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Abstract

Interleukin-17 is an ancient cytokine implicated in a variety of immune defense reactions. We
have indentified five members of the sea lamprey IL-17 family (IL-17D.1, IL-17D.2, IL-17E,
IL-17B and IL-17C) and six IL-17 receptor genes (IL-17RA.1, IL-17RA.2, IL-17RA.3, IL-17RF,
IL-17RE/RC and IL-17RD), determined their relationship with mammalian orthologues, and
examined their expression patterns and potential interactions in order to explore their roles in
innate and adaptive immunity. The most highly expressed IL-17 family member is IL-17D.1
(mammalian IL-17D like), which was found to be preferentially expressed by epithelial cells of
skin, intestine and gills and by the two types of lamprey T-like cells. IL-17D.1 binding to

recombinant IL-17RA.1 and to the surface of IL-17RA.1-expressing B-like cells and monocytes of
lamprey larvae was demonstrated, and treatment of lamprey blood cells with recombinant IL-17D.

1 protein enhanced transcription of genes expressed by the B-like cells. These findings suggest a
potential role for IL-17 in coordinating the interactions between T-like cells and other cells of the
adaptive and innate immune systems in jawless vertebrates.
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Introduction

Interleukin-17 (IL-17) is an ancient cytokine, orthologues of which have been identified in
invertebrates that employ innate immune responses for protection against pathogens (1-5).
In mammals, six members of the IL-17 family (IL-17A, IL-17B, IL-17C, IL-17D, IL-17E

and IL-17F) have been characterized, where they play important roles in a variety of

immune responses. IL-17A and IL-17F are essential for adaptive immune responses against

extracellular bacteria and fungi in humans, and they contribute to the pathogenesis of
inflammatory diseases, such as rheumatoid arthritis, inflammatory bowel disease, and
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multiple sclerosis (6). IL-17B and IL-17C are shown to enhance TNF-a and IL-1
production, both important immune regulators, by a human leukemic monocytic cell line (7).
With an extended C-terminal domain, the IL-17D protein is the largest 1L-17 family
member; it is expressed at relatively high levels in skeletal muscle, brain, adipose, heart,
lung, and pancreas tissues, and at lower levels by resting CD4* T cells and B cells in
humans (8). IL-17D suppresses myeloid progenitor cell proliferation, but enhances
endothelial cell production of IL-6 and IL-8. IL-17D also promotes tumor rejection through
recruitment of natural killer cells (9). IL-17E, also called IL-25, promotes production of Th2
cell cytokines and recruitment of eosinophils to provide protection against helminth
infection and regulate proallergic responses (10, 11).

The protein structure of 1L-17 family members is distinguished by the characteristic cystine-
knot with four C-terminal cysteines forming two intramolecular disulfide bonds as indicated
by the crystal structure of human IL-17F (12, 13). This cystine-knot motif, originally
identified in studies on the nerve growth factors (14), is highly conserved. Orthologues of
mammalian IL-17A and IL-17F have been described in zebrafish, rainbow trout and
Japanese pufferfish (also known as fugu) (15-17). IL-17C orthologues have been reported in
zebrafish, fugu, and rainbow trout (15, 17, 18). IL-17D orthologues are identified in
zebrafish, fugu, Atlantic salmon, grass carp, channel catfish and Japanese lamprey (1, 15,
17, 19-22). Studies on the expression patterns of IL-17 orthologues indicate their tissue
specificity. By real-time PCR analysis, IL-17D expression is evident in zebrafish spleen and
gills (15); fugu IL-17D is expressed at low levels in skin, brain, head kidney and the
intestine (17); Japanese lamprey IL-17D expression is most prominent in skin, gills, and
intestine (22). In Atlantic salmon and grass carp, expression of IL-17D is detectable in skin
and intestine by real-time PCR analysis (19, 20). A novel I1L-17 ligand named IL-17N has
only been identified in bony fish including zebrafish, medaka, fugu and stickleback (17, 23).
In elephant shark Callorhinchus milii, three IL-17A-like sequences (GenBank accession no.
NP_001279507, XP_007883573 and XP_007883503) and two IL-17C-like sequences
(GenBank accession no. XP_007906115 and XP_007904597) have been identified by NCBI
Eukaryotic Genome Annotation Pipeline (http://www.ncbi.nlm.nih.gov/genome/
annotation_euk/Callorhinchus_milii/100). Putative IL-17 genes have also been identified in
invertebrates, including vase tunicate, pearl oyster, Pacific oyster and Californian abalone
(1, 2, 4, 24, 25). Several IL-17-like genes are found in other invertebrates, such as
amphioxus (Branchiostoma floridae), sea urchin (Strongylocentrotus purpuratus), lottia
(Lottia gigantea) and Caenorhabditis elegans, although full-length sequences for these
genes are not yet available (3, 5, 23, 24).

The mammalian IL-17 receptor (IL-17R) family consists of five members (IL-17RA to
IL-17RE) which share limited sequence similarity with other cytokine receptors. Members
of the IL-17R family have extracellular fibronectin Il1-like domains, a single transmembrane
domain and a conserved cytoplasmic domain called “similar expression to fibroblast growth
factor genes and IL-17R” (SEFIR) that resembles the Toll/IL-1 receptor (TIR) domain.
IL-17RA is the common receptor subunit in that it pairs with most other IL-17R members
for the binding of 1L-17 family members. In humans, IL-17RA forms a heteromeric complex
with IL-17RC for IL-17A or IL-17F signaling (26—28). IL-17RA has higher affinity for
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IL-17A, while both IL-17A and IL-17F bind to IL-17RC with similar affinities. IL-17RA is
expressed on both hematopoietic cells, including B cells and T cells, and non-hematopoietic
cells such as fibroblasts, endothelial cells, and epithelial cells (29). In IL-17RA knockout
mice, the host defense against infectious Klebsiella pneumoniae and Candida albicans is
compromised, thereby suggesting important roles of IL-17RA in immune defense (30-32).
IL-17RB binds IL-17B and can also pair with IL-17RA to bind IL-17E (33). The IL-17RA
and IL-17RE receptor complex is required for IL-17C signaling (34—36). The receptor for
IL-17D has not yet been identified; IL-17RD is an orphan receptor without an identified
ligand. IL-17R orthologues have been found in the invertebrates such as sea urchin,
amphioxus and vase tunicate (3, 4, 37, 38). IL-17RA and IL-17RD orthologues have been
identified in the amphioxus genome sequences (38), but the cloning and characterization of
these invertebrate |L-17R genes have not yet been reported. Several incomplete sequences of
IL-17Rs including IL-17RA, IL-17RB, IL-17RC and IL-17RD have been identified in the
genome sequence of the cartilaginous fish, elephant shark (38), and IL-17RE (GenBank
accession no. XP_007909458) has also been identified in this cartilaginous fish by NCBI
Eukaryotic Genome Annotation Pipeline. In most teleost fish, IL-17RA and IL-17RD
orthologues have been identified. IL-17RA sequences have been reported in fugu, Atlantic
salmon, rainbow trout, stickleback, medaka and zebrafish (16, 23, 38). IL-17RD orthologues
are found in zebrafish, fugu, green puffer, stickleback and medaka (23, 38, 39). The
presence of IL-17RB, IL-17RC and IL-17RE orthologues has been confirmed in the genome
sequences of stickleback and zebrafish (23). A group of vertebrate IL-17R-like proteins,
which lack the intracellular conserved SEFIR domain but resemble the extracellular domain
of IL-17RE, have been identified in zebrafish, fugu and stickleback (38) and named
IL-17RE-like (IL-17REL) proteins.

Here, we focus on the IL-17 ligand and receptor family in lampreys. These jawless
vertebrates have an alternative adaptive immune system in which leucine-rich repeat (LRR)-
based proteins named variable lymphocyte receptors (VLRs) are used for antigen
recognition (40-43). Three VLR genes have been identified; the VLRA and VLRC genes are
expressed by T-like VLRA™ and VLRC* cells respectively, and VLRB genes are expressed
by B-like VLRB* cells (44). The present investigations were stimulated by our earlier
findings on the reciprocal expression patterns of IL-17 ligand and receptor. One IL-17
orthologue was identified in lampreys (22, 41) and shown to be preferentially expressed by
the VLRA* lymphocytes. By contrast, IL-17R transcripts were predominantly expressed by
the VLRB* lymphocytes (41). The reciprocal expression of an IL-17 cytokine and cytokine
receptor pair suggested their participation in crosstalk between different T-like and B-like
populations in response to the antigen stimulation. In the present studies, we have defined
the members of the IL-17 and IL-17R families in lampreys, determined their expression
patterns and examined their potential interactions.

Materials and Methods

Animal maintenance

Petromyzon marinus larvae (outbred, 8-15 cm long and 2—4 years of age) and adult sea
lampreys (outbred, 50-80 cm long and 8-14 years of age) were from Great Lakes of North
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America. Lampetra planeri larvae (outbred, about 10cm long) were obtained from the
tributaries of the Rhine river in Germany. Larvae were maintained in sand-lined aquariums
at 18 °C and were fed brewer’s yeast. Adult sea lampreys were maintained in temperature-
controlled tanks (16-18 °C). Animals were sacrificed in 1g/1 MS-222 and 1.4g/l sodium
bicarbonate followed by exsanguination. Peripheral blood of larvae was collected in
0.66xPBS/30mM EDTA, layered on top of 55% percoll and subjected to density
centrifugation (400g, 20 min, no brake). Adult lamprey blood was collected by cutting the
tail and leukocytes were separated by Lymphoprep. Subsequently, the lamprey lymphocytes
were collected for following studies. Cells from kidney, intestine and gills were isolated by
disrupting tissues between frosted glass slides and 400g centrifugation. The cell pellets were
lysed in 1% NP-40 lysis buffer (with 5pg/ml leupeptin, 1ug/ml pepstatin, 5ug/ml aprotinin,
10ug/ml soybean trypsin inhibitor, 40pug/ml PMSF). The tissue lysates were used for
immunoblot assays. All studies have been reviewed and approved by Institutional Animal
Care and Use Committee at Emory University.

Transcriptome assembly of lampreys

Total RNA was extracted from the kidney, gills, blood and intestines (containing typhlosole)
of lampreys, treated with DNase and Illumina Hi-Seq compatible, mMRNA enriched, stranded
cDNA libraries were generated using Illumina TruSeq RNA (stranded) kit, following the
manufacturer’s instructions. Transcriptomes were assembled from 100bp paired-end reads
(generated on the x sequencer) using the Trinity suite of programs (45) and a kmer size of
25bp. Reads were assembled in a strand-specific manner with assembly time reduced
through in-silico normalization of reads to a maximum of 30x coverage using the in-built
Trinity parameter. Open reading frames (ORFs) were extracted using Trinity’s Transdecoder
option to select the best open reading-frame for each transcript in a strand-specific manner,
with identical ORFs being collapsed into a single sequence.

Identification of lamprey IL-17 and IL-17R sequences

Known mammalian IL-17 and IL-17R sequences were used as queries for tBLASTn search
against sea lamprey (http://www.ensembl.org/Petromyzon_marinus/Info/Index) and
Japanese lamprey genome sequences (http://jlampreygenome.imcb.a-star.edu.sg). Unique
OREF collections from European brook lamprey transcriptomes were interrogated using
IL-17 and IL-17R protein sequences of various species. The signal peptide, transmembrane
and putative domains were predicted by SMART software (http://smart.embl-heidelberg.de)
and conserved domain database (CDD) of NCBI. The conserved IL-17 domain of IL-17s
and the conserved SEFIR domain of IL-17Rs were used in the phylogenetic analysis.
Multiple protein sequence alignments were conducted using the ClustalW program (46). The
phylogenetic trees were constructed by (i) neighbor-joining (NJ) and (ii) maximum
likelihood (ML) methods using the MEGADS.0 program (48). The evolutionary distances
were computed by the JTT matrix-based method (48). The reliability of the tree was
assessed by bootstrap resampling with a minimum of 1000 replications.

J Immunol. Author manuscript; available in PMC 2016 December 01.


http://www.ensembl.org/Petromyzon_marinus/Info/Index
http://jlampreygenome.imcb.a-star.edu.sg
http://smart.embl-heidelberg.de

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al. Page 5

Cloning and sequencing sea lamprey (Petromyzon marinus) IL-17D.1 and IL-17R

Total RNA was extracted from lymphoid tissues of lamprey larvae. First-strand cDNA was
synthesized with oligo(dT) primer by Superscript I1I (Invitrogen). PCR primers were
designed according to the sea lamprey genome sequences and nested PCR was performed to
clone the IL-17D.1 gene. The 5’ and 3’ end of IL-17R genes were obtained by SMARTer
rapid amplification of cDNA ends (RACE) cDNA Amplification Kit (Clontech). 5° RACE
cDNA was synthesized by touchdown PCR using a modified oligo(dT) primer and
SMARTer Il A oligonucleotides and 3° RACE cDNA synthesis was carried out using a
special oligo(dT) primer. The 5’ and 3’ RACE PCR products were cloned into pBluescript
(Stratagene) vector and sequenced. According to the complete sequence information, PCR
primers were then designed and nested PCR was performed to clone the IL-17R genes.
Primers used for RACE and nested PCR are all listed in Table 1.

Real-time PCR

Tissues (skin, kidneys, intestine, gills and blood) from lamprey larvae were extracted for
RNA isolation. RNA was purified from lamprey tissues using RNeasy kits with on-column
DNA digestion by DNase | (QIAGEN). First-strand cDNA was synthesized with random
hexamer primers by Superscript 111 (Invitrogen). Quantitative real-time PCR was performed
using SYBR Green on 7900HT ABI Prism (Applied Biosystems). All samples were run in
three replicates. Cycling conditions were 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10
min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C
for 1 min. The values for the IL-17D.1 and IL-17R genes were normalized to the expression
of GAPDH. Primers used in this experiment are listed in Table 1.

In situ hybridization analysis

RNA in situ hybridization was performed with digoxigenin (DIG)-labelled RNA riboprobes
as described previously (49). The probe sequence for IL-17D.1 is listed in Table 1.

IL-17D.1 and IL-17R expression in HEK-293T cells

HEK-293T cells were maintained in Dulbecco's Modified Eagle Medium supplemented with
10% FBS, 2mM L-glutamine, 50U/ml penicillin, and 50ug/ml streptomycin at 37°C in 5%
CO,. IL-17D.1 cDNA was cloned into a fusion vector made from pIRESpuro2 (Invitrogen,
Grand Island, NY) harboring a puromycin resistance gene to produce a fusion protein
IL-17D.1/IgG1-Fc which is composed of IL-17D.1 and the Fc region of human IgG1 (IgG1-
Fc) (Supplemental Fig. 1A). The IgG1-Fc portion facilitated detection of the fusion protein
with anti-1gG antibodies and its purification by protein A chromatography. The coding
sequence of IL-17RA.1, IL-17RA.2 or IL-17RA.3 was subcloned into pDisplay vector
(Invotrogen) in-frame with HA tag, myc tag and FLAG tag respectively. The plasmids were
transfected into HEK-293T cells using linear polyethylenimine (PEI), MW 25,000
(Polysciences, Inc.) at a 3:1 (PEI:DNA) ratio. After 60 hours, cells were harvested by
centrifugation at 300g for 3 minutes. The supernatant were collected. The cell pellets were
washed once with PBS and lysed in 1% NP-40 lysis buffer (with 5ug/ml leupeptin, 1ug/ml
pepstatin, 5ug/ml aprotinin, 10ug/ml soybean trypsin inhibitor, 40ug/ml PMSF). The whole
cell lysates and the supernatants were used for immunoblot assays.
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Purification of recombinant IL-17D.1/IgG1-Fc proteins

Recombinant IL-17D.1/1gG1-Fc proteins were purified from supernatants via the human
IgG1-Fc portion using protein A-agarose column (GE Healthcare). 500mL cell culture
supernatants were collected from stably transfected HEK-293T cells under selection of
2ug/ml puromycin (Sigma). The supernatants were then loaded onto the protein A-agarose
column, and washed with 10 column volumes of PBS. The non-specific proteins were
removed by 15 column volumes of 50mM citrate at pH4.5 and recombinant 17D/1gG1-Fc
proteins were eluted with 15 column volumes of 50mM citrate, 50mM NaCl at pH3. The
eluate was dialyzed in PBS and concentrated by centrifugation using an Amicon Ultra-15
30K Centrifugal Filter Device (Millipore).

Production of anti-IL-17D.1, anti-monocyte and anti-granulocyte monoclonal antibodies

(mAbs)

BALB/c mice were hyper-immunized with the IL-17D.1/1gG1-Fc fusion proteins and the
lymphocytes were isolated from the draining lymph nodes of these mice and subsequently
fused with the Ag8.653 myeloma cell line using PEG-1500 (Roche). The hybridomas were
screened by ELISA and Western blot and the positive clones were subcloned by serial
dilutions. The ELISA and Western blot assay (Supplemental Fig. 1B) of a representative
mouse anti-1L-17D.1 mAb (clone 114-178, 1gG2a) was shown. Anti-monocyte mouse mAb
(8A1, IgG2b) and anti-granulocyte mAb (2D4, 1gG2a) were produced by immunization of
BALB/c mice with fresh peripheral blood leukocytes from the adult lamprey and screened
by flow cytometry using FSC/SSC. Two distinct populations of leukocytes were stained by
8A1 and 2D4 mAbs (Supplemental Fig. 1C). FSC/SSC profile and Wright-Giemsa staining
of sorted monocytes and granulocytes (Supplemental Fig. 1D) are shown.

Immunoblotting

Samples treated with 2-mercaptoethanol were separated on 10% SDS-PAGE gels and then
transferred onto nitrocellulose membranes (Millipore) by semi-dry transfer method.
Membranes were blocked with 7% skimmed milk for an hour and incubated with primary
antibodies overnight at 4 degree. The primary antibodies used in this study include HRP
conjugated goat anti-human Fc (1:5000, Southern Biotech), mouse anti-HA mAb (HA.11,
1:1000, Covance), mouse anti-myc mAb (9B11, 1:1000, Cell signaling), mouse anti-FLAG
M2 mAb (1:1000, Sigma), rabbit anti-y-Tubulin (AK-15) antibody (1:1000, Sigma). After
three washes with TBS-1% Tween-20, membranes were incubated with secondary
antibodies including HRP conjugated goat anti-mouse Ig (1:10000, Dako), HRP conjugated
goat anti-rabbit Ig (1:10000, Dako). After three washes, blots were developed using
SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) for 5 minutes.

Flow cytometric analysis and sorting

Leukocytes isolated from blood were stained for flow cytometry as described (41). Briefly,
leukocytes from blood were stained with primary antibodies including anti-VLRA rabbit
polyclonal serum (R110), anti-VLRB mouse mAb (4C4), anti-VLRC mouse mAb (3A5),
anti-monocyte mouse mAb (8A1), or anti-granulocyte mouse mAb (2D4). The cells were
costained with recombinant IL-17D.1/IgG1-Fc or control proteins. Secondary antibodies
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were matched. Staining and washes were in 0.67xPBS with 1% BSA. Cells were gated using
forward scatter-A (FSC-A) vs side scatter-A (SSC-A) (lymphocytes), FSC-A vs FSC-H
(singlets), and negative propidium iodide (Sigma P4864) staining (live cells). Flow
cytometric analysis was performed on a CyAn ADP (Dako) flow cytometer. VLRA™,
VLRB*, VLRC*, VLR triple-negative cells, monocytes, and granulocytes were sorted on
BD FACS Aria Il (BD Bioscience) for real-time PCR analysis. The purity of the sorted cells
was over 90%.

Immunoprecipitation

The IL-17R expressing plasmids were transfected into HEK-293T cells using PEI and the
whole cell lysates were used for immunoprecipitation assays. Samples were pre-cleared by
incubating with 30pl of a protein G-agarose suspension for 30 min followed by
centrifugation at 12,0009 for 1 min to remove the beads. The pre-cleared lysates were
incubated with 30ul of the protein G-agarose suspension and I1L-17D.1/1gG1-Fc or control
protein on a rotator for 2 hours at 4 degree. Protein G-agarose beads were centrifuged at
12,000g for 12 seconds and washed 4 times with 1% NP-40 lysis buffer. Samples treated
with 2-mercaptoethanol were separated on 10% SDS-PAGE gels and then transferred onto
nitrocellulose membranes (Millipore) and immunoblotted with corresponding antibodies.

Cell culture with IL-17D.1 recombinant protein

Buffy coat leukocytes were collected, washed twice with and resuspended in 2/3 IMDM
medium (HyClone, GE Healthcare) supplemented with 1001U/ml of penicillin sulfate and
100pg/ml of streptomycin. For each lamprey larvae (n=5), blood leukocytes were separated
into three groups (saline, IL-17D.1/1gG1-Fc, control Fc) and seeded in a sterile 24-well plate
at a density of 1.0x10° cells/ml in 1.0 ml medium. 1L-17D.1/IgG1-Fc and control Fc were
added to the blood leukocytes at a final concentration of 2pg/ml and equal volume of
0.67xPBS was also added as the saline control. Cells were cultured at 20°C for 16 h and
then collected for RNA extraction and real-time PCR analysis.

Statistical analysis

Results

All data are expressed as the mean £ SEM (n = 3 or more). Real-time PCR data were
analyzed using one-way repeated measures ANOVA performed with GraphPad Prism
Version 5.0 (GraphPad Software). If a significant difference between multiple means was
reported, ANOVASs were followed by Tukey's post-hoc test. A p value of <0.05 was
considered significant. The significant difference is denoted with * (p < 0.05), ** (p < 0.01),
or *** (p < 0.001).

Phylogenetic relationships of IL-17 sequences identified in lampreys

By conducting similarity searches and homology inferences from the currently available
genome and transcriptome data, we identified five different IL-17 genes in the draft genome
and transcriptome of sea lamprey (Petromyzon marinus), eight IL-17 genes in Japanese
lamprey (Lethenteron japonicum) genome and five different IL-17 sequences in
transcriptomes of European brook lamprey (Lampetra planeri) (Fig. 1, Supplemental Table
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1). Although full-length sequences of the different IL-17s are not available for all three
lamprey species, our phylogenetic analysis of the derived IL-17 C-terminal amino acid
sequences suggests that IL-17s in lampreys can be classified into five groups designated as
IL-17D.2, IL-17B, IL-17E, IL-17D.1 and IL-17C (Fig. 1). Among the eight sequences
identified in Japanese lamprey, IL-17D.2, IL-17E and IL-17D.1 have one to one orthologous
relationship with the corresponding sequences in sea lamprey and European brook lamprey.
Three additional I1L-17 sequences of the Japanese lamprey (IL-17B.1, IL-17B.2, IL-17B.3)
group with IL-17B sequences; two other IL-17 sequences (IL-17C.1, IL-17C.2) are related
to IL-17C of sea lamprey and European brook lamprey (Fig. 1, Supplemental Fig. 2). As the
sea lamprey genome sequence is incomplete and the European brook lamprey genome
sequence is not available, it is not possible to arrive at a definitive conclusion about possible
duplication or deletion events affecting the IL-17 gene family in each lineage after
divergence of these three lamprey species. Compatible with the presumed cystine-knot
structure of 1L-17 proteins, the IL-17 sequences identified in the three lamprey species all
possess the four characteristic conserved cysteines (Supplemental Fig. 2). Based on
phylogeny and conservation in amino acid residues, relative to the well-defined IL-17 family
members in mammals, the lamprey IL-17D.1 and I1L-17D.2 sequences are close to
mammalian 1L-17D, whereas IL-17B, IL-17E and IL-17C sequences are similar to
mammalian IL-17B, IL-17E, and IL-17C sequences, respectively (Fig. 1, Table I,
Supplemental Fig. 2). Notably, lamprey orthologues of mammalian IL-17A and IL-17F were
not found.

Expression patterns of sea lamprey IL-17 genes

The expression patterns of IL-17 genes were determined by real-time PCR analysis after
validating the specificities of primers by sequencing amplicons generated by RT-PCR (data
not shown). We found that IL-17D.1 was expressed at highest levels in skin and gills, with
lower levels being observed in the kidneys and white blood cells (WBC) (Fig. 2A). The
other IL-17s in lampreys, IL-17D.2, IL-17B, IL-17E and IL-17C, were expressed primarily in
the intestine and gills. RNA in situ hybridization analysis indicated that the epithelial cells in
the larval skin, gill filaments and intestine expressed IL-17D.1 transcripts (Fig. 3A). Ina
prior study, VLRA* lymphocytes were found to preferentially express an IL-17 gene that
corresponds to the 1L-17D.1 member of the gene family defined here (41). In the present
studies, we sorted the VLRA*, VLRB*, VLRC* and VLR triple-negative cells within the
lymphocyte gate and examined their expression of 1L-17D.1. The VLRA* and VLRC™
lymphocytes were both found to express IL-17D.1 preferentially. IL-17D.2, IL-17B, and
IL-17C expression were detected in all lymphocyte populations, whereas the expression of
IL-17E was detected in the VLRB™ lymphocytes and triple-negative cells (Fig. 2B). The
relatively high level of expression that we observed for IL-17D.1 facilitated the derivation of
a full-length IL-17D.1 clone by the use of nested PCR. In order to confirm the results of our
RNA expression studies for IL-17D.1 at the protein level, we produced mAbs that recognize
the recombinant IL-17D.1 protein (Supplemental Fig. 1B). Using one of these mAbs,
expression of IL-17D.1 was demonstrable in skin, gills and intestine of lamprey larvae by
Western blot analysis (Fig. 3B); notably, 1L-17D.1 protein levels correlated well with the
RNA expression levels (Fig. 2, Fig. 3). These findings confirmed that IL-17D.1 is expressed
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by cells at the barrier surfaces in the gills, skin and intestine and by circulating VLRA* and
VLRC* T cell-like lymphocytes.

Identification of IL-17R genes

To identify IL-17R family genes in lampreys, we performed tBLASTn searches of available
sea lamprey and Japanese lamprey genome sequences using mammalian IL-17R family
genes as query sequences. For both lamprey species, we identified six distinct IL-17R
sequences. Six different IL-17R sequences were also identified in the transcriptomes of
European brook lamprey (Fig. 4, Supplemental Table 1). For all IL-17R family genes, we
could confirm the presence of the coding region for the characteristic conserved SEFIR
domain (Supplemental Fig. 3) with the exception of two sea lamprey IL-17R sequences
(IL-17RE/RC and IL-17RD). We attribute this failure to the incompleteness of the sea
lamprey genome sequence. Phylogenetic analysis of the deduced IL-17Rs C-terminal amino
acid sequences indicated that they clustered into six groups and exhibited unambiguous one
to one orthologous relationships between the three lamprey species (Fig. 4). Lamprey
IL-17RA.1, IL-17RA.2 and IL-17RA.3 are phylogenetically close to the mammalian
IL-17RA sequences, whereas IL-17RE/RC and IL-17RD cluster with mammalian IL-17RE
and IL-17RD respectively (Fig. 4, Supplemental Fig. 3). The top blast BLAST hits in the
similarity search against the NCBI protein database also supported these conclusions (not
shown).

IL-17R expression

Cellular and

When expression of the IL-17R family members was examined in different tissues by real-
time PCR, IL-17RA.3 was found to be expressed in the intestine, blood cells, skin, kidneys
and gills (Fig. 5A). IL-17RA.1 was expressed at highest levels in the intestine and blood
cells, with weaker expression being detectable in skin, kidneys and gills, whereas IL-17RA.2
expression was most easily detectable in the gills. IL-17RF expression was expressed
preferentially in the intestine, IL-17RE/RC in skin and IL-17RD in the kidney. When
different leukocyte populations were isolated from blood samples and examined for
expression of the different IL-17Rs, IL-17RA.1 was found to be expressed preferentially by
VLRB* lymphocytes, as noted previously (41), and also by monocytes (Fig. 5B). IL-17RA.3
expression was detected principally in the VLRA* and VLRC™* lymphocytes, but not in the
monocytes and granulocytes. IL-17RA.2 expression was detectable at low levels in all three
VLR™* lymphocyte populations; IL-17RF and IL-17RD expression was detectable in all
blood cell populations examined, albeit at very low levels. Interestingly, IL-17RE/RC was
preferentially expressed by the VLRA™ lymphocytes, whereas the level of IL-17RD
expression was highest in the VLRC* lymphocytes (Fig. 5B).

molecular interactions of IL-17D.1

Since we were able to obtain the full-length cDNA of IL-17D.1, we focused on this cytokine
and its potential receptor(s) in the following studies. The chimeric IL-17D.1/IgG1-Fc protein
that was used to generate anti-IL-17D.1 mAbs was also used to assess IL-17D.1 binding by
different types of blood cells (Supplemental Fig. 1A). In these experiments, an unrelated
recombinant hagfish protein (VLRA) fused with the human IgG1-Fc was used as a control
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and goat anti-human 1gG antibodies as the secondary detection reagent. In flow cytometric
analyses, binding of the chimeric IL-17D.1/IgG1-Fc protein by both VLRB* lymphocytes
and monocytes was observed, while the control 1gG1-Fc fusion protein did not bind to any
of the white blood cell types (Fig. 6A). Notably, the IL-17D.1/IgG1-Fc protein failed to bind
to VLRA™ or VLRC* lymphocytes and granulocytes, indicating cell-type specificity of
expression of the IL-17D.1 receptor.

The full-length cDNAs of three IL-17R family members in sea lamprey (IL-17RA.1,
IL-17RA.2, and IL-17RA.3) were obtained by using RACE and nested PCR. HEK-293T cells
were transfected with plasmids expressing IL-17RA.1 (HA-tagged) or IL-17RA.2 (myc-
tagged) or IL-17RA.3 (FLAG-tagged) respectively. Flow cytometric analysis of the
transfected cells using anti-tag antibodies confirmed that all three IL-17Rs were expressed
by the transfectants (data not shown). In order to examine which of these receptors are
capable of interacting with IL-17D.1, immunoprecipitation analysis of these recombinant
IL-17Rs was carried out. The results indicated that IL-17D.1 associated with IL-17RA.1, but
not with either IL-17RA.2 or IL-17RA.3 (Fig. 6B). These results, together with the findings
described above suggest the potential for the VLRA* and VLRC™ lymphocytes to interact
with the VLRB* lymphocytes and monocytes via IL-17D.1 production by the T-like cells
and IL-17RA.1 by the B-like cells and monocytes.

IL-17D.1 treatment effects on blood leukocytes

Since 1L-17D.1 was shown to bind to VLRB™* lymphocytes and monocytes by flow
cytometry, we examined the ex vivo effect of IL-17D.1 on the transcriptional status of blood
leukocytes. In these experiments, blood leukocytes were incubated alone with either IL-17D.
1/1gG1-Fc or the control protein (extracellular region of IL-17RA.1/IgG1-Fc). After 16
hours incubation, we examined the expression levels of various candidate genes. We
focused in particular on genes that are preferentially expressed by VLRB* cells, a
presumptive target of IL-17D.1’s action: the chemokine IL-8, the transcription factors E2A,
PAXS5, Blimpl and BCL6, and Syk and BCAP that are known components of the BCR-
mediated signaling pathways in mammals (41, 43, 50). The results of our real-time PCR
analysis indicate that IL-17D.1/IgG1-Fc significantly induced the upregulation of IL-8,
BCL6 and BCAP gene expression, but had no detectable effect on the expression levels of
E2A, PAX5 and Blimpl (Fig. 7). These studies suggested that recombinant IL-17D.1 is
biologically active and can induce gene expression changes in B-like cells that express the
cognate receptor.

Discussion

In our analysis of the sea lamprey IL-17 ligand and receptor gene families, we have
identified five members of the IL-17 family of ligands (IL-17D.2 through IL-17C) and six
members of the 1L-17 receptor family (IL-17RA.1 through IL-17RD). All five lamprey
IL-17s encode the conserved C-terminal region with four cysteines that likely form the
characteristic cystine-knot noted in human IL-17F; other cysteine residues in lamprey I1L-17s
may participate in homodimer or heterodimer formation via interchain disulfide bonds. It is
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noteworthy that, by examining genomic and transcriptome datasets of three lamprey species,
we were unable to identify lamprey orthologues of mammalian IL-17A and IL-17F.

IL-17D.1 (mammalian IL-17D like) was found to be highly expressed at both mRNA and
protein levels in skin, intestine and gills of sea lamprey larvae, thereby resembling the tissue
distribution observed for IL-17D expression in teleost fish. IL-17D.1 expression was
localized to epithelial cells in these barrier tissues, an expression pattern also noted for some
of the IL-17 family members in mammals. Stimulation with heat killed E. coli and agonists
to TLR2 or TLR5 induced the production of IL-17C from human colon epithelial cells (34).
Similar to IL-17C, IL-17E is expressed in epithelial cells in response to parasites, viruses,
fungi, and protease allergens (51).

Furthermore, colonic epithelial cells express IL-17E in conventionally-reared mice, but not
in germ-free mice (52). The expression of IL-17 cytokines by epithelial cells is thought to be
regulated through pattern recognition receptor (PRR) sensing of pathogens or commensal
microbiota (53). TLR expression in gills, intestine, kidney and other lamprey tissues (54)
potentially could affect the basal production of IL-17D.1 to control infections and promote
the VLR-mediated adaptive immune responses. The sensitivity of RNA in situ hybridization
proved to be insufficient to detect the low levels of IL-17D.1 expression in the lamprey
blood cells. However, by real-time PCR, the T-like VLRA* and VLRC™ cells were shown to
express IL-17D.1. In mammals, Th17 cells, v T cells and innate lymphoid cells have all
been shown to produce proinflammatory IL-17 molecules (55, 56).

With respect to IL-17Rs, we note that all receptors exhibit the conserved intracellular
domain that is an important functional domain for signal transduction from these receptors.
This domain is also found in Actl, which serves an important role in IL-17R mediated
signaling (57); Actl is recruited to IL-17R through SEFIR-SEFIR interaction (58) and in
turn it recruits and ubiquitinates TRAF6 to mediate downstream activation of NF-«xB (33,
59). The identification of the lamprey orthologues of mammalian IL-17s, IL-17Rs, Actl,
TRAF6 and components of NF-xB signaling (C-Rel; NF-xB p105; IxB-a) suggests that the
IL-17 signaling pathway is evolutionarily conserved (60—63). Three of the lamprey IL-17R
orthologues, IL-17RA.1, IL-17RA.2 and IL-17RA.3, are most closely related to mammalian
IL-17RA. The sequences of IL-17RE/RC and IL-17RD cluster with mammalian IL-17RE
and IL-17RD sequences, respectively. The existence of IL-17RA and IL-17RD orthologues
in amphioxus, lampreys, cartilaginous fish and teleost supports the idea that amphioxus
IL-17RA and IL-17RD are the ancestors of vertebrate IL-17RA and IL-17RD respectively
(38). All of these IL-17R family members have also been identified in the shark
Callorhinchus milii, a cartilaginous fish representative (38).

IL-17RA is preferentially expressed in hematopoietic tissues of mammals (29, 64). Our
transcriptional analysis indicated that IL-17RA.3 is most highly expressed in skin, kidney,
intestine, white blood cells and gills. Lamprey IL-17RA.1 is expressed predominantly in the
intestine and white blood cells, while 1L-17RA.2 expression is highest in the gills of lamprey
larvae. The expression of IL-17RF, IL-17RE/RC and IL-17RD could be detected in intestine,
skin and kidneys respectively, suggesting that they may have differential roles in different
tissues. Among the white blood cell types, the VLRB* B-like lymphocytes and monocytes
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expressed |L-17RA.1 preferentially, whereas VLRA™ and VLRC* T-like lymphocytes
expressed 1L-17RA.3 preferentially.

When recombinant IL-17D.1/1gG1-Fc fusion protein was used to determine which of the
IL-17Rs produced by transfected cells could bind IL-17D.1, we observed the association of
IL-17D.1 with IL-17RA.1, but not with IL-17RA.2 or IL-17RA.3. In this context, it is
interesting to note that lampreys possess three representatives of IL-17Rs (IL-17RA.1,
IL-17RA.2 and IL-17RA.3) that are closely related to mammalian IL-17RA, which serves as
a common receptor subunit and participates in the recognition of several IL-17 family
cytokines. Our data thus suggest that, despite these similarities, functional differences may
exist at least between IL-17RA.1 and IL-17RA.2 or IL-17RA.3.

By using the chimeric IL-17D.1/IgG1-Fc and unrelated chimeric proteins controls, we also
found that IL-17D.1 binds to VLRB* lymphocytes and monocytes, but not to VLRA*
lymphocytes, VLRC* lymphocytes and granulocytes. Transcriptional analysis indicated that
VLRB* B-like lymphocytes and monocytes preferentially express IL-17RA.1. Collectively,
these findings indicate that VLRB™ lymphocytes and monocytes express the complementary
receptor for IL-17D.1 and, by analogy with findings in mammals, imply that the T-like
VLRA* and VLRC™ cells may produce IL-17D.1 to regulate B-like VLRB* cell and
monocyte function in lampreys. Regulation of B cell function by IL-17s is not without
precendent in the mammalian system. In the BXD2 mouse model of autoimmunity, 1L-17A
upregulates the B cell expression of regulator of G-protein signaling 13 and 16 (Rgs13 and
Rgs16) to reduce the chemotactic response and to promote the formation of autoreactive
germinal centers (65). In the K/BXN mouse model of inflammatory arthritis, IL-17A is
required for efficient germinal center formation via a direct effect on B cells (66). In
addition, 1L-17A promotes immunoglobulin isotype switching in mice (67), and induces
monocyte adhesion and differentiation of an anti-inflammatory macrophages subset (68, 69).
IL-17A also facilitates monocyte migration through its interaction with 1L-17RA and
IL-17RC on monocytes in humans (70) .

IL-17D.1/1gG1-Fc treatment of lamprey blood leukocytes increased the expression levels of
IL-8, BCL6 and BCAP, three genes that are preferentially expressed by VLRB™ cells.
Induction of IL-8 in fibroblasts, endothelial cells, epithelial cells and synoviocytes by IL-17
has been reported in numerous studies (55, 71-74). BCAP has been shown to serve as an
adaptor molecule linking CD19 and BCR-associated kinases to the PI3K pathway in B cells
(75, 76), and as a TIR-domain-containing adaptor in the TLR signaling pathway to regulate
inflammatory responses (77). The increase of BCAP expression levels by IL-17D.1 suggests
that lamprey IL-17D.1 may modulate B-like cell signaling and TLR signaling through its
effect on BCAP expression. In grass carp, recombinant IL-17D promotes IL-15, TNF-a and
IL-8 expression in head kidney cells (20) and in rainbow trout, IL-17A/F2 stimulates
splenocyte expression of IL-6, IL-8 and anti-microbial peptide BD-3 (16). Future studies will
be required to elucidate the functional consequences of the IL-17D.1 and IL-17RA.1
interactions between innate and adaptive immune system cells in lampreys.

In conclusion, we have identified five IL-17 genes and six IL-17R genes in sea lampreys.
IL-17D.1 is mainly expressed in the epithelium of skin, gills and intestine, while IL-17R
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genes are ubiquitously expressed. T-like VLRA* and VLRC* lymphocytes in lampreys
preferentially produce IL-17D.1, the most prominently expressed IL-17 family member.
Conversely, B-like VLRB™ lymphocytes and monocytes express |L-17RA.1, which can bind
IL-17D.1. Our collective findings suggest that functional interactions between the lamprey
T-like cells and other cells of the adaptive and innate immune systems are facilitated by this
highly conserved cytokine and cytokine receptor interaction.
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Phylogenetic comparison of lamprey IL-17s with mammalian IL-17s. The C-terminal
conserved domain was used in the analysis. The phylogenetic tree is constructed by the NJ
method. The numbers indicate bootstrap confidence values obtained for each node after
1000 replications. The accession numbers for sequences used in this analysis were as
follows: Human IL-17A, NP 002181; Dog IL-17A, NP 001159350; Mouse IL-17A, NP
034682; Rat IL-17A, NP 001100367; Horse IL-17A, NP 001137264; Monkey IL-17F, XP
002746687; Rat IL-17F, NP 001015011; Mouse IL-17F, NP 665855; Opossum IL-17F, XP
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001370182; Human IL-17F, NP 443104; Human IL-17B, NP 055258; Dog IL-17B, XP
546311; Mouse IL-17B, NP 062381; Cow IL-17B, NP 001178974; Sheep IL-17B, XP
004009006; Human IL-17C, NP 037410; Mouse IL-17C, NP 665833; Guinea pig IL-17C,
XP 003460965; Dog IL-17C, XP 851256; Opossum IL-17C, XP 007477360; Human
IL-17D, NP 612141; Mouse IL-17D, NP 665836; Cow IL-17D, XP 871741, Pig IL-17D, XP
005653873; Opossum 1L-17D, XP 001375129; Human IL-17E, NP 073626; Cow IL-17E,
XP 605190; Guinea pig IL-17E, XP 003474349; Sheep IL-17E, NP 001182148; Mouse
IL-17E, NP 542767; Sea Lamprey IL-17D.1, KR059941; Sea Lamprey IL-17C, KR059956;
European lamprey I1L-17D.2, KR059945; European lamprey IL-17B, KR059946; European
lamprey IL-17E, KR059947; European lamprey IL-17D.1, KR059948; and European
lamprey IL-17C, KR059949. The same phylogenetic relationship was demonstrated by the
ML method (data not shown).

J Immunol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Han et al.

relative

0.08 0.03

E | Y —
L 006
=
R 0.02
)
= 004
S
2 0.01
2 0.02
(-
x
)
0.00 - - : = 0.00
x x x > x x x S
& 4 < & ¢4 <
g & F ¢
FIGURE 2.

Sea lamprey expression of IL-17 transcripts. (A) Tissue distribution. Relative expression
levels of IL-17D.2, IL-17B, IL-17E, IL-17D.1 and IL-17C transcripts were determined by
real-time PCR analysis of skin, kidneys, intestine, white blood cells (WBC) and gills of sea
lamprey larvae (n=6 larvae). (B) IL-17D.1 expression by sorted VLRA™", VLRB*, VLRC*
and triple negative (TN) lymphocyte populations (n=6 larvae). Relative expression level of
IL-17D.1 was determined by real-time PCR. mRNA abundance relative to that of GAPDH:
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278Ct ACt= Clarget gene ~Ctcapph- Error bars indicate SEM. The scales of the y-axis are
different on each graph.
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FIGURE 3.
Sea lamprey expression of IL-17D.1. (A) Cellular expression of IL-17D.1 transcripts in

different tissues. Tissue sections of skin, gills, kidney, typhlosole and intestine of lamprey
larvae were hybridized with sense (control) and anti-sense riboprobes. Positive hybridization
signals with IL-17D.1 riboprobes are indicated by blue color. E, epidermis; D, dermis; M,
muscle; Thy, thymoid; BV, blood vessel; L, lumen; Ty, typhlosole. Scale bars, 100 um. (B)
Tissue distribution of IL-17D.1 protein expression. Whole tissue lysates from skin, gills,
kidneys, intestine, and white blood cells (WBC) were resolved by reducing SDS-PAGE and
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blotted with a mouse monoclonal anti-1L-17D.1 antibody (clone 114-178). y-Tubulin served
as the loading control.
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FIGURE 4.

Phylogenetic comparison of lamprey IL-17Rs with mammalian IL-17Rs. The C-terminal
conserved SEFIR domain was used in the analysis. The phylogenetic tree is constructed by
the NJ method. Due to incompleteness of sea lamprey genome sequence, the two partial
IL-17R sequences (IL-17RE/RC and IL-17RD) were excluded. The numbers indicate
bootstrap confidence values obtained for each node after 1000 replications. The accession
numbers for sequences used in this analysis were as follows: Mouse IL-17RA, NP 032385;
Rat IL-17RA, NP 001101353; Horse IL-17RA, XP 005610881; Opossum IL-17RA, XP
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007503896; Human IL-17RA, EAW57738; Mouse IL-17RB, NP 062529; Human IL-17RB,
AAF86051; Horse IL-17RB, XP 005600603; Dog IL-17RB, XP 005632474; Opossum
IL-17RB, XP 007500672; Mouse IL-17RD, NP 602319; Human IL-17RD, NP 060033;
Rabbit IL-17RD, XP 002713305; Cow IL-17RD, NP 001192356; Guinea pig IL-17RD, XP
003480139; Human IL-17RC, NP 703191; Cow IL-17RC, XP 005222441; Dog IL-17RC,
XP 005632241; Mouse IL-17RC, NP 849273; Platypus IL-17RC, XP 007657284; Human
IL-17RE, NP 705616; Pig IL-17RE, XP 005669819; Mouse IL-17RE, NP 665825; Sheep
IL-17RE, XP 004018654; Cow IL-17RE, XP 005907154 ; Sea Lamprey IL-17RA.1,
KR059942; Sea Lamprey IL-17RA.2, KR059943; Sea Lamprey IL-17RA.3, KR059944;
European lamprey IL-17RA.1, KR059950; European lamprey IL-17RA.2, KR059951;
European lamprey IL-17RA.3, KR059952; European lamprey IL-17RF, KR059953;
European lamprey IL-17RE/RC, KR059954; and European lamprey IL-17RD, KR059955.
The same phylogenetic relationship was demonstrated by the ML method (data not shown).
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Sea lamprey expression of IL-17R transcripts. (A) Tissue distribution. The relative
expression levels of IL-17Rs were determined by real-time PCR in skin, kidneys, intestine,
white blood cells (WBC) and gills (n=6 larvae). (B) Expression of sea lamprey IL-17Rs by
different WBC types. Relative IL-17R expression levels were determined by real-time PCR
analysis of sorted lymphocyte, monocyte and granulocyte populations (n=3-6 larvae).
MRNA abundance relative to that of GAPDH: 27ACt, ACt = Ctiarget gene ~CtaappH, ErTor
bars indicate SEM. The scales of the y-axis are different on each graph.
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FIGURE 6.

Binding of IL-17D.1 to recombinant IL-17RA.1 and to the surface of B-like cells and
monocytes. (A) Analysis of IL-17D.1/1gG1-Fc binding by different types of white blood
cells. Blood cells were incubated with either control IgG1-Fc (grey area) or 1L-17D.1/IgG1-
Fc (solid line) and stained with a PE-conjugated secondary antibody and co-stained with
mAbs specific for VLRA (R110), VLRB (4C4), VLRC (3A5), monocytes (8A1) and
granulocytes (2D4). The lymphocyte gate excluding dead cells and doublets was further
gated based on the surface staining by these mAbs. From the gated population, 1L-17D.1/
IgG1-Fc staining was then determined. The fluorescence intensity is shown on a log scale.

The selective binding by VLRB* lymphocytes and monocytes was observed in four

independent experiments. (B) Association of recombinant IL-17D.1 and IL-17RA.1
proteins. HEK-293T cells were transfected with control vector, HA-IL-17RA.1, myc-
IL-17RA.2 or FLAG-IL-17RA.3 vector. After 60 hours, whole cell lysates (WCL) were
immunoprecipitated (IP) with IL-17D.1/IgG1-Fc or control 1IgG1-Fc proteins followed by
protein G beads. Cell lysates and immunoprecipitated proteins were resolved on reducing
SDS-PAGE before Western blotting with anti-HA, anti-myc or anti-FLAG antibodies.
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Induction of gene expression in lamprey blood leukocytes by IL-17D.1. Blood leukocytes
were incubated with saline, 2ug/ml IL-17D.1/IgG1-Fc, or 2ug/ml control Fc for 16 hours.
The expression levels of various genes were examined by real-time PCR after incubation

(n=5 larvae). mRNA abundance relative to that of GAPDH: 272Ct, ACt = Ctiarget gene

—Ctgapph- Error bars indicate SEM. The scales of the y-axis are different on each graph.
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Table 1
List of primers and probe used in the study

Primer name Primer sequence (5’—37) Use
qRT_IL-17D.2_F4 gttcccgtcacccaggecg real-time PCR
gRT_IL-17D.2_R4 cacggcgatgttgtgcgtgtc real-time PCR
qRT_IL-17B_F2 gtctccgtgeccgteat real-time PCR
qRT_IL-17B_R2 acggcgatctcctccea real-time PCR
gRT_IL-17E_F gagcgctccctegtctee real-time PCR
gRT_IL-17E_R cagctccggggctatctt real-time PCR
qRT_IL-17D.1_F caagattccttgcgttaccc real-time PCR
gRT_IL-17D.1_R tgtctctaggtceggcttgt real-time PCR
gRT_IL-17C_F1 acaggatcgtggagaacc real-time PCR
gRT_IL-17C_R1 gttgacctcggtcgtcte real-time PCR
gRT_IL-17RA.1_F1 cgaggctgctgtatgtgaaa real-time PCR
gRT_IL-17RA.1_R1 ctggaacggtgtgcatattg real-time PCR
qRT_IL-17RA.2_F cagcagttggatcaaagcaa real-time PCR
gRT_IL-17RA2_R tcttcccgaaattecactty real-time PCR
gRT_IL-17TRA3_F gctetetcgectegtaccta real-time PCR
gRT_IL-17RA3_R cctgcagccagttcatgtta real-time PCR
gRT_IL-17RF_F gccactgatatgtgccgact real-time PCR
gRT_IL-17RF_R aacgtcggggatgtctttct real-time PCR
gRT_IL-17RE/RC_F2 cttcacgtactcgtgtttct real-time PCR
gRT_IL-17 RE/RC_R2 actctggcacggtgtagt real-time PCR
gRT_IL-17RD_F6 caagacggtgaacgtgac real-time PCR
gRT_IL-17RD_R6 cgtacaccacgtacgactc real-time PCR
qRT_IL-8_F cacagagctccaactgcaag real-time PCR
gRT_IL-8 R aatgtggctgatcaccttcc real-time PCR
E2A_F1 ccaagctgggaatccttcac real-time PCR
E2A_R1 cagctttcggattcaagttcct real-time PCR
Pax5_F1 gacaatgtttgcctgggagatc real-time PCR
Pax5_R1 ttcegttecgtgtgattetg real-time PCR
Blimpl_F1 cctaccagtgtcaggtgtge real-time PCR
Blimpl_R1 ggagcttcaggtggatgaac real-time PCR
Bcl6_F1 acacgggagagaagccctat real-time PCR
Bcl6_R1 accttggtgtttgtgatgge real-time PCR
Syk_F1 caagccctacccgaagatgaaag real-time PCR
Syk_R1 cgggcaatgttccggttt real-time PCR
BCAP_F1 gcccagcegtgtaaacccata real-time PCR
BCAP_R1 acggcaacatgcacagtacct real-time PCR
GAPDH_F ttgaggatgggaagctgttga real-time PCR
GAPDH_R gggtcacgctccgagtagac real-time PCR
3RACE_IL-17RA.1_F  tggtccttgacctctggcaagtgaa RACE
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Primer name

Primer sequence (5’—3")

Use

5RACE_IL-17RA.1_R
3RACE_IL-17RA.2_F
5RACE_IL-17RA.2_R
3RACE_IL-17RA3_F
5RACE_IL-17RA.3_R
clone IL-17RA.1_F3
clone IL-17RA.1_R1
clone_IL-17RA.2_F1
clone_IL-17RA.2_F2
clone_IL-17RA.2_R1
clone_IL-17RA.2_R2
clone_IL-17RA.3_F1
clone_IL-17RA.3_F2
clone_IL-17RA.3_R1
clone_IL-17RA.3_R2
clone IL-17D.1_F2
clone IL-17D.1_F3
clone IL-17D.1_Rout
clone IL-17D.1_R
IL-17D.1 sense probe

cgactttgcgtectecttgagtgty

gacagggaggatgcagtggetgatg

ctgagggcggggctgtacatgtct

ggaaggagaggcctccagcagagaa
gcagcgccatgcgtaatatctcagg

gctgctgttgaatgagaacy
geatcttgatattcgtgcattg
tggtcttcgtggggtgtaga
tagagggcctgegtttatgg
tgtgtgcttacgatggtacagttg
tggacacgtagttttgggagttc
atttcccgactgctggagtt
actcgcgcagaggatagagg
cccatgcaaaagaagttcaaca
gctgatctcgatttcggteac
acggcaggagagatacagga
agctggeacgttcttttgat
cccacaggtccttetetect
ggggagaatggcaatcca
accession no. KR059941

RACE

RACE

RACE

RACE

RACE

cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning
cloning

in-situ hybridization
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