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a b s t r a c t

Infectious bronchitis virus (IBV) poses a major threat to the chicken industry worldwide. In this study,
we developed a recombinant fowlpox virus (rFPV) vaccine expressing the IBV S1 gene and chicken
interleukin-18 gene (IL-18), rFPV-S1/IL18. Recombinant plasmid pSY-S1/IL18 was constructed by cloning
chicken IL-18 into fowlpox virus transfer plasmid containing S1 gene and transfected into the chicken
embryo fibroblasts cell pre-infected with S-FPV-017 to generate rFPV-S1/IL18. Expression of the recom-
binant proteins was confirmed by RT-PCR and IFA. We also constructed the recombinant fowlpox virus
rFPV-S1 without IL-18. One-day-old chickens were vaccinated by wing-web puncture with the two rFPVs,
and the induced humoral and cellular responses were evaluated. There was a significant difference in
1 gene

hicken interleukin-18 gene
ecombinant fowlpox virus

ELISA antibody levels (P < 0.05) elicited by either rFPV-S1 or rFPV-S1/IL18. The ratios of CD4+ to CD8+ in
chickens immunized with rFPV-S1/IL18 were significantly higher (P < 0.05) than in those immunized with
rFPV-S1. All chickens immunized with rFPV-S1/IL18 were completely protected (20/20) after challenge
with the virulent IBV HN99 strain 43 days after immunization, while only 15 out of 20 of the chickens
immunized with the rFPV-S1 were protected. Our results show that the protective efficacy of the rFPV-S1

d sig
vaccine could be enhance

. Introduction

Infectious bronchitis (IB) is an acute, highly contagious respi-
atory, renal, and urogenital disease of chickens caused by the
oronavirus, infectious bronchitis virus (IBV). It is still a major
ealth problem in the chicken industry worldwide. Vaccination to
ontrol IB has been practiced for over half a century [1–3]. Such
onventional vaccines, although generally effective, do have some
isadvantages. Attenuated vaccines, which generally induce long-

asting immunity, have a risk of insufficient attenuation and/or
enetic instability [4]. The limitations of inactivated vaccines
nclude high manufacturing costs and lack of long-term immu-
ity. Thus, developing a vaccine to control this disease with higher
fficacy and fewer side effects is highly desirable.

Since IBV was first described by Schalk and Hawn in the

930s [5], numerous serotypes or variants have been identi-
ed worldwide, against which little or no cross-protection exists
6,7]. IBV was first detected in China in 1972, and numerous
ephropathogenic strains have been isolated since 1982 [8]. In
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E-mail addresses: cuibaoan127@163.com, baoancui@henau.edu.cn (B.-A. Cui).
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nificantly by simultaneous expression of IL-18.
© 2010 Elsevier Ltd. All rights reserved.

spite of extensive vaccine use, IBV outbreaks remain frequent in
China. Infected broilers show clinical signs of depression, dehydra-
tion, and polyuria, with swelling of the kidneys and severe urate
deposition, which results in death. Infected breeders or layers have
decreased egg production. The HN99 nephropathogenic strain of
IBV was isolated from one of a group of approximately 3-week-old
broilers in Henan Province suffering from depression, dehydration,
and polyuria. Because it is the most prevalent strain in China, we
developed a recombinant anti-IBV vaccine based on this virus.

The IBV gene encoding the virus surface glycoprotein spike
protein 1 (S1) was a logical choice for inclusion in a recombi-
nant candidate vaccine vector. The S1 protein is considered to
be a primary inducer of protective immunity [9]. For example,
four intramuscular administrations of immuno-affinity purified
S1 induced 78% protection against IBV challenge [10]. Likewise,
recombinant baculovirus expressing the S1 gene of a Korean
nephropathogenic strain of IBV protected 50% of inoculated chick-
ens against IBV challenge, as assessed by examination of their
kidneys [11]. Overall, the results of these studies indicate that the

S1 glycoprotein would be a useful candidate for inclusion in alter-
native IBV vaccines.

Fowlpox virus (FPV) has a large double stranded DNA genome
and a host range limited to avian species [12]. FPV has been
developed as an effective live viral vector, successfully expressing

dx.doi.org/10.1016/j.vaccine.2010.09.106
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
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rotective foreign genes from various poultry pathogens, including
ewcastle disease virus, avian influenza virus, IBV, infectious laryn-
otracheitis virus, and Marek’s disease virus. Fowlpox virus has a
umber of advantages as a vector, but its side effects cannot be

gnored: its effects on weight gain and on immune function [13].
t has been confirmed that some cytokines can relieve these side
ffects, and some of these cytokines are effective immunomodu-
ators in animal models or clinical trials. Cytokine adjuvants have
een widely used to promote the induction of immune responses
nd enhance the immunoprotective effects of vaccines against bac-
eria, viruses, or parasites [14]. IL-18 is one possible option, and
s known as interferon-gamma (IFN-�)-inducing factor because of
ts ability to stimulate T helper 1 (Th1) cells to secrete IFN-� [15].
herefore, the purpose of the present study was to construct two
ecombinant fowlpox viruses (rFPVs) expressing the S1 gene of
BV and co-expressing the S1 gene of IBV and the chicken IL-18
ene, which was included to overcome the FPV-induced inhibition
f weight gain, and increase the efficacy of immunization.

. Materials and methods

.1. Virus, experimental animals and plasmids

Fertilised White Leghorn specific-pathogen-free (SPF) eggs were
urchased from Shangdong Institute of Poultry Science, Shandong,
R China. Chickens were hatched and housed in a SPF environment
t the Laboratory Animal and Resources Facility, Henan Agricul-
ural University. The nephropathogenic strain HN99 of IBV was
ropagated in the allantoic cavities of 10-day-old SPF embryonated
hicken eggs, and the allantoic fluid was harvested 48 h after inoc-
lation. The median embryo infective dose (EID50) was determined
y inoculating a 10-fold dilution series of the virus into 10-day-old
PF embryonated chicken eggs.

The parental fowlpox virus, S-FPV-017, was a less attenuated
PV strain (a kind gift from Dr. Hua-Lan Chen, Harbin Veterinary
esearch Institute, Chinese Academy of Agricultural Sciences).

Recombinant plasmids pGEM-T-S1 and pGEM-T-IL18 were used
n this study. A cDNA fragment encoding the full-length S1 gene

as amplified from the RNA of IBV HN99 strain and cloned
nto the pGEM T-Easy vector. The resulting plasmid, pGEM-T-S1

as sequenced (GenBank accession no. AY775551). The chicken
L-18 gene was obtained from chicken splenocytes by reverse
ranscriptase-polymerase chain reaction (RT-PCR) and cloned into
GEM T-Easy, and the resultant recombinant plasmid, pGEM-T-

L18, was sequenced (GenBank accession no. AY775780).

.2. Homologous recombination and screening of the
ecombinant virus

The plasmid pSY-S1/IL18 was constructed as described pre-
iously [16]. Briefly, cDNA encoding the whole S1 gene of IBV
as amplified by PCR from the plasmid pGEM-T-S1 using the

orward primer 5′-ATGAGGATCCAATGTTGGTGAAG TCACT-3′ and
he reverse primer 5′-ATGCG GATCCATA ACTAACATAAGGGCA-3′

BamH I restriction enzyme site is shown by an underline on the
ense and antisense primers). The PCR product was digested with
amH I and cloned into similarly digested plasmid pSY538 under
he control of the early-late LP2EP2 promoter of FPV. The LacZ gene
ragment with the P11 late promoter of vaccinia virus from the plas-

id pSC11 was digested with Pst I and Xba I, and also cloned into the

ma I site of the pSY538 containing the S1 gene. The fragment con-
aining the S1 and LacZ genes was cloned into a Not I site between
he homologous arms of the poxvirus gene in the FPV transfer vec-
or pSY681, resulting in the plasmid pSY-S1. For the construction
f plasmid pSY-S1/IL18, the chicken IL-18 gene was amplified by
8 (2010) 8112–8119 8113

PCR from pGEM-T-IL18 using the primers 5′-CCCGAATTCATGAG
CTGTGAAG AGATC-3′ and 5′-CGGGGAATTCTCATAGGTTGTGCCTTT-
3′ (EcoR I restriction enzyme site is shown by an underline on the
sense and antisense primers). The PCR product was digested with
EcoR I and cloned into similarly digested pSY538 under the control
of the early-late LP2EP2 promoter of FPV. Finally, pSY-S1/IL18 was
constructed by the insertion of the fragment containing the LP2EP2
promoter and the IL-18 gene into pSY-S1.

The rFPVs were generated by homologous recombination using
published procedures [17]. Briefly, two rFPVs (rFPV-S1 and rFPV-
S1/IL18) were generated by transfecting into chicken embryo
fibroblasts (CEF) with the corresponding recombinant plasmids
in six-well plates which had been infected with the parental
fowlpox virus S-FPV-017 at multiplicity of infection (m.o.i.) of 0.01
two hours before transfection. Parental fowlpox virus S-FPV-017
infected CEF cells were used as an infection control. The viruses
were collected after cytopathic effect (CPE) appeared, and rFPVs
were screened for beta-galactosidase activity in the presence of 5-
bromo-4-chloro-3-indolyl �-d-galactoside (X-gal) (TaKaRa, Dalian,
China). After eight rounds of blue plaque purification, the two
rFPVs were obtained and cultured in CEF cells. Insertion of the
recombinant gene into the FPV genome was confirmed by PCR,
and expression of S1 and IL-18 confirmed by RT-PCR and indirect
immunofluorescence assay (IFA) as described below.

2.3. PCR analysis of the rFPVs

The genomic DNA of rFPVs, extracted using SDS-proteinase
K-phenol, was used as PCR template and amplifications were per-
formed with TaKaRa Ex Taq DNA polymerase and the primers
described above.

2.4. RT-PCR analysis

After infection for 48 h, the cells were harvested and total cellu-
lar RNA was prepared from the cells using Trizol reagent (Gibco BRL,
USA). The reverse transcription (RT) reaction was performed using
20-�l volumes; the reaction mixture contained 5× Strand buffer,
25 mM of each deoxynucleoside triphosphate (dNTP; Amersham
Biosciences Corp., Piscataway, NJ, USA), 2.5 U of RNase inhibitor
(Promega Corporation, Madison, WI, USA), 50 pmol/ml random
hexamers, Moloney murine leukemia virus (MMLV) reverse tran-
scriptase (Invitrogen Life Technologies, Carlsbad, CA, USA), and
5 �l of total cellular RNA and diethyl pyrocarbonate (DEPC)–water.
RT was performed at 42 ◦C for 60 min and at 75 ◦C for 10 min.
Polymerase chain reaction (PCR) was then amplified with specific
primer sets for the S1 gene and IL-18 as described above.

2.5. Indirect immunofluorescence assay of rFPV infected cells

After infection for 48–72 h, cells were washed with phosphate-
buffered-saline (PBS) and fixed with cold methanol for 10 min. Cells
were blocked with 1% bovine serum albumin (BSA) in PBS for 30 min
at 37 ◦C. The fixed cells were incubated at 37 ◦C for 1 h with an
IBV specific-chicken antiserum at a dilution of 1: 50. After three
washes for 5 min each with PBS, the cells were incubated for 45 min
at 37 ◦C with secondary fluorescein isothiocyanate (FITC)-labeled
rabbit anti-chicken antibody (Sigma Chemical Co., St. Louis, USA) at
a dilution 1:800. Cells were washed three times with PBS, and then
examined with a fluorescent microscope (Model AX70, Olympus).
2.6. Immunization of chickens with the rFPVs

Eighty one-day-old White Leghorn SPF chickens were randomly
allocated into four groups of 20. Chickens in groups 1 and 2 were
immunized with rFPV-S1/IL18 or rFPV-S1, respectively. Chickens in
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Fig. 1. Schematic representations of fowlpox virus expression plasmids (

roup 3, which served as negative controls, were immunized with
he same amount of S-FPV-017. Chickens in group 4 were inocu-
ated with sterile PBS. All immunizations were done by wing-web
uncture with a double needle used for commercial vaccination of
oultry with FPV. Approximately 50 �l of inoculum containing 106

laque-forming units (PFU) of FPV were given to each chicken.

.7. Detection of anti-IBV specific antibodies

Pre-vaccination sera were collected from all vaccinated chick-
ns. Five chickens were sampled randomly from each group at 1,
, 3, 4, 5, and 6 weeks after immunization and blood samples were
ollected via wing vein puncture. Sera at a 1:20 dilution were tested
or development of specific antibodies.

Total serum immunoglobulin G (IgG) specific for IBV was mea-
ured by ELISA as described previously [17], with modifications.
riefly, ELISA plates were coated with IBV lysate at 6 �g/ml in
arbonate buffer, pH 9.6, overnight at 4 ◦C and blocked with 5%
kimmed milk in PBS at 37 ◦C for 2 h. Serum samples were tested
t a 1:20 dilution in 5% skimmed milk in PBS containing 0.25%
ween-20 (PBST). IgG against IBV was detected with horseradish
eroxidase (HRP)-labeled rabbit-anti-chicken conjugate diluted
:2000 in PBST. After 20 min incubation in the dark with TMB
icrowell peroxidase substrate solution, the reaction was stopped

y the addition of 100 �l of 2 M H2SO4, and the optical density at
50 nm was measured in an ELISA microplate reader. Tests were
un in duplicate. Negative and positive control sera were included
n each assay. Total serum IgG specific for IBV was represented by
he optical density.

.8. Analysis of CD4+, CD8+ and CD3+ T-lymphocytes

Five chickens were sampled randomly from each group at 1, 2, 3,
, 5, and 6 weeks after immunization and peripheral blood samples
ere collected from the jugular vein in 2.5 ml syringes contain-

ng 0.2 ml of sodium heparin to prevent clotting. Peripheral blood
ononuclear cells (PBMC) were isolated from each blood sam-

le by Ficoll-Hypaque density gradient centrifugation. PBMC were
djusted to 1 × 107 cells/ml, and 100 �l of the resuspended cells
1 × 106 cells) were incubated for 1 h at room temperature with the
ollowing antibodies (double labeled): mouse anti-chicken CD3-
pectral Red (SPRD) and mouse anti-chicken CD4-R-phycoerythrin
R-PE) or mouse anti-chicken CD8a-R-PE (BD Biosciences Pharmin-
en). The samples were analyzed on a fluorescence activated cell
orter.
.9. Virus challenge experiment

All of the chickens were challenged with 100 EID50 of IBV strain
N99 in 0.1 ml by the oculonasal route on day 43 after immu-
ization. The challenged chickens were examined daily for signs of
8, P11 and pSY681) and recombinant plasmids pSY-S1 and pSY-S1/IL18.

clinical illness, including coughing, sneezing, ataxia or dyspnea, for
2 weeks. Dead chickens were necropsied to confirm that death was
caused by IBV. The challenged chickens generally began to show
clinical signs between 4 and 10 days after challenge. Chickens in
each group were euthanized at 14 days post-infection. Necropsies
were performed immediately and kidney tissues were collected for
further detection of virus.

2.10. Detection of virus in kidney tissues by RT-PCR

Virus in the kidney tissues of the challenged chicken was
detected by RT-PCR. Total RNA was extracted using Tri-
zol reagent (Gibco) and subjected to RT-PCR using primers
directed at the 3′ untranslated region (forward primer: 5′-
GATGAGGAGAGGAACAATGC-3′; reverse primer: 5′-TGGG
CGTCCTAGTGCTGT-3′). Total protection was defined as the
absence of detectable virus in the kidney.

2.11. Effect of rFPV on body weight

To investigate the effect of infection with rFPV on body weight,
80 one-day-old White Leghorn SPF chickens were immunized in the
same manner. At 1 and 2 weeks after immunization, all chickens
were weighed.

2.12. Statistical analysis

Serological responses, T-lymphocytes, and weight gain of vac-
cinated chickens were compared with those of control animals by
analysis of variance (ANOVA) and Student’s t-test using SPSS11.5
biostatistics software. P values less than 0.05 were regarded as sig-
nificant and those less than 0.01 were regarded as highly significant.

3. Results

3.1. Construction and confirmation of the recombinant plasmids

To prepare recombinant fowlpox viruses expressing S1 and
co-expressing S1 and IL-18, two recombinant plasmids were con-
structed (Fig. 1). Plasmid pSY538 (A) had the early-late LP2EP2
promoters of FPV, while plasmid pSC11 had a LacZ gene fragment
with the P11 late promoter of vaccinia virus and pSY681 had two
FPV DNA regions. These FPV DNA regions were the recombinant
arms of FPV that allowed crossing over to occur when the plasmids
were co-infected with FPV in CEF cells. Plasmid pSY-S1 (B) was used
to produce recombinant virus rFPV-S1. Plasmid pSY-S1/IL18 (C) was

used to generate the recombinant virus rFPV-S1/IL18 expressing
IBV S1 and IL-18.

The presence of all genes in the plasmids was confirmed by
restriction endonuclease digestion and the bands seen exactly
matched the expected sizes (data not shown). And the results were
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Fig. 2. PCR confirmation of presence of S1 and chicken IL-18 genes in rFPVs. 1, DNA
molecular Marker (DL2000); 2, S1 gene in rFPV-S1; 3, S1 gene in rFPV-S1/IL18;
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Fig. 4. Detection of antibodies in different vaccine inoculated groups by ELISA (n = 5,

F
S

, chicken IL-18 in rFPV-S1/IL18. Also, the results were double checked by DNA
equencing done on the PCR products. DNA sequencing results showed that S1
nd chicken IL-18 genes are 1 675 bp and 597 bp, respectively, and consistent with
redicted results.

urther confirmed by DNA sequencing done on the recombinant
lasmids. Both restriction endonuclease digestion and sequenc-

ng results showed that recombinant plasmids were successfully
onstructed.

.2. Screening of recombinant virus by PCR analysis

To confirm that the genes of interest were successfully inserted
nto the fowlpox genome via homologous recombination, the
enomic DNA of rFPVs was extracted, and PCR was performed with
he two pairs of specific primers shown. As shown in Fig. 2, the
xpected products of 1.74 kb (S1) and 0.6 kb (IL-18) were amplified
rom cells infected with rFPV-S1/IL18, no product was amplified
rom cells infected with the parental fowlpox virus S-FPV-017 (data
ot shown). The expected product of the 1.74 kb (S1) was ampli-
ed from cells infected with rFPV-S1 (Fig. 2). The sequencing results
howed the nucleotide sequence of S1 and chicken IL-18 was just
he same as S1 (AY775551) and chicken IL-18 (AY775780) pub-
ished, respectively. Both PCR and sequencing results proved that
he target genes had been successfully recombined into the rFPVs.

.3. Expression of S1 and IL-18 proteins in rFPVs
To confirm the expression of S1 and IL-18 in CEF cells, total RNA
as extracted from the cells infected with rFPV-S1/IL18 after 48 h

nd analyzed by RT-PCR for the presence of each corresponding
RNA. The predicted RT-PCR products were 1.7 kb in size for the

ig. 3. Detection of S1 expression by IFA. CEF cells were infected with (A) rFPV-S1 and
-FPV-017.
i.e. number of times the test was repeated). Values are expressed as mean optical
density ± standard error. Statistically significant differences (P < 0.05) are indicated
by * (compared with S-FPV-017 or PBS) or ** (compared with rFPV-S1 alone).

S1 gene and 0.6 kb for the chicken IL-18 gene, all of which were
confirmed by gel electrophoresis. No specific band of a similar size
was seen in any of the mRNA samples in the absence of reverse
transcription (data not shown). The sequencing results showed the
nucleotide sequence of S1 and chicken IL-18 was just the same as S1
(AY775551) and chicken IL-18 (AY775780) published, respectively.
Both RT-PCR and sequencing results showed that S1 and IL-18 can
be successfully expressed in CEF cells infected with rFPV-S1/IL18.

IFA was performed to confirm the expression of S1 in CEF cells.
All the cells that were infected with different rFPVs generated CPE
and bound detectable levels of FITC-labeled rabbit anti-chicken
antibody after they were incubated with IBV specific-chicken anti-
body. No any fluorescence was detected in negative control cells
infected with S-FPV-017 (Fig. 3). The IFA results were demonstrated
that IBV S1 protein could be expressed correctly in two rFPVs. And
all these rFPVs can grow and produce CPE on CEF cells.

3.4. Antibody responses to IBV in chickens immunized with rFPVs

The rFPV-S1 and rFPV-S1/IL18 induced detectable antibodies to
IBV Ag in chickens 1 week after vaccination and the levels fur-
ther increased during the following weeks. Antibody titers of the
rFPV-vaccinated groups were significantly greater than those of the
groups inoculated with PBS or S-FPV-017 (P < 0.05). There was a

significant difference in ELISA antibody levels (P < 0.05) elicited by
either rFPV-S1 or rFPV-S1/IL18 from the first week after vaccina-
tion (Fig. 4). The results suggested that rFPV-S1/IL18 could induce
enhanced humoral responses.

(B) rFPV-S1/IL18 at a m.o.i. of 2.0. (C) Negative control cells were infected with
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Fig. 5. The percentage of CD3+, CD4+CD3+ and CD8+CD3+ T-lymphocytes of different vaccine inoculated groups (n = 4, i.e. number of times the test was repeated). Values are
expressed as mean counts ± standard error. Statistically significant differences (P < 0.05) are indicated by * (compared with S-FPV-017 or PBS) or ** (compared with rFPV-S1
alone).

Table 1
Ratio of CD4+:CD8+ T-lymphocytes after vaccination.a

Group Week post vaccination

1 2 3 4 5 6

rFPV-S1/IL18 2.14 ± 0.09a 2.01 ± 0.29a 2.16 ± 0.35a 1.99 ± 0.37a 2.09 ± 0.20a 2.05 ± 0.30a
rFPV-S1 1.89 ± 0.33b 1.79 ± 0.30b 1.88 ± 0.23b 1.76 ± 0.18b 1.89 ± 0.08b 1.80 ± 0.05b
S-FPV-017 1.51 ± 0.15c 1.35 ± 0.13c 1.29 ± 0.12c 1.30 ± 0.13c 1.42 ± 0.11c 1.39 ± 0.08c

± 0.1

D

3

c
a
u
r
o
C
c
T
C
n
(
v
g
v
i

F
u
o

PBS 1.42 ± 0.14c 1.26 ± 0.05c 1.35

a Number of times the test was repeated is 5. Data are expressed as means ± SD.
ata with the same letter (a–c) are not significantly different (P > 0.05).

.5. Cellular immune responses induced by rFPVs vaccination

As CD4+ and CD8+ T-lymphocytes are among the most cru-
ial components of antiviral effectors, these lymphocytes were
ssessed in vaccinated chickens. Flow cytometric analysis of
nstimulated cells was used to standardize the background
esponses. As shown in Fig. 5, vaccination with rFPV-S1/IL18
r rFPV-S1 significantly increased the percentages of CD3+,
D4+CD3+and CD8+CD3+ T-lymphocytes compared with the per-
entages in the groups inoculated with S-FPV-017 or PBS (P < 0.05).
here was a significant difference in the percentages of CD3+,
D4+CD3+and CD8+CD3+ T-lymphocytes between the group immu-
ized with rFPV-S1/IL18 and the group immunized with rFPV-S1

P < 0.05). The ratios of CD4+ to CD8+ lymphocytes in rFPV-
accinated groups were significantly higher (P < 0.01) than in
roups inoculated with S-FPV-017 or PBS from the first week after
accination. The ratios of CD4+ to CD8+ lymphocytes in chickens
mmunized with rFPV-S1/IL18 were significantly higher (P < 0.05)

ig. 6. Diseased and dead chickens of different groups challenged with IBV HN99 strain.
sed to judge morbidity: (1) coughing; (2) nasal discharge; (3) wheezing or dyspnea; (4)
f different groups. Statistically significant differences (P < 0.05) are indicated by * (comp
1c 1.33 ± 0.09c 1.31 ± 0.09c 1.29 ± 0.07c

than in those immunized with rFPV-S1 (Table 1). These results
showed that the rFPV-S1 can elicit a cellular immune response
in chickens and that the rFPV-S1/IL18 can significantly enhance
cellular immune response induced by the rFPV-S1.

3.6. Protection induced by immunization with rFPV-S1 and
rFPV-S1/IL18

Chickens immunized with rFPV-S1 and rFPV-S1/IL18 were chal-
lenged with IBV HN99. Morbidity, mortalities, renal infection and
the proportion protected after challenge are summarized in Fig. 6
and Table 2. Clinical signs were first seen on day 4 after chal-
lenge. Chickens inoculated with either S-FPV-017 or PBS were not

protected and developed coughing, nasal discharge, and dyspnea.
The mortality rates in chicken inoculated with S-FPV-017 or PBS
were 65% or 75% at 14 days after challenge, respectively. Chickens
immunized with 106 PFU rFPV-S1/IL18 were completely protected
(20/20). None of these chickens had clinical signs of IBV infection

(A) Diseased chickens of different groups. Presence of one of the following can be
swinging of the head; (5) feathers erected, dullness. (B) The cumulative mortalities
ared with rFPV-S1 or rFPV-S1/IL18).
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Table 2
Mortality and protection rate after challenge with the virulent HN99 strain of IBV.

Groups

rFPV-S1/IL18 rFPV-S1 S-FPV-017 PBS

Mortality (%)a 0 (0/20)* 5 (1/20) 65 (13/20) 75 (15/20)
Detectable IBV in kidneyb 0/20* 5/20 20/20 20/20
Protection rate (%)c 100* 75 0 0

a Mortality was recorded for each day after challenge and is presented as total number of dead chickens in each group.
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b Detectable IBV in kidney as determined by RT-PCR.
c Percent protection was determined by the number of unaffected chickens/total
* Statistically significant differences (P < 0.05) (compared with rFPV-S1 alone).

r died after challenge with IBV, whereas 15 of 20 of the chickens
mmunized with rFPV-S1 were protected (P < 0.05).

To evaluate the level of protective responses after challenge, the
idney samples were analyzed by RT-PCR. These studies indicated
hat 25% of birds vaccinated with rFPV-S1 had detectable virus in
heir kidneys. All chickens inoculated with either S-FPV-017 or PBS
ad detectable virus in their kidneys. None of chickens vaccinated
ith rFPV-S1/IL18 had detectable virus in their kidneys.

.7. Effect of rFPV on body weight

Chickens vaccinated with rFPV-S1/IL18 or unvaccinated con-
rols had greater body weights (P < 0.05) than chickens vaccinated
ith rFPV-S1 and FPV (Table 3), suggesting that IL-18 can reduce

he effects of the FPV vector on weight gain.

. Discussion

Although FPV vectors have many advantages, there is a
eed to enhance immunization-induced protection by recombi-
ant fowlpox virus vaccines. Many studies have shown that the

mmunogenicity of an antigen could be enhanced by various
ytokines, including IL-2, IFN-�, IL-6, and IL-18. Among the large
rray of cytokines, IL-18 was initially identified as a potent IFN-
-inducing factor, and it is an important cytokine with multiple

unctions in innate and acquired immunity [18,19]. As a vaccine
djuvant and an immunomodulatory molecule, IL-18 has been
ecently shown to regulate both Th1 and Th2 immune responses
20], and enhances the immune responses in vaccines [21].

In our study we chose to test IL-18 as an adjuvant for the S1
ntigen expressed from a FPV vector vaccine. rFPV-S1/IL18 and
FPV-S1 were constructed, inoculated into chickens and tested in a
rotection-challenge experiment. The result showed that vaccina-
ion with the rFPV-S1/IL18 can induce stronger immune responses

han vaccination with rFPV-S1. Compared to some earlier descrip-
ions of FPV recombinants expressing IBV S1 with and without
ytokines [17,22], different cytokines, vector, and IBV strains were
sed. Wang et al. [22] reported that their constructed recombinant
owlpox virus expressing the S1 protein was indicated by the man-

able 3
ffects of rFPV on weight gain of 1-day-old SPF chickens.a

Groups Dose of inoculation Body weight (g) 1 week
post-inoculationb

rFPV-S1/IL18 106 PFU 66.3 ± 5.6a
rFPV-S1 106 PFU 61.9 ± 5.4b
S-FPV-017 106 PFU 61.3 ± 6.9b
PBS 0.2 ml PBS 67.8 ± 6.9a

a Data are expressed as means ± SD.
b Number of times the test was repeated is 20.
c Only those remaining alive at the conclusion of the experiment.
ata with the same letter (a and b) are not significantly different (P > 0.05).
er of chickens.

ifested, relatively mild clinical signs of disease, decreased titers of
recovered challenge virus, and less severe histologic changes of
the tracheas in virulent IBV Mass 41-challenged chickens previ-
ously receiving rFPV-S1 as compared with parental fowl poxvirus
(FPV)-vaccinated control birds. A fowlpox virus (rFPV-S1-ChIFN�)
co-expressing the S1 gene and the chicken type II interferon gene
provided the strongest protection against an IBV LX4 virus chal-
lenge, and chickens in the rFPV-S1-ChIFN� group eliminated virus
more quickly and decreased the presence of viral antigen more sig-
nificantly in renal tissue when compared to those of the rFPV-S1
[17]. Our results show that the rFPV-S1/IL18 vaccinated group dis-
played significantly increased weight gain relative to the rFPV-S1
group, and the protective efficacy of the rFPV-S1 vaccine could be
enhanced significantly by simultaneous expression of IL-18. Com-
pared to Wang et al. [22] reported, Wang et al. [17] and our results
showed the protective efficacy of the rFPV-S1 vaccine could be
enhanced significantly by simultaneous expression of a cytokine
and normal weight gain in vaccinated chickens. In our study, all
chickens immunized with rFPV-S1/IL18 were completely protected
(20/20) after challenge with the virulent IBV HN99 strain, 15 of
16 of the chickens immunized with rFPV-S1-ChIFN� constructed
by Wang et al. [17] were protected, whether these different sur-
vival proportions are due to different cytokines and challenge with
different IBV strains is further studying.

The level of specific antibodies induced in the rFPV-S1/IL18
group was higher than that induced in the rFPV-S1 group, and
this virus induced better protection. However, the precise role of
antibodies in control of IBV infection remains controversial. Some
reports have shown that the circulating antibody titer did not corre-
late with protection from IBV infection [23,24]. Other studies have
demonstrated that humoral immunity plays an important role in
disease recovery and virus clearance [25,26]. It is possible that the
T-cell response may play an important role in protection.

CD4+ T-lymphocytes (T-helper cells) can induce and enhance
+
the immune response by secreting cytokines. CD8 T-lymphocytes

(cytotoxic T cells) can mediate cytotoxic killing of target cells [27].
Hence, CD4+ and CD8+ lymphocytes represent key functional sub-
sets of adaptive cell-mediated immunity. The ratio of CD4+ to CD8+

cells has been shown to be indicative of the general state of immune

Body weight (g) 2 weeks
post-inoculationb

Body weights at post
mortemc

119.9 ± 11.4a 756.3 ± 21.7a
101.5 ± 11.2b 667.1 ± 19.3b

99.3 ± 13.2b 654.6 ± 19.6b
121.7 ± 17.8a 769.7 ± 20.8a
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unction (e.g., a high CD4+:CD8+ ratio may be indicative of improved
mmune activity). Our evaluation by flow cytometry of the T-
ell concentrations in peripheral blood revealed that the ratios
f CD4+ to CD8+ cells in chickens immunized with rFPV-S1/IL18
ere significantly higher (P < 0.05) than in those immunized with

FPV-S1, and vaccination with rFPV-S1/IL18 significantly increased
he percentages of CD3+, CD4+CD3+and CD8+CD3+ T-lymphocytes
ompared with the percentage in the groups inoculated with rFPV-
1 (P < 0.05). This indicated that chicken IL-18 may enhance cellular
mmunity by promoting the differentiation or proliferation of CD4+
-lymphocytes.

Cell-mediated immunity is believed to provide protection
gainst IBV infection. CD8+ CTL are critical in the control of infec-
ious bronchitis in poultry [28,29]. CD4+ T-cell responses may
ncrease the proliferation, maturation and functional activity of
D8+ CTL, provide increased help for B-cells and directly pro-
uce anti-viral cytokines. In this study the number of the CD8+

-lymphocytes in peripheral blood of chickens in rFPV-S1/IL18
roup was significantly higher than that of chickens in rFPV-S1
roup (data not shown), which may explain the better clinical pro-
ection of rFPV-S1/IL18 as CD8+ T-cells is cytotoxic T-lymphocytes
hat play a major role in clearing or controlling viral infections [30],
his is consistent with those found by Wang et al. [17]. The increased
umbers of T-cells would have a limiting effect on viral replication
nd lead to better protection [31]. In addition, the percentages of
D3+, CD4+CD3+and CD8+CD3+ T-lymphocyte subgroups in chick-
ns immunized with rFPV-S1 were significantly higher than those
n the S-FPV-017-immunized chickens (P < 0.05), similar results

ere also reported by Shen et al. [21]. This may be target exoge-
ous proteins expressed in rFPVs inhibit a T-cell response induced
y normal FPV, this is worth further studying. The ratios of CD4+

o CD8+ cells in chickens immunized with rFPV-S1 were signifi-
antly higher (P < 0.05) than in those immunized with S-FPV-017.
he effect of S1 expression on the T-cell ratios may be FPV express-
ng S1 protein replicates in the epidermal layer of the skin. At day 42
fter immunization, the percentages of CD4+CD3+ and CD8+CD3+

-lymphocytes in three vaccinated groups were all higher than that
t day 7 after immunization (Fig. 5). This demonstrated that rFPVs
ave the ability to stimulate both Th1-mediated immune response
nd Th2-mediated immune response.

In our study, vaccinated chickens were challenged with a
ephropathogenic strain of IBV to evaluate the level of protection
licited by vaccines expressing S1 with or without IL-18. Chickens
hat received the rFPV-S1/IL18 were better protected than those
dministered with rFPV-S1. With the highest protection rate among
ll the vaccination groups, our findings indicate that the rFPV-
1/IL18 vaccine can induce a potent protective immune response
nd inhibit viral replication.

We found that all rFPV-vaccinated groups produced ELISA-
pecific antibodies in addition to the significantly increased ratios of
D4+ to CD8+ cells in chickens immunized with rFPV-S1/IL18 over

n those immunized with rFPV-S1. The rFPV-S1/IL18 vaccinated
roup displayed significantly increased weight gain relative to the
FPV-S1 group. The comparison of peripheral blood T-lymphocyte
ubgroups and the effect of rFPV on body weight showed that
hicken IL-18 may enhance cell-mediated immune responses to
ome extent, consistent with a previous report [32]. Thus rFPV-
1/IL18 may be a valuable candidate vaccine for the control of IBV
nd its effectiveness in the field applications should be determined
n the future.
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