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ABSTRACT. A pig interleukin-21 (IL-21) cDNA was successfully cloned and sequenced from porcine peripheral blood lymphocytes (PBL)
stimulated with 10 ug/ml concanavalin A (ConA), 10 ug/ml phytohemagglutinin P (PHA), 50 ng/ml phorbol 12-myristate 13-acetate
(PMA), and 0.5 ug/ml anti-porcine CD3 antibody for 48 hr. The open reading frame of the porcine IL-21 cDNA is 459 base pairs in
length and encodes 152 amino acids. The predicted amino acid sequence of the porcine IL-21 shows 86.2%, 77.7%, and 58.4% identi ty
to the bovine, human, and murine IL-21, respectively. The porcine IL-21 gene was mapped to porcine chromosome 8 (8922—q23) by
means of fluorescence in situ hybridization and radiation hybrid mapping, where the porcine IL-2 gene had been mapped nearby. The
recombinant porcine mature 1L-21 expressed by E. coli induced dose-dependent proliferation and IFN-y production from a human NK
cell line, NKO. The porcine IL-21 identified in this study will be helpful for the enhancement of innate immune responses of pigs.
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Interleukin-21 (IL-21) is a novel cytokine that regulates
the proliferation of T and B cells, and involves the matura-
tion and expansion of NK cells from bone marrow progeni-
tor cells[20]. IL-21 is produced by activated T cells [20,
21], and is a four-helix-bundle type | cytokine with struc-
tural similarity to IL-2, IL-4, and IL-15 [20, 21]. IL-21
receptor also has significant amino acid similaritieswith IL-
2, 1L-4, and IL-15 [18], and shares the common v chain for
the subunit of the IL-21 receptor complex [2]. The common
v chain-containing receptor binded by itsligand such as IL-
2 and IL-21 causes the activation of the Janus tyrosine
kinase family 3 (JAK3) [6, 17], and transduce its signal to
the downstream molecules. Recent studies have indicated
that IL-21 has various biological activities that affect T and
NK cell functions [20, 21], immunoglobulin production
[19], antitumor activity [1], Thl response [26], Th2
response [30], and growth and survival for myeloma cells
[4]. Currently, IL-21 is thought to be a mediator cytokine,
which promotes the transition from innate to adaptive
immunity [9, 21].

One of the most interesting characteristics of IL-21 isits
effect on NK cell maturation and expansion [20], because
pigs have high NK cell populations in the periphera blood
[31], and many pigletssuffer from diarrheaand respiratory
diseases in their neonatal periods during which adaptive
immunity isimmature. We previously reported the cloning
and expression of porcine IL-18 [16], and the IFN-y induc-
tion by IL-18 from neonata piglets [13]. Recently, Stren-
gell et al. reported that IL-21 also enhances IFN-y
production from human NK and T cellsin synergy with IL-
18 [25]. Taken, together, we would like to isolate porcine
IL-21, a recent cytokine that promotes the transition from
innate to adaptive immunity [9, 21], in order to utilize this
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cytokine for the enhancement of neonatal immunity of pigs.
We also reported the cloning, and the expression of bovine
IL-21 using a baculovirus expression system [15].

In the present study, cDNA encoding porcine IL-21 was
cloned and characterized, and the chromosomal location of
the porcine IL-21 gene was investigated using a fluores-
cencein situ hybridization technique (FISH) and aradiation
hybridization (RH) panel. In addition, the recombinant por-
cinelL-21 was expressed by E. coli and the biologica activ-
ity was examined in regard to its utilization in the
enhancement of porcine innate immunity, especially medi-
ated by NK cells.

MATERIALS AND METHODS

Cloning of porcineIL-21 cDNA: Porcine peripheral blood
mononuclear cells (PBMC) were obtained by means of
Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala,
Sweden) density gradient separation of the peripheral blood
of healthy pigs. Peripheral blood lymphocytes (PBL) were
isolated and cultured as described previously [14]. The PBL
were stimulated with 10 ug/ml ConA (Sigma Chemicals
Co., St. Louis, Mo, U.S.A.), 10 ug/ml PHA (Difco Labora-
tories, Detroit, M1, U.S.A.), 50 ng/ml PMA (Sigma), and 0.5
ug/ml anti-porcine CD3 antibody (VMRD Inc., Pullman,
WA, U.S.A.) for 48 hr. Then, total RNA wasisolated using
TRIZOL reagents (Life Technologies, Gaithersburg, MD,
U.S.A.). Thefirst strand cDNA was prepared from 1 ug of
total RNA using oligo dT adaptor primer (TakaraRNA PCR
kit Ver.2.1, Takara Shuzo Co., Ltd., Osaka, Japan). The oli-
gonucleotide primer pairs used for degenerate PCR were
designed based on the bovine IL-21 (Genbank Accession
No. AB073021) sequence as follows: sense primer, 5’-
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ATGCGGTGGCCGGGGAACATGGAG-3', antisense
primer, 5-CTAGGACAGATGCTGATGAAT-3'. Ampli-
fication was performed in a thermalcycler (Geneamp 9600,
Perkin EImer Cetus, CA, U.S.A.) for 35 cycles at 94°C for
45 sec, at 48°C for 45 sec, and at 72°C for 60 sec. After
agarose-gel electrophoresis of the PCR-amplified products,
asingle band at approximately 450 base pairs was purified
from the gel. The purified PCR products were ligated into
plasmid pCR 3.1 using a TA cloning Kit (Invitrogen Co.,
Carlshad, CA, U.S.A.). Therecombinant plasmid was used
to transform E. coli INVaF (Invitrogen). The positive
cloneswere selected and verified by DNA sequencing. Two
independent cDNA clones from different experiments were
sequenced in order to ensure that no PCR-induced mutations
had occurred. The sequence data was submitted to DDBJ
EMBL/GenBank and assigned an accession number
AB073020.

Fluorescence in situ hybridization (FISH): The bacterial
artificial chromosome (BAC) clones containing the porcine
IL-21 gene were isolated from a swine BAC library [27],
availableinthe DNA Bank of the National Institute of Agro-
biologica Sciences (Tsukuba, Japan). The primers used for
isolation of porcine IL-21 genomic DNA were 5 -CGGG-
GAACATGGAGAAAATA-3 and 5-CAAGTCATGAA-
CATAATTTTTCAGC-3'. These primerswere constructed
within putative exon 1 of porcine IL-21 expected by human
IL-21 genomic sequence (Genbank Accession No. NT-
016354). FISH was performed as described previously [3,
29] with a slight modification. Briefly, the chromosome
spreads were treated with RNase and then denatured with 2
x SSC containing 50% formamide. Five hundred ng of
DNA of BAC clone 162F9 (The size of the insert was 150
kb confirmed by pulsefield gel electrophoresis.), containing
the swine IL-21 gene, was biotinylated with a biotin nick-
translation labeling mix kit (Roche Diagnostics GmbH,
Mannheim, Germany). The biotinylated probe DNA was
dissolved in 10 ul of formamide and then mixed with 10 (|
of 2 x hybridization buffer (4 x SSC, 100 mM phosphate
buffer [pH 7.0], 20% dextran sulfate, 2 x Denhardt’s solu-
tion, and 0.2% SDS) containing 5 g of porcine Cot-5 DNA
(repetitive sequence-enriched DNA). The mixture was
heated at 90°C for 2 min and cooled gradually at room tem-
perature. The chromosome spreads were then covered with
the mixture and incubated at 37°C for 16 hr in ahumidified
chamber. Hybridization signals were detected using an
FITC-conjugated streptavidin/biotinylated anti-streptavidin
system (Vector Laboratories, Burlingame, CA, U.S.A.), and
located on the specific chromosome according to the proce-
dure described previously [12, 28]. The hybridization sig-
nals visualized under B2 excitation were captured by a
cooled CCD camera (Hamamatsu Photonics Inc.,
Hamamatsu, Japan), and the R-band patterns under G exci-
tation were superimposed on the image of the hybridization
signals.

Radiation hybrid (RH) mapping: The mapping procedure
using a radiation hybrid panel of the porcine genome
(SSRH) described previously [7] was used. Briefly, PCR

was performed in duplicate in a 15-ul reaction mixture con-
taining 1 ug of DNA from each hybrid, 1.5 mM MgCl,, 1 x
buffer (Applied Biosystems Japan, Tokyo, Japan), 0.5 U of
AmpliTag Gold, 20 uM dNTP, and each primer pair at
0.125 uM. The primers used for RH mapping were 5’ -
CACTGTGAGCAGTCAGCTTTTT-3 and 5'-GCCCAT-
GTTTCTGTCTTCTCC-3'. The mixture was incubated at
94°C for 10 min, and then subjected to 35 cycles of PCR,
with each cycle consisting of 30 sec of denaturation at 94°C,
30 sec of annealing at 55°C, and 30 sec of extension at 72°C.
An extra5 min incubation at 72°C was performed at theend
of the reaction. As controls, murine and porcine genomic
DNA were used as templates for PCR. PCR without any
template was also performed simultaneously as a control.
The distances between the porcine IL-21 mapped in this
study and the framework markers on the SSRH map were
calculated using the program RHMAPPER [24] and its“Z-
extension” [23], with vector data of the framework markers.

Expression of recombinant porcine IL-21 by E. coli:
Recombinant porcine IL-21 was expressed by a QlAex-
press™ E. coli expression system (QIAGEN Inc., Chat-
sworth, CA, U.S.A.). In brief, the gene encoding porcine
mature 1L-21 was amplified by PCR and sub-cloned into
expression vector pQE70 (QIAGEN Inc.), and expression of
the recombinant porcine IL-21 was performed following the
manufacturer’s instructions. Purified porcine IL-21 was
obtained using a Hi-trap chelating sepharose column
(Amersham Pharmacia Biotech) as described by the manu-
facturer’sinstructions.

Biological activity of porcine IL-21: Human NK cell line
NKO [10], kindly provided by Dr. Tomoaki Hoshino
(Kurume University School of Medicine, Kurume, Japan),
was cultured at 1 x 10* cells’well in a 96-well plate (Nunc,
Denmark) and stimulated with 10-fold serialy diluted por-
cine IL-21 and human IL-21 (R&D systems Inc., Minneap-
olis, MN, U.S.A.) for 96 hr. Cell proliferation was then
assayed using a WST-1 cell counting kit (Dojindo, Kuma-
moto, Japan). At the sametime, the culture supernatant was
collected, and IFN-y concentration was measured using a
human IFN-vy specific ELISA (Endogen Inc., Woburn, MA,
U.S.A.). In order to inhibit the JAK3 pathway, we used a
specific inhibitor of JAK3 (4-(4' -hydroxyphenyl) amino-6,
7-dimethoxyquinazoline, CALBIOCHEM, La Jolla, CA,
U.S.A.) inthe above mentioned assay at 100 uM.

RESULTS

Characterization of porcine IL-21 cDNA: The cDNA
sequence encoding the porcine IL-21, and the predicted
amino acid sequence are shown in Fig. 1. The cDNA con-
tains an open reading frame of 459 base pairs and encodes
152 amino acids. The nucleotide sequence of porcine IL-21
shows 91.5%, 85.4%, and 72.7% sequence identity with the
bovine, human, and mouse IL-21, respectively. The pre-
dicted amino acid sequence of the porcine IL-21 shows
86.2%, 77.7% and 58.4% identity to those of the bovine,
human, and mouse, respectively. The predicted molecular
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Fig.1. Nucleotide and predicted amino acid sequence of porcine IL-21. The numbers with each line
indicate the nucleotide position. The putative amino acid sequences of the signa peptide are under-
lined. Bold letters show the amino acid sequences of mature porcine IL-21. Stop codon is indicated by
an asterisk. Nucleotide sequence data reported in this paper will appeared in the DDBJ, EMBL, and
Genbank databases with the following accession number AB073020.
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weight of porcine mature IL-21 is 14,224 dalton. Amino
acid alignment (Fig. 2) of the porcine IL-21 with bovine,
human, and mouse IL-21 shows that a potential cleavage
site for processing to the mature IL-21 was conserved. Four
cysteine residues to form proper protein structure were al
conserved. In addition, a Gln residue (amino acid position
145), which has been shown to be involved in the binding to
common vy chain [32], was also conserved in porcine IL-21.

Chromosomal location of porcine IL-21: To investigate
chromosomal location of porcine IL-21 gene, we used FISH
and RH mapping methods. By FISH analysis, when more
than 50 chromosome spreads were examined after hybrid-
ization, the positive signals were consistently detected on
chromosome 8. Integration of the R-band pattern with the
image of the FISH signalsindicated that the preciselocation
of the IL-21 gene was on pig chromosome 87q22—q23 (Fig.
3). The RH mapping also showed that the porcine IL-21
gene was located between S0086 and S0069, which reside
on pig chromosome 8 (Fig. 4).

Expression and biological activity of porcine IL-21: Por-
cine mature IL-21 fused with six histidine tags was
expressed by E. coli, and purified using aNi?* chelating col-
umn (data not shown). The purified porcine mature 1L-21

induced dose-dependent proliferation of the human NK cell
line, NKO célls (Fig. 5). In addition, porcine IL-21 induced
IFN-y production from NKO cellsin a dose-dependent fash-
ion (Fig. 6). However, both cell proliferation and the IFN-y
production of NKO cells by porcine IL-21 were inhibited by
JAK-3inhibitor (Figs. 5and 6).

DISCUSSION

In this study, porcine IL-21 gene was cloned and charac-
terized for the first time. Porcine IL-21 cDNA showed sig-
nificant homology with bovine, human, and mouse IL-21,
respectively. Amino acid alignment also indicated that
potentia cleavage sites to the mature I1L-21 and four cys-
teine residues were al conserved. In addition, porcine IL-
21 has a conserved GIn residue, which has been implicated
in the interaction with IL-2 receptor y chain. These results
indicated that the porcine IL-21 identified in thisstudy hasa
structure similar to those of IL-21 cloned in other species.

FISH and RH mapping results demonstrated that the por-
cine IL-21 gene mapped to chromosome 8 (8922—q23),
near the site where porcine IL-2 gene islocated [5]. Human
IL-2, IL-15, and IL-21 genes are located in the same region
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Amino acid comparison of porcine (Po) IL-21 with bovine (Bo), human (Hu) and mouse (Mu) IL-21. Numbers with each line

indicate the amino acid position. Identical amino acid residues of four species are indicated by asterisks. The putative amino acid
sequences of the signal peptide are underlined. The conserved cysteine residues are shown by bold | etters. The conserved Gln res idues,
which areinvolved in the binding with the common y chain, are boxed.

Fig. 3.
using swine genomic BAC DNA containing the porcine IL-21
gene as a probe. White arrows indicate the position of IL-21 on
pig chromosome 8 (8922—23). White bar shows 10 um.

Assignment of IL-21 to swine chromosomes by FISH

of human chromosome 4 [11, 20, 22], which shows synteny
with porcine chromosome 8 [5]. These results suggested
that these highly related genes necessary to NK cell func-

tions, IL-2, IL-15, and IL-21, also form gene clusterson pig
chromosome 8.

Recombinant porcine mature IL-21 was successfully
expressed using an E. coli expression system. In order to
confirm the biologica activity of the recombinant porcine
IL-21, we used a human NK cell line, NKO, because no cell
line for NK cells was available in pigs, and no cell surface
marker expressed only on NK cells in order to isolate NK
cells has been established in pigs. Using NKO cells, recom-
binant porcine mature IL-21 induced dose-dependent prolif-
eration of NKO cells, and induced IFN-y production from
NKO cells. These results indicate that the porcine IL-21
obtained in this study was biologicaly active, and effective
for the enhancement of NK cell functions. In addition, the
JAK3-specific inhibitor inhibited both cell proliferation and
IFN-y production from NKO cells by porcine IL-21 stimula-
tion. The common y chain was shown to interact with JAK3
in the cytoplasmic domain and transduce intracellular sig-
nals by phosphorylation of JAK3 [6, 17]. Recently, the
common porcine y chain gene has also been reported [8].
The results of this study also showed that porcine IL-21
stimulates the JAK3 signaling pathway for the NK cell pro-
liferation and its IFN-y production.

In conclusion, the porcine IL-21 gene was isolated and
mapped to chromosome 8, and the recombinant porcine
mature IL-21 was produced with biological activity in this
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Fig. 4. RH panel mapping for porcine IL-21. The distances between the porcine IL-21 mapped in this study and the framework markers
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Fig. 5. Porcine mature IL-21 expressed by E. coli stimulates the proliferation of the human NK cell line,

NKO. NKO cells were cultured with the recombinant porcine IL-21 for 96 hr. Human recombinant IL-21
was used as a positive control. Phosphate buffered saline (PBS) was used as a negative control. In order to
inhibit the JAK3 pathway, a specific inhibitor of JAK3 was used at 100 uM. Cell proliferation was
assayed using a WST-1 cell counting kit.
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Fig.6. PorcinelL-21 induces |FN-y production from NKO cells. Human NK cdll line, NKO cells, was cul-

tured with the recombinant porcine IL-21 for 96 hr. Human recombinant IL-21 was used as a positive
control. PBS was used as a negative control. To inhibit the JAK3 pathway, a specific inhibitor of JAK3
was used at 100 uM. The IFN-y concentration in the culture supernatant was determined using a human

IFN-y-specific ELISA.

study. NK cells are one of the target cells for immunostim-
ulation in neonatal animals. Further studies are needed to
utilize this novel cytokine for the enhancement of innate
immune responsesin pigs.
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