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Interleukin-18 (IL-18) is an important cytokine involved in innate and acquired immunity. In this study, we cloned the full-
length chicken IL-18 (ChIL-18) gene from specific-pathogen-free (SPF) chicken embryo spleen cells and provided evidence that
the ChIL-18 gene in a recombinant plasmid was successfully expressed in chicken DT40 cells. ChIL-18 significantly enhanced
gamma interferon (IFN-�) mRNA expression in chicken splenocytes, which increased IFN-�-induced nitric oxide (NO) synthe-
sis by macrophages. The potential genetic adjuvant activity of the ChIL-18 plasmid was examined in chickens by coinjecting
ChIL-18 plasmid and inactivated Newcastle disease virus (NDV) vaccine. ChIL-18 markedly elevated serum hemagglutination
inhibition (HI) titers and anti-hemagglutinin-neuraminidase (anti-HN)-specific antibody levels, induced the secretion of both
Th1- (IFN-�) and Th2- (interleukin-4) type cytokines, promoted the proliferation of T and B lymphocytes, and increased the
populations of CD3� T cells and their subsets, CD3� CD4� and CD3� CD8� T cells. Furthermore, a virus challenge revealed
that ChIL-18 contributed to protection against Newcastle disease virus challenge. Taken together, our data indicate that the co-
administration of ChIL-18 plasmid and NDV vaccine induces a strong immune response at both the humoral and cellular levels
and that ChIL-18 is a novel immunoadjuvant suitable for NDV vaccination.

Newcastle disease (ND) is a serious avian disease that causes
substantial economic loss and remains a major threat to the

poultry industry (1, 2). Outbreaks of ND among poultry occur
worldwide, and the pathogenic form of the virus is a disease listed
in the World Organization for Animal Health (OIE) Terrestrial
Animal Health Code and must be reported to the OIE (3), which
results in severe trade limitations (4, 5). Currently, vaccination is
the major tool for controlling infection by Newcastle disease virus
(NDV). The NDV vaccine strains LaSota, B1, Mukteswar, and V4
are used widely in China. However, virulent NDV strains are still
frequently isolated in vaccinated birds, indicating that NDV re-
mains an ongoing threat to commercial flocks of birds (6). There-
fore, it is necessary to develop more efficacious vaccines to prevent
NDV infection.

Many techniques have been developed to increase the immu-
nogenicity of vaccines. Among these, cytokines are effective im-
munomodulators in animal models or in clinical testing (7–10).
Among the large number of cytokines, interleukin-18 (IL-18) is a
strong stimulator of T helper type 1 (Th1) responses and activates
natural killer (NK) cells, stimulates the synthesis of other immu-
noactive cytokines from Th1 cells, monocytes, and NK cells, and
synergizes with IL-12 in the maturation of Th1 cells and the sup-
pression of IgE synthesis by B cells (11–13). Thus, IL-18 functions
as an adjuvant (14, 15). However, depending on the cytokine en-
vironment, IL-18 may also promote Th2-type responses (16, 17)
and antibody formation (18).

The isolation and characterization of chicken IL-18 (ChIL-18)
were reported in 2000 by Schneider et al. (19), and when expressed
in Escherichia coli, ChIL-18 induced gamma interferon (IFN-�)
production. Gobel et al. (20) reported that ChIL-18 has many
biological effects, including the activation and proliferation of Th
cells and the induction of CD4� T cells to secrete IFN-�. Hung et
al. (21) confirmed that chicken IL-18 recombinant proteins exert
in vivo biological functions through stimulating humoral and cell-
mediated immunities in order to enhance antigen-specific immu-
nity and vaccine efficacy. Although many studies have shown that

recombinant ChIL-18 boosts the immune responses to avian virus
vaccines (22–24), few studies have investigated the modulatory
effect of using a eukaryotic expression plasmid carrying ChIL-18
as a molecular genetic adjuvant to enhance these vaccines. In this
study, we cloned the full-length ChIL-18 gene from specific-
pathogen-free (SPF) chicken embryo spleen cells and report on a
eukaryotic expression plasmid carrying ChIL-18 as a genetic ad-
juvant, coadministered with an inactivated NDV vaccine, which
induced strong immune responses in chickens at both the hu-
moral and cellular levels.

MATERIALS AND METHODS
Chicken embryos, animals, and vaccine. Specific-pathogen-free (SPF)
Roman chickens and chicken embryos were obtained from the Beijing
Experimental Animal Research Center. Chinese standard virulent NDV
(strain F48E9, 105.0 50% lethal dose [LD50]/ml) grown in the allantoic
cavity of SPF chicken embryos was obtained from the China Institute of
Veterinary Drug Control and used as the challenge virus. Four hemagglu-
tination (HA) units of NDV antigen (strain LaSota) were provided by the
China Animal Health and Epidemiology Center. NDV LaSota (107.0 50%
egg infective dose [EID50]/ml; obtained from Yi Kang Co., Ltd., Liaoning,
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China) was inoculated into the allantoic cavities of 9-day-old SPF chicken
embryos; the embryos that died within 24 h were discarded, and the al-
lantoic fluids were harvested from the infected embryos at 48 h postinfec-
tion and inactivated by treatment with 0.2% formalin. The inactivated
virus was emulsified with mineral oil to make an oil-formulated inacti-
vated NDV vaccine (LaSota). One dose of this vaccine contained the
equivalent of 108.0 EID50 before inactivation by formalin. Procedures and
testing associated with the inactivated vaccine were performed according
to the OIE Terrestrial Manual 2012 (3).

Plasmids, cells, and reagents. pMD18-T and E. coli strain JM109
were purchased from the TaKaRa Corporation (Dalian, China), and
pcDNA3.1/HisB was obtained from the Invitrogen Corporation (NY,
USA). Chicken DT40 cells were purchased from the Jennio Bio Corpora-
tion (Guangzhou, China) and maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO2.
Concanavalin A (ConA), phorbol-12-myristate-13-acetate (PMA), and
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTT) were purchased from the Jiu Shi Corpo-
ration (Zhengzhou, China) and RPMI 1640 culture medium from the
Sino-American Corporation (USA).

Construction of a eukaryotic expression plasmid carrying ChIL-18.
The allantoic cavity of each 11-day-old SPF chicken embryo was inocu-
lated with 40 �l of NDV LaSota (107.0 EID50/ml). The embryos that died
within 24 h were discarded. The spleens were collected from the infected
embryos at 48 h postinfection. Total RNA was extracted from the embryo
spleens with TRIzol reagent (Invitrogen, USA). cDNA was synthesized
using Moloney murine leukemia virus (MMLV) reverse transcriptase,
according to the Invitrogen manual. Reverse transcription-PCR (RT-
PCR) primers were designed based on the full-length ChIL-18 gene. The
sense primer sequence was 5=-CGG AAT TCA TGA GCT GTG AAG AGA
TCG CA-3=, and the antisense sequence was 5=-CAC TCG AGT CAT AGG
TTG TGC CTT TCA TTA TG-3=. The PCR consisted of 35 cycles of de-
naturation at 94°C for 30 s, annealing at 52°C for 40 s, and extension at
72°C for 1 min, with a final extension at 72°C for 10 min. Full-length
ChIL-18 amplified PCR products were cloned into the pMD18-T plasmid,
named pMD18-T-ChIL-18. Next, pMD18-T-ChIL-18 was digested by
EcoRI and XhoI, and the 0.6-kb digested ChIL-18 gene was purified by
agarose electrophoresis and mixed with the 5.5-kb pcDNA3.1/HisB vector
in a 4:1 ratio; the mixture was incubated overnight at 16°C in the presence
of T4 DNA ligase. Next, the ligated product was transformed into com-
petent E. coli cells. Recombinant plasmids were identified by EcoRI and
XhoI digestion. The resulting constructed recombinant plasmid was des-
ignated pcDNA3.1/His-ChIL-18.

Expression analysis of the recombinant ChIL-18 plasmid in chicken
DT40 cells. The recombinant pcDNA3.1/His-ChIL-18 plasmid in differ-
ent doses (1.0, 2.5, and 5.0 �g) was transfected into DT40 cells with Lipo-
fectamine 2000 reagent (Invitrogen, USA), according to the manufactur-
er’s instructions. In order to detect the expression of the His-tagged
ChIL-18 and endogenous ChIL-18 proteins, Western blotting was per-
formed as previously described (25). Briefly, after 48 h of transfection, the
cells were washed and collected from plates in phosphate-buffered saline
(PBS) solution, resuspended with 2� SDS sample buffer, and boiled for 5
min. The proteins were then resolved in an 8 to 12% SDS-PAGE gel and
transferred to a nitrocellulose membrane. Next, the membrane was
blocked with 5% skim milk powder (Jiu Shi Corporation, China) over-
night at 4°C. After three washes, the membrane was incubated with mouse
anti-His tag monoclonal antibody (1:2,000 dilution; Tiangen, China),
rabbit anti-ChIL-18 polyclonal antibody (1:1,500 dilution; Cusabio Bio-
tech, USA), and mouse anti-�-actin monoclonal antibody (1:5,000 dilu-
tion; Abcam, United Kingdom) at 37°C for 1 h. After three washes, the
membrane was incubated with horseradish peroxidase (HRP)-labeled
goat anti-mouse IgG antibody or HRP-labeled goat anti-rabbit IgG anti-
body (1:500 dilution; Cusabio Biotech) at 37°C for 1 h, followed by en-
hanced chemiluminescence (ECL) detection (Tiangen).

The His-tagged ChIL-18 protein expressed in DT40 cells was purified

on a nickel-chelating agarose affinity column (Amersham Biosciences,
USA), according to the manufacturer’s instructions. Briefly, DT40 cells
were transfected using 10 �g of recombinant pcDNA3.1/His-ChIL-18
plasmid, the cells were collected and incubated with lysis buffer (100 mM
KCl, 5 mM MgCl2, 10 mM HEPES, 1 mM dithiothreitol [DTT], and 0.5%
NP-40), and the supernatant of the cell lysates was applied to an Ni-
affinity chromatography column preequilibrated with buffer A. The pro-
teins were eluted in a gradient of 0.0 to 0.5 M imidazole in buffer A. The
eluted proteins were analyzed by SDS-PAGE. The His-tagged ChIL-18
was pooled and dialyzed overnight against a solution containing 50 mM
potassium phosphate, 50 mM NaCl, and 50% glycerol (pH 8.0). The pro-
tein concentrations of the samples were measured using the Bradford
assay and bovine serum albumin as a standard.

Bioassays of ChIL-18 expressed in eukaryotic cells. A sensitive bio-
assay for chicken interleukin-18 based on the inducible release of IFN-�
was performed as described previously (21, 26). Briefly, splenocytes were
separated from 21-day-old SPF chickens, seeded at a density of 1 � 107

cells/ml in a 24-well plate, treated with 50 �l of different concentrations
(25, 50, 100, and 200 ng/ml) of purified His-tagged ChIL-18 protein ex-
pressed in DT40 cells or nonstimulated splenocytes as a negative control,
and incubated in triplicate per individual animal at 41°C for 24 h. The
IFN-� mRNA expression of pretreated splenocytes was determined using
real-time RT-PCR. Total RNAs were isolated using the TRIzol reagent.
cDNA was synthesized using MMLV reverse transcriptase, according to
the Invitrogen manual. Quantitative PCR (qPCR) was performed using
2� qPCR SYBR green mix (ABgene, Epsom, United Kingdom) with 5 �M
primers. The reactions were run on a realplex (Eppendorf, Germany)
using a two-step cycling program: 95°C for 15 min, followed by 35 cycles
of 95°C for 15 s, 58°C for 30 s, and 70°C for 30 s. A melting curve (55 to
95°C) was generated at the end of each run to verify the specificity. The
primers for chicken actin were forward primer, 5=-GAT TTC GAG CAG
GAG ATG GCC ACA G-3=, and reverse primer, 5=-GAT CCA CAT CTG
CTG GAA GGT GGA C-3=. The primers for chicken IFN-� were forward
primer, 5=-GAC ATC TCC CAG AAG CTA TCT GAG C-3=, and reverse
primer, 5=-GAG CAC AGG AGG TCA TAA GAT GC-3=. Meanwhile, the
splenocyte supernatants were harvested from the cells treated with the
purified His-tagged ChIL-18 protein and then transferred for culturing
chicken macrophages to determine the synthesis of IFN-�-induced nitric
oxide (NO). The chicken macrophages (2 � 105/100 �l/well) isolated
from 21-day-old SPF chickens were incubated with the splenocyte super-
natants, as described above, in a 96-well plate at 37°C and 5% CO2 for 24
h. The NO levels in the culture medium of macrophages were quantified
using the Griess assay kit (Promega), according to the manufacturer’s
instructions.

Immunization of chickens. All animal experiments were approved by
the Henan University of Science and Technology Animal Care and Use
Committee. A set of 200 21-day-old SPF Roman chickens was randomly
divided into five groups (n � 40 per group) and intramuscularly immu-
nized two times on days 0 and 14 with a mixture of 100 �l of oil-formu-
lated inactivated NDV vaccine (108.0 EID50/0.1 ml LaSota) and (group 5)
100 �l of phosphate-buffered saline (PBS), (group 4) 250 �g of
pcDNA3.1/His-ChIL-18, or (group 3) 250 �g pcDNA3.1/HisB. Group 1
was immunized with PBS; for group 2, 250 �g of pcDNA3.1/His-ChIL-18
was used as a control (Table 1).

Chickens (n � 10 per group) were euthanized to collect thymus, bursa
of Fabricius (BF), and whole-blood samples at 7 and 21 days after the first
immunization. Serum was separated from whole blood for the determi-
nation of hemagglutination inhibition (HI) and IgG titers and cytokine
assays. Peripheral blood lymphocytes were separated from 10 chickens per
group at 28 days after the first vaccination for a flow cytometric assay. Two
weeks after the second immunization, each of the remaining 20 chickens
was intramuscularly challenged with strong virulent NDV (F48E9) at a
dose of 104 LD50 in 1 ml. The chickens were observed daily for clinical
signs and mortality within 10 days postchallenge, and the results were
recorded. Cloacal swabs were collected from the dead and infected birds,
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and NDV was isolated from the cloacal swabs and detected by RT-PCR.
Briefly, the cloacal swabs were placed in PBS solution (pH 7.0) containing
penicillin (10,000 units/ml), and the suspensions were incubated for 2 h,
centrifuged at 1,000 � g for 10 min at 25°C, and inoculated in 0.2 ml into
the allantoic cavity of 11-day-old SPF chicken embryos. The allantoic
fluids were collected form the inoculated embryos 48 h after inoculation
to detect the NDV hemagglutinin-neuraminidase (HN) gene RNA. The
RT-PCR protocol was performed as described above. The RT-PCR prim-
ers were designed based on the NDV HN gene. The sense primer sequence
was 5=-GAA TCC ATG GAC CGC GTG GTT AAC-3= and the antisense
sequence was 5=-CTC GAG CGT CTT CCC AAC CAT CCT-3=. The de-
tails of the animal experiment time points are shown in Fig. 1.

Hemagglutination inhibition assay. Serum samples were collected
for the HI test, as described by the OIE (3). Briefly, serum was inactivated
by incubation for 30 min at 56°C, transferred in duplicate to 96-well
round-bottom plates, and serially diluted 2-fold in PBS. Next, 4 units of
NDV (LaSota) antigen was added to each well in a volume of 50 �l. The
content of each well was gently mixed with a multichannel pipette, and
the plates were incubated for 60 min at room temperature. Finally, 50
�l of a 0.5% SPF chicken erythrocyte suspension in PBS was added to
each well, and hemagglutination was allowed to proceed for 1 h at
room temperature. The HI titer was defined as the highest serum di-
lution capable of preventing hemagglutination.

Detection of antigen-specific antibodies. Specific anti-hemaggluti-
nin-neuraminidase (HN) IgG from chicken serum samples was analyzed
by enzyme-linked immunosorbent assay (ELISA). The ELISA plates were
coated with 10 �g/ml recombinant NDV-HN protein (expressed in Pichia
pastoris and kept in our lab). The plates were blocked with 1% bovine
serum albumin (BSA) for 2 h at 37°C. Sera that were serially diluted at
1-log intervals (1:10 to 1:105) were then incubated on plates for 2 h at
37°C. Next, the plates were incubated for 1 h at 37°C in 50 �l of a 1:1,000
dilution of horseradish peroxidase (HRP)-conjugated goat anti-chicken
IgG (GenScript Co., Ltd., China). Finally, 3,3=,5,5=-tetramethylbenzidine

(TMB) substrate was added, the reaction was stopped by adding 2 N
H2SO4, and the absorbance at 450 nm (A450) was read. Each serum
sample was assayed in triplicate. The results were plotted as the optical
density (OD) versus dilution (log scale). The titers at half-maximal
optical density were calculated using the logarithm of the titer values
(27).

Th1-type and Th2-type cytokine assays. Levels of Th1-type cytokines
(IFN-�) and Th2-type cytokines (IL-4) in serum samples from chickens
were determined using commercial chicken cytokine gamma interferon
(IFN-�) and interleukin-4 (IL-4) ELISA kits (Cusabio Biotech, USA). The
procedures were performed according to the manufacturer’s instructions.
Briefly, the reagents, serum samples, and standards were prepared as per
the instructions. A blank well without any solution was set, and 50 �l of
standard and serum sample was added per well. Next, 50 �l of HRP con-
jugate (1�) was added to each well and incubated for 30 min at 37°C. This
was then aspirated and washed 5 times with wash buffer (200 �l). Ninety
microliters of TMB substrate was added to each well and incubated for
20 min at 37°C, protected from light. Fifty microliters of stop solution
was added to each well, and the absorbance at 450 nm (A450) was read.

Lymphocyte proliferation response and immunophenotyping as-
say. The lymphocyte proliferation response was determined as previously
described (28, 29). Briefly, thymus and bursa of Fabricius (BF) samples
were collected from immunized chickens at 7 and 21 days after the first
immunization. The thymus and BF samples were processed to make sin-
gle-cell suspensions. The thymus lymphocyte cell suspension (1 � 107

cells/ml) was seeded in a 96-well plate and treated with 50 �l of ConA (40
�g/ml) at 40°C and 5% CO2 for 48 h, and then the plate was incubated
with 10 �l of 5 mg/ml MTT for 3 h. Finally, 100 �l of 10% (wt/vol) SDS in
0.01 M HCl was added to the plate and allowed to incubate for 2 h. A
spectrophotometric measurement was taken at 570 nm. For the BF lym-
phocyte proliferation response, BF lymphocyte cell suspensions (1 � 107

cells/ml) were incubated with 50 �l of PMA (1 �g/ml) in a 96-well plate at
40°C and 5% CO2 for 24 h. Finally, 100 �l of 10% (wt/vol) SDS in 0.01 M
HCl was added and allowed to incubate for a further 2 h before a spectro-
photometric measurement was taken at 570 nm.

The flow cytometric assay with the peripheral blood lymphocytes was
performed as previously described (30). Peripheral blood lymphocytes
(2 � 106 cells/ml) formed a complex with monoclonal antibody phyco-
erythrin (PE)-labeled anti-chicken CD3� cells and then were incubated
with PE-labeled anti-chicken CD4� cells and fluorescein isothiocyanate
(FITC)-conjugated anti-chicken CD8� cells (SouthernBiotech) for 1 h at
4°C. PE- and FITC-conjugated isotype antibodies were used as controls.
The cells were analyzed by fluorescence-activated cell sorting (BD Biosci-
ences, USA).

Statistical analysis. Statistical analyses were performed using un-
paired t tests or one-way analysis of variance (ANOVA) F-statistics, fol-
lowed by use of the GraphPad Prism 5 software. The data are presented

TABLE 1 Animal groups and experimental design

Group Immunogen Vaccination on days 0 and 14a

1 PBS 100 �l PBS
2 ChIL-18 plasmid 250 �g pcDNA3.1/His-ChIL-18
3 Vaccine plus control plasmid 108.0 EID50 plus 250 �g pcDNA3.1/

HisB
4 Vaccine plus ChIL-18 plasmid 108.0 EID50 plus 250 �g pcDNA3.1/

His-ChIL-18
5 Inactivated NDV vaccineb 108.0 EID50 plus 100 �l PBS
a All chickens were challenged on day 28.
b Inactivated NDV vaccine (strain LaSota, 108.0 EID50/vaccine), prepared with oil/water
as an adjuvant.

FIG 1 Experimental scheme of immunization, sample collection, and challenge. Numbers represent the days with respect to vaccination.
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as the mean � standard deviation (SD). Tukey’s multiple comparison
tests were used to assess differences among the five experimental
groups, with differences considered significant at a P value of 	0.05 or
	0.01.

RESULTS
Construction and expression of a full-length ChIL-18 expres-
sion plasmid. The full-length ChIL-18 PCR product produced a
0.6-kb fragment (Fig. 2A). Sequencing analysis confirmed that
the full-length ChIL-18 gene contained 594 nucleotides that
encoded a 198-amino-acid protein. The gene sequence was
identical to the published ChIL-18 sequence (20), except at one
base position, while the predicted amino acid sequences were
identical. Compared with the previously published mature
ChIL-18 gene sequence (19), the sequence of the mature gene
(bp 88 to 594, 169 amino acids) differed at position 557 (C to
T), which also generated an amino acid mutation (Ser to Phe).

Next, the full-length ChIL-18 gene (594 bp) was digested by
EcoRI and XhoI and ligated into the pcDNA3.1/HisB plasmid.
The length of the recombinant plasmid was about 6.1 kb, which
resolved into two fragments of 5.5 kb and 0.6 kb when digested
with EcoRI and XhoI, respectively, as expected (Fig. 2B). The
resulting recombinant plasmid was designated pcDNA3.1/His-
ChIL-18 (Fig. 2C).

To test if the recombinant pcDNA3.1/His-ChIL-18 plasmid
worked, the expression analysis of the plasmid was performed in
chicken DT40 cells. The recombinant plasmid was transfected
into DT40 cells. The recombinant plasmid resulted in the expres-
sion of the ChIL-18 fusion protein with the His tag. In order to
avoid the influence of the chicken DT40 cell endogenous IL-18
protein on the analysis, anti-His tag monoclonal antibody was
used for the Western blotting analysis. The level of actin was mea-
sured as a loading control. We found that the ChIL-18 protein was

FIG 2 Construction and expression of a full-length ChIL-18 expression plasmid. (A) Lane 1, marker 
DNA/EcoRI�HindIII; lane 2, PCR products of the
full-length ChIL-18 gene. (B) Lane 1, marker 
DNA/EcoRI�HindIII; lane 2, identification of pcDNA3.1/His-ChIL-18 recombinant plasmid digested with EcoRI
and XhoI. (C) Structure of the pcDHA3.1/His-ChIL-18 recombinant plasmid. (D) Western blots were prepared with extracts from DT40 cells with untransfected
(�) or transfected recombinant pcDNA3.1/His-ChIL-18 plasmid with different doses (1.0, 2.5, and 5.0 �g) for 48 h. The blots were then probed with antibodies
against His tag, ChIL-18, and actin. (E) Western blot analysis of purified His-tagged ChIL-18 protein expressed in DT40 cells. Lane M, protein size marker; lane
1, empty expression plasmid pcDNA3.1/His, negative control; lanes 2 to 4, purified His-tagged ChIL-18 protein collection fractions by Ni-affinity
chromatography.
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specifically recognized by the anti-His tag monoclonal antibody
(Fig. 2D), whereas no band was detected from the cells transfected
with pcDNA3.1/His control plasmid. Furthermore, the recombi-
nant plasmid was expressed in DT40 cells in a dose-dependent
manner (Fig. 2D, compare lane 2 with lanes 3 and 4). His-tagged
ChIL-18 protein was purified from transfected DT40 cells by Ni-
affinity chromatography. The purified ChIL-18 protein has a ma-
jor band with an Mr of approximately 25,000 and a specific probe
by the anti-His tag monoclonal antibody (Fig. 2E). Together, the
results provided evidence that the ChIL-18 gene in a recombinant
plasmid was successfully expressed in chicken DT40 cells.

Bioassays of ChIL-18 expressed in eukaryotic cells. To fur-
ther evaluate bioassays of ChIL-18 expressed in eukaryotic cells, a
sensitive bioassay for chicken interleukin-18 based on the induc-
ible release of IFN-� was performed. We found that the IFN-�
mRNA levels in splenocytes were significantly enhanced by stim-
ulation with purified His-tagged ChIL-18 protein expressed in
eukaryotic DT40 cells (Fig. 3A). Moreover, significantly elevated
IFN-�-induced NO production by macrophages was observed in
those cultured with purified His-tagged ChIL-18 protein pre-
treated splenocyte supernatants (Fig. 3B). Therefore, this result
indicates that the ChIL-18 protein expressed in eukaryotic DT40
cells significantly enhanced IFN-� mRNA expression in chicken
splenocytes and IFN-�-induced NO production by macrophages.

ChIL-18 stimulates significant antigen-specific immune re-
sponses. To determine the antigen-specific immune responses to
immunization, serum samples from immunized chickens were
taken on days 7 and 21 after the first immunization and tested for
HI and anti-HN antibody titers. The HI antibody titers were sig-
nificantly induced in the three groups of chickens immunized
with the vaccine after the first immunization. The HI antibody
titers of chickens immunized with the vaccine combined with
ChIL-18 plasmid did not increase significantly (P � 0.05) com-
pared to those in the chickens immunized with the vaccine only at
day 7. However, at day 21, the HI antibody titers of the chickens
immunized with the vaccine combined with ChIL-18 plasmid
were significantly higher than those in the other groups (P 	 0.05)
(Fig. 4A). Anti-HN IgG antibodies were consistently observed in
the three NDV vaccine-immunized groups on day 7 after the first

immunization, and the antibody levels increased following the
second vaccination. IL-18 enhanced the IgG antibody secretion
levels, and the effect was greater than that induced by the NDV
vaccine only (Fig. 4B). These data suggest that ChIL-18 stimulates
significant antigen-specific immune responses.

ChIL-18 increases the production of both Th1- and Th2-type
cytokines. We next examined the levels of Th1 (IFN-�) and Th2
(IL-4) cytokines from chickens after coimmunization with the
NDV vaccine and ChIL-18 plasmid. IFN-� secretion was signifi-
cantly increased after vaccination with ChIL-18 at day 7, and the
highest level of IFN-� secretion was observed in the immunization
group with the NDV vaccine and ChIL-18 plasmid at day 21. The
levels of IFN-� secretion in the ChIL-18 control group were sig-
nificantly higher those than in the vaccine-only group (P 	 0.01)
(Fig. 5A). Although the levels of IL-4 secretion in the ChIL-18
control groups did not differ significantly from those in the vac-
cine-only group (P � 0.05), the IL-4 secretion levels in the vac-
cine-plus-ChIL-18 plasmid group were significantly higher than
those in the other groups (P 	 0.05) (Fig. 5B). These results indi-
cate that ChIL-18 improved the secretion of both the Th1 and Th2
cytokines.

ChIL-18 promotes T- and B-lymphocyte proliferation re-
sponses. To further determine the effect of ChIL-18 on cellular
and humoral immunity, T- and B-lymphocyte proliferation ex-
periments were performed. The T-lymphocyte proliferation re-
sponses of chickens immunized with the vaccine plus ChIL-18
were enhanced at 7 days and 21 days after the first immunization
compared with those in chickens immunized with the inactivated
NDV vaccine (Fig. 6A). The B-lymphocyte proliferation responses
were similar to the T-lymphocyte responses (Fig. 6B). Interest-
ingly, the chickens immunized with the ChIL-18 plasmid only also
produced significantly higher B-lymphocyte proliferation re-
sponses than did the PBS group. Although the proliferation of B
lymphocytes of chickens immunized with the ChIL-18 plasmid
only was not significantly increased compared with that in the
chickens immunized with the vaccine only, the responses of the
chickens immunized with the vaccine plus ChIL-18 were signifi-
cantly higher than those for the inactivated NDV vaccine groups

FIG 3 Bioassays of ChIL-18 expressed in eukaryotic cells. (A) Relative IFN-� transcript level in splenocytes stimulated with recombinant chicken IL-18.
Splenocytes (1 � 107 cells/ml) isolated from SPF chickens were cultured with 50 �l of different concentrations (25, 50, 100, and 200 ng/ml) of purified His-tagged
ChIL-18 protein expressed in DT40 cells, or nonstimulated splenocytes as a negative control. Quantitative RT-PCR was performed with the total RNAs purified
from the stimulated splenocytes. The level of IFN-� transcripts was normalized to the actin transcript level. The experiment was performed in triplicate. (B)
IFN-�-induced nitric oxide (NO) synthesis by macrophages. Chicken macrophages (2 � 105/100 �l/well) were isolated from SPF chickens and cultured with the
medium collected from splenocyte-culturing supernatants pretreated with purified His-tagged ChIL-18 protein expressed in DT40 cells at 37°C and 5% CO2 for
24 h in triplicate. The error bars indicate the SD. *, P 	 0.05, and **, P 	 0.01, compared with nonstimulated splenocytes or macrophages.
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(P 	 0.01). These data indicate that the presence of the ChIL-18
plasmid promoted T- and B-lymphocyte-proliferative responses.

ChIL-18 stimulates CD4� and CD8� T cells. At 28 days after
the first immunization, chicken peripheral blood lymphocytes
were separated, and the percentages of T-cell subsets were ob-
served by flow cytometry. The percentages of total CD3� T cells
and their subsets (CD4� T cells [CD3� CD4�] and CD8� T cells
[CD3� CD8�]) in the peripheral blood lymphocyte populations
were significantly increased in chickens immunized with the vac-
cine plus ChIL-18 compared with those in the chickens immu-
nized with the vaccine only (Table 2). These data suggest that
ChIL-18 stimulated both CD4� and CD8� T cells.

ChIL-18 significantly promotes immune protection against
NDV challenge. To evaluate whether ChIL-18 promotes immune
protection against NDV infection, 2 weeks after the second vacci-
nation, each of the remaining 20 chickens was intramuscularly
challenged with strong virulent NDV (F48E9) at a dose of 104

LD50. The chickens were observed daily for clinical signs and mor-
tality within 10 days postchallenge, and the results were recorded.
In order to determine NDV infection, cloacal swabs were collected
from dead and infected birds, and NDV was isolated from the
cloacal swabs and detected by RT-PCR. Based on positive cloacal
swab virus isolation test results, dead birds and birds with clinical
signs were determined to be infected birds. We found that all
chickens immunized with PBS or ChIL-18 control plasmid were
infected with the neuropathological clinical syndromes of depres-
sion, paralysis, standing instability, cough and asthma, and neck
twist, and all died within 7 days postchallenge. Five chickens im-
munized with the NDV vaccine or NDV vaccine plus control plas-

FIG 5 Effect of ChIL-18 to NDV vaccination on Th1/Th2 cytokine produc-
tion in chicken serum samples. The chickens were immunized two times, and
chicken serum samples were collected on days 7 and 21 postimmunization.
Cytokine release was measured using commercial chicken cytokine gamma
interferon (IFN-�) and interleukin 4 (IL-4) ELISA kits. The data presented are
the means � SD of the results from 10 separate experiments. #, P 	 0.05, and
##, P 	 0.01, compared to chickens immunized with the inactivated NDV
vaccine.

FIG 4 Effect of ChIL-18 to NDV vaccination on antigen-specific HI titers and anti-HN IgG antibodies. Chicken serum samples were collected on days 7 and 21
postimmunization, and the serum HI titers (A) and IgG titers (B) were analyzed by HI assay and ELISA, respectively. The data presented are the means � SD of
the results from 10 separate experiments. *, P 	 0.05 compared with chickens immunized with the inactivated NDV vaccine.
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mid were infected within 10 days, and five of these died, whereas
the chickens immunized with the vaccine plus ChIL-18 plasmid
did not show any clinical symptoms and did not die after 10 days
postchallenge (Table 3). All cloacal swabs collected from dead
birds and birds with clinical signs based on virus isolation test
results had a positive rate of 100% (50/50). These data indicate
that ChIL-18 significantly promoted immune protection against
NDV challenge.

DISCUSSION

In this study, we cloned the full-length ChIL-18 gene from SPF
chicken embryo spleen cells. A sequence analysis demonstrated

that the full-length gene is 594 bp in length and encodes a 198-
amino-acid protein, which is identical to the sequence published
by Schneider et al. (19). The homologies between the nucleotide
and amino acid sequences were 99.8% and 100%, respectively.
There was only one difference between the gene fragment se-
quence encoding the mature protein and the gene sequence of
white Laihang chickens published by Wang et al. (identification
rate, 99.8%) (31). The mutation of C to T was present at nucleo-
tide (nt) 557, and this change in nucleotide sequence caused a
mutant amino acid sequence (Ser to Phe; identification rate,
99.4%). These data indicate that the sequences of ChIL-18 cDNA
from different chicken species were highly homologous.

Many studies have shown that ChIL-18 is expressed in non-
chicken-derived cells (21, 32). However, there are no documents
showing whether ChIL-18 plasmid expresses IL-18 in chicken
cells. To address this, the expression analysis of the recombinant
pcDNA3.1/His-ChIL-18 plasmid was performed in chicken DT40
cells. The DT40 chicken B-cell line is derived from an avian leu-
kosis virus (ALV)-induced bursal lymphoma (33). Moreover, it is
arrested at a bursal stem cell stage of differentiation, suggesting it
may be best characterized as being a bursal pre-B-cell line (34). We
found that the ChIL-18 protein was specifically recognized by theFIG 6 ChIL-18 significantly stimulates chicken peripheral T- and B-lympho-

cyte proliferation. Chickens were immunized two times, and chicken thymus
and bursa of Fabricius samples were collected on days 7 and 21 postimmuni-
zation. The T- and B-lymphocyte-proliferative responses were evaluated by
MTT assay. The data are the means � SD of the results from 10 separate
experiments. *, P 	 0.05, and **, P 	 0.01 (day 7); #, P 	 0.05, and ##, P 	 0.01
(boost), compared to chickens immunized with the inactivated NDV vaccine.

TABLE 2 Flow cytometric analysis of CD3� T cells and CD3� CD4�

and CD3� CD8� T-cell subsets from peripheral blood lymphocytes of
immunized chickensa

Treatment

% of peripheral blood lymphocytes in T
cells with:

CD3�

CD3� CD4�

CD8�

CD3� CD8�

CD4�

PBS 32.1 � 2.12 14.5 � 1.09 8.5 � 1.56
ChIL-18 plasmid 49.3 � 1.38b 21.7 � 1.85b 17.2 � 2.16b

Vaccine plus control plasmid 41.5 � 1.52 14.9 � 1.75 13.2 � 1.65
Vaccine plus ChIL-18 plasmid 64.5 � 2.17c 31.5 � 2.23c 24.6 � 1.62c

NDV vaccine 40.3 � 1.39 15.2 � 2.05 12.3 � 2.21
a Chickens (n � 10) were euthanized on day 28 after the first immunization, and
peripheral blood lymphocytes were collected for immunophenotyping. The data
presented are means � SD.
b P 	 0.05 compared with chickens immunized with the inactivated NDV vaccine.
c P 	 0.01 compared with chickens immunized with the inactivated NDV vaccine.

TABLE 3 Protective efficacy against a virulent NDV in vaccinated
chickensa

Treatment

Morbidity and mortality results

No. infected
(n � 20)b

No. that died
(n � 20)

Protection
rate (%)c

PBS 20 20 0
Control IL-18 plasmid 20 20 0
Vaccine plus control plasmid 5 5 75
Vaccine plus IL-18 plasmid 0 0 100d

NDV vaccine 5 5 75
a Two weeks after the second vaccination, each of the remaining 20 chickens was
intramuscularly challenged with strong virulent NDV (strain F48E9). The chickens
were recorded daily for clinical signs and mortality over the next 10 days.
b Number of chickens infected as defined by clinical signs.
c Percentage of protection rate at 10 days postchallenge, calculated as the number of
uninfected chickens/total number of chickens. All cloacal swabs collected from dead
birds and birds with clinical signs based on virus isolation test results had a positive rate
of 50/50 (100%).
d P 	 0.05 compared to chickens immunized with the NDV vaccine.
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anti-His tag monoclonal antibody in a dose-dependent manner.
The purified ChIL-18 protein has a major band with an Mr of
approximately 25,000 and a specific probe by the anti-His Tag
monoclonal antibody. Therefore, this paper provides evidence
that the ChIL-18 gene in a recombinant plasmid was successfully
expressed in chicken DT40 cells. To further evaluate the bioassays
of the full-length ChIL-18 gene expressed in eukaryotic cells, a
sensitive in vitro bioassay for ChIL-18 based on the inducible re-
lease of IFN-� was performed. We found that the ChIL-18 protein
expressed in eukaryotic DT40 cells significantly enhanced IFN-�
mRNA expression in chicken splenocytes, which increased IFN-
�-induced nitric oxide (NO) synthesis by macrophages. These
results show that the amino acid mutation of Ser to Phe in the
ChIL-18 protein does not modify the activity of IL-18.

Cytokines play an important role in the development of the
immune system and in the response to infection (35). IL-18 is a
strong IFN-�-inducing factor that enhances immune responses
when used as an adjuvant. The concept of using IL-18 to boost
immune responses after vaccination has been investigated for
chicken vaccines (23, 24, 32, 36–38). Hung et al. (21) described
that the full-length and mature chicken IL-18 purified recombi-
nant protein effectively enhanced cell-mediated and humoral im-
munity. However, the short half-lives of recombinant cytokines
and the side effects caused by repetitive administration are major
disadvantages for their use (39). Previous reports showed that the
direct injection of cytokine genes into muscles might modulate
immune responses (18, 40, 41). Here, we report a eukaryotic ex-
pression plasmid carrying ChIL-18 in order to investigate its im-
munogenic potential as a genetic adjuvant for inducing immune
responses in chickens. Upon NDV vaccination, the ChIL-18 plas-
mid stimulated significant antigen-specific immune responses.
The level of HI antibodies present at 7 days following the coinocu-
lation of ChIL-18 eukaryotic expression plasmid and NDV vac-
cine was higher than that induced by inoculation with the vaccine
only, and this enhancement was still detectable up to 21 days post-
inoculation. Moreover, ChIL-18 promoted T- and B-lymphocyte
proliferation responses, which were higher than those in the group
inoculated with vaccine only on days 7 and 21 after the first vac-
cination. These data indicate that ChIL-18 induces a strong im-
mune response at both the humoral and the cellular level.

This study also assessed the distributions and ratios of CD4�

(CD3� CD4�) and CD8� (CD3� CD8�) T-cell subsets. We
found that ChIL-18 increased CD3� T-cell populations, particu-
larly CD4� and CD8� T cells. CD4� T cells can be subdivided into
Th1 and Th2 cells. Th1 cells mainly produce IFN-�, which is crit-
ical to cell-mediated immunity, whereas Th2 cells mainly produce
IL-4, which enhances antibody production and improves hu-
moral immunity. IFN-� secreted by Th1 cells can inhibit Th2 cell
activity, whereas IL-4 secreted by Th2 cells can block the prolifer-
ation of Th1 cells (42, 43). However, upon exiting the thymus,
naive T cells can secrete both Th1 and Th2 cytokines; these are
termed Th0 cells, and their cytokine patterns become fixed as ei-
ther Th1 or Th2 (44). IL-18 generally induces Th1 responses that
enhance the production of cytokines such as IFN-� (20). Here, we
also examined the levels of Th1 (IFN-�) and Th2 (IL-4) cytokines
in chickens following coimmunization with NDV vaccine and
ChIL-18 plasmid. Interestingly, besides its effect on IFN-� pro-
duction, the fact that ChIL-18 also promoted the production of
IL-4 suggests a variation in Th2 response; this study suggests that
ChIL-18 may induce a mixed Th1/Th2 response resembling a Th0

response. Consistent with this, recent studies demonstrated that
IL-18 also promotes Th2-type responses and increases dendritic
cell numbers in mouse lymph nodes (45). Furthermore, Szeto,
Gillespie, and Mathieson (46) demonstrated that IL-18 potentially
induced IgG1, IgE, and Th2 cytokine (IL-4, IL-5, and IL-10) pro-
duction in murine experimental models. The detailed mecha-
nisms by which ChIL-18 enhances innate immunity are not well
understood, suggesting the need for future studies to better un-
derstand the adjuvant activity of ChIL-18.

To further evaluate the influence of ChIL-18 plasmid as an
adjuvant for the immune protection provided by NDV vaccine
against NDV infection, chickens were intramuscularly challenged
with strong virulent NDV (F48E9) on day 28 postimmunization.
At 10 days postchallenge, the protective rate of the group receiving
NDV only was 75%, whereas the protective rate of chickens im-
munized with the vaccine plus ChIL-18 plasmid (100%) was sig-
nificantly increased compared to that for chickens immunized
with the vaccine only (P 	 0.05). Thus, ChIL-18 significantly pro-
motes immune protection against NDV challenge.

In summary, this study indicates that the coadministration of
ChIL-18 plasmid and NDV vaccine induces a strong immune re-
sponse at both the humoral and cellular levels and suggests that
ChIL-18 is a novel immunoadjuvant suitable for use in the NDV
vaccine.
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