR7 P32248
85— Cow CCR7 NP 001020101
2| 58— Trout CCR9a NP 001118082
64 Salmon CCR9.1a AGKD03018795
a3 100 Salmon CCR9.1b AGKD03032792
Zebrafish CCR9a XP 001343888

Medaka CCR9a ENSORLT00000009611

100 % Tetraodon CCR9a ENSTNIT00000005792
100 — Zebrafish CCR9b XP

o CCRan XP 002006678 CCR9
Medaka CCR9b ENSORLT00000015575
Salmon CCR9.2b AGKD03004078

&)

3]

o)
ol % 55 —750_L{ Trout CCR9b CDQ78750
70— Salmon CCRO.2a AGKD03006697
e K0 P850
uman
100 I_'_— ow CCR9 FERMK? -

Medaka CCR10 ENSORLT00000017611
100 —|95 £ Saimon CCR10 P Q1ATI4GTE
~ Salmon-
100 Trout CCR10 CDQ63613 CCR10

— Zebrafish CCR10 NP 001002675
(100 ) — Mouse CCR10 NP 031747

! Human CCR10 NP 057686
0.20 100 o L e R0 NP 001151893



A. CCR4La/b
Trout CCR4La

Salmon CCR4a
Salmon CCR4b
Zebrafish CCR4La
Zebrafish CCR4Lb
Fugu CCR4La

Platyfish CCR4La

B. CCR4Lc
Trout CCR4cl

Trout CCR4c2
Salmon CCR2a
Salmon CCR2b
Zebrafish CCR4Lc
Fugu CCR4Lc
Platyfish CCR4Lc

Medaka CCR4Lc

C. CCR11
Trout CCR11

Salmon CCRb5a

Salmon CCRb5a

Zebrafish CCR11a
Zebrafish CCR11b
Zebrafish CCR11c
Zebrafish CCR11d
Fugu CCR11

Platyfish CCR11




Relative expression to EF-1a (x1,000,000)
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Fold change

NA. CCR4La B. CCR11
10 10
*
8 8
1
6 6
*

4 x 4

2 2
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D. CCR4Lc1 C. CCR4Lc2
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Fold change

A. CCR4la

3 B. CCR11
3 *
2
2
| i l | j i I ‘
0 i 0
0 1 1-2 2 3 0 1 1-2 2 3
C. CCR4Lc1 D. CCR4Lc2
2 2
1 1
Wiy i i 11
0 1 1-2 2 3 0 1 1-2 2 3 -

PKD swelling grade



Highlights

»  Four fish-specific CCRs, namely CCR4La, CCR4Lcl, CCR4Lc2 and CCR11, have
been characterized in rainbow trout.

* The gene organization of fish-specific CCRs has diversified in different fish species.

» Fish-specific CCRs are highly expressed in immune tissues, thymus, spleen, gills and
HK.

» The CCR expression can be modulated in vivo by bacteria and parasitic infection.

* The CCR expression can be modulated in vitro by PAMPs and pro-inflammatory

cytokines.




