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In order to develop a completely safe immunogen to replace the traditional inactivated vaccine, a tandem-
repeat multiple-epitope recombinant vaccine against foot-and-mouth disease (FMD) virus (FMDV) type O was
developed. It contained three copies each of residues 141 to 160 and 200 to 213 of VP1 of the O/China/99 strain
of FMDV coupled with a swine immunoglobulin G heavy-chain constant region (scIgG). The data showed that
the multiple-epitope recombinant vaccine elicited high titers of anti-FMDV specific antibodies in swine at 30
days postvaccination (dpv) and conferred complete protection against a challenge with 103 50% swine infective
doses of the O/China/99 strain. The anti-FMDV specific antibody titers were not significantly different between
the multiple-epitope recombinant vaccine and the traditional vaccine (t test, P > 0.05). The number of 50% pig
protective doses was 6.47, which is higher than the number recommended by the World Organization for
Animal Health. The multiple-epitope recombinant vaccine resulted in a duration of immunity of at least 6
months. We speculate that the multiple-epitope recombinant vaccine is a promising vaccine that may replace
the traditional inactivated vaccine for the prevention and control of FMD in swine in the future.

Foot-and-mouth disease (FMD) virus (FMDV) is a member
of the genus Aphthovirus of the Picornaviridae family and is
classified into seven distinct serotypes (O, A, C, SAT 1 to 3,
and Asia 1), as well as numerous subtypes (4, 12). The virus
causes highly contagious FMD in cloven-hoofed animals, and
its devastating consequences have been demonstrated by the
recent outbreaks in Taiwan and the United Kingdom (14, 24).
Chemically inactivated whole-virus vaccines play a key role in
the control and prevention of FMD (2, 3). However, the tra-
ditional vaccines have several disadvantages, such as the re-
quirement for storage under refrigeration, the need for peri-
odic revaccination, and the difficulty in differentiating infected
from vaccinated animals (25, 26, 37). Furthermore, the immu-
nogenic diversity of the seven distinct serotypes of FMDV
necessitates serologic matching for the formulation of effica-
cious vaccines. Importantly, there is a potential risk of the
escape of live virus from biosafety facilities during vaccine
production or from residual live virus inside the vaccines (3, 4,
7). Another problem is that the conventional FMD vaccines do
not induce sterile immunity and thus do not prevent a carrier
status. For these and other reasons, alternative vaccines that

do not require live virus material, such as subunit vaccines,
synthetic peptides, DNA vaccines, and recombinant virus vac-
cines, have been explored extensively (5, 6, 13, 22, 41).

The epitopes located in residues 141 to 160 and 200 to 213
of the VP1 protein are the main immunogenic epitopes of
FMDV (5, 11, 29). Previous studies have shown that synthetic
peptides or recombinant proteins that contain one or both of
the immunogenic epitopes can induce significant titers of neu-
tralizing antibodies against FMDV and confer full protection
against a challenge in small animals (36, 39). However, the
immunogenicity of these vaccines was substantially lower than
that of the traditional inactivated vaccines and afforded limited
protection against a challenge in the natural hosts (7, 31, 34,
38, 39). This may be due to the rapid clearance of recombinant
proteins or synthetic peptides of small size and the lack of
strong and appropriate T-helper cell epitopes (17, 18, 30).

There are several approaches to improving the immunoge-
nicity of antigenic epitopes, such as increasing the number of
antigenic epitopes, providing multiple T-helper cell epitopes,
and incorporating the antigenic epitopes into a protein “car-
rier” (8, 27, 29, 40, 42, 44). We have successfully generated a
recombinant protein with swine immunoglobulin G (IgG) di-
rected against FMDV as a carrier protein. The results of this
study show that vaccinated swine were protected fully against a
challenge with 50 50% swine infective doses (ID50) of FMDV.

In this study, to develop a completely safe vaccine that could
replace the traditional inactivated vaccines, a recombinant vac-
cine against FMDV type O was modified further on the basis
of the construction developed previously. The potency of this
recombinant vaccine in swine was evaluated by a vaccine effi-
cacy test and measurement of the duration of immunity.
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MATERIALS AND METHODS

Challenge virus. The O/China/99 strain of FMDV was obtained from the
National FMD Reference Laboratory of the People’s Republic of China. The
virus was adapted and propagated for five passages in swine, and the titer of
the ID50 was determined as described previously (1).

Animals. Forty-six swine weighing 20 to 30 kg and free of antibodies against
the structural proteins and 3ABC nonstructural proteins (NSP) of FMDV were
chosen for three experiments. In experiment 1, the potency of the multiple-
epitope recombinant vaccine was evaluated by comparison with that of a tradi-
tional inactivated vaccine. In experiment 2, the 50% pig protective dose (PD50)
was determined according to standard procedures of the World Organization for
Animal Health (OIE). In experiment 3, the duration of the immunity induced by
the multiple-epitope recombinant vaccine was measured. All experiments were
performed in high-containment facilities. All pig pens were separated com-
pletely, and each pen had an individual ventilation system. All tests were ap-
proved by the Animal Ethics Committee of the Animal Sciences Group of Gansu
Province.

Design and synthesis of a tandem-repeat multiple-epitope gene. Two immu-
nogens corresponding to amino acid (aa) residues 141 to 160 and 200 to 213 of
VP1 of the FMDV O/China/99 strain (GenBank accession no. AF506822) were
chosen as the antigenic epitopes. A tandem-repeat multiple-epitope gene, 402 bp
in length, which contained three copies of each sequence was synthesized by
arranging the two epitopes in triplicate in the following order: 141 to 160 and 200
to 213 aa, 141 to 160 and 200 to 213 aa, and 141 to 160 and 200 to 213 aa. Briefly,
aa 200 to 213 were linked to the C terminus of aa 141 to 160 and the artificial
gene was synthesized by sequential linking of the tandem repeats. To minimize
interference between adjacent epitopes and to avoid the development of a new
epitope, a linker sequence, GGSSGG, was used to separate adjacent epitopes,
and a 402-bp gene was synthesized and cloned into the pUC-18 vector to produce
pUC-18-RE (Fig. 1).

PCR amplification of the swine immunoglobulin G heavy-chain constant re-
gion (scIgG) and RE genes. The genes for RE and scIgG were amplified sepa-
rately by PCR with the specific primers for recombinant plasmids pUC-18-RE
and pET-16b-scIgG, which were constructed previously in our laboratory (Table
1). Briefly, 50.0 �l of reaction mixture contained 5.0 �l of 10� buffer, 5.0 �l of
deoxynucleoside triphosphates (5 mM each), 1.0 �l of ExTaq, 1.0 �l of each
primer (20 pmol), 0.5 �l of template DNA, and 36.5 �l of distilled water. The
PCR was carried out as described below, by using 94°C for 5 min; 30 cycles of
94°C for 1 min, 56°C for 30 s, and 72°C for 30 s; and a final extension for 8 min
at 72°C. The amplicon was purified using an agarose DNA purification kit
(Takara) and stored at �20°C until use.

Construction of a recombinant RE-scIgG expression plasmid. To obtain re-
combinant expression plasmid pET-22b-RE-scIgG, a chimeric gene for RE-
scIgG was amplified by overlapping PCR with a set of specific primers (Table 1).
Briefly, 50.0 �l of the reaction mixture contained 25.0 �l of 2� MightyAmp
buffer, 1.0 �l of MightyAmp DNA polymerase, 1.0 �l of each primer (20 pmol),
1.0 �l each of purified RE and scIgG, and 20.0 �l of distilled water. The PCR was
carried out at 98°C for 2 min; 30 cycles of 94°C for 10 s, 60°C for 10 s, and 68°C
for 90 s; and a final extension at 72°C for 8 min. The amplicon was purified and
subcloned into an expression vector, pET-22b (�), which resulted in a recom-
binant expression plasmid, pET-22b-RE-scIgG (Fig. 2). The recombinant expres-
sion plasmid was confirmed by digestion with BamHI/HindIII (NEB), and the
positive recombinant plasmid was sequenced using Sanger’s method to confirm
the correct open reading frame (Takara).

Expression and purification of recombinant protein. Expression and purifica-
tion of the recombinant protein in Escherichia coli BL21(DE3) cells (Novagen)

were performed as described previously (23), with slight modifications. Briefly,
the transformed bacteria were grown in 100 ml of LB medium (Amp�) at 37°C
overnight in a shaker. Growth was monitored by measurements of optical density
at 600 nm (OD600), and at an OD600 of 0.4 to 0.6, expression was induced with
0.8 mM isopropyl-�-D-thiogalactopyranoside (IPTG). The cells were grown for a
further 6 h at 37°C and harvested by centrifugation at 4,000 � g for 20 min. After
1 h, the cells were sonicated on ice (10 � 30 s) and then centrifuged at 20,000 �
g for 30 min at 4°C. The RE-scIgG protein was expressed with a six-histidine tag
in E. coli BL21 in a formation of inclusion bodies. Cellular pellets that contained
insoluble proteins were solubilized with 6 M urea overnight at 4°C. The super-
natant was collected, incubated with Ni-nitrilotriacetic acid (NTA) agarose resin
(Qiagen) (2.5 ml of resin for 1 liter of induced cells) equilibrated in buffer A (25
mM Tris, pH 8.0, 100 mM NaCl, 6 M urea) containing 5 mM imidazole (Sigma),
and then stirred for 1 h to allow binding. The supernatant was poured into a
column, and the bound protein and resin were washed with 10 column volumes
of buffer A, 10 column volumes of increasing concentrations of imidazole (10, 20,
and 40 mM), and 3 column volumes of 90 and 250 mM imidazole. Fractions of
the eluate were analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The concentration of each protein was deter-
mined by Bio-Rad Protein Assay according to the manufacturer’s procedure
(Bio-Rad). Briefly, 100 �l of 2� staining reagent was added to a 96-well micro-
plate, and a series of different volumes (0, 1, 2, 4, 6, 8, and 10 �l) of standard
bovine serum albumin (BSA, 1 mg/ml; Sigma) were added in duplicate to the
corresponding wells. Meanwhile, appropriate concentrations of the sample (10
�l) were added in duplicate. Subsequently, distilled water was added to a final
volume of 200 �l and the plate was placed at room temperature for 5 min. The
OD595 values were read on a spectrophotometer (BioTek). A standard curve was

FIG. 1. Construction of a recombinant plasmid containing three copies of two epitopes. E1 represents the antigenic epitope corresponding to
aa 141 to 160 of VP1 of FMDV type O. E2 represents the antigenic epitope corresponding to aa 200 to 213 of VP1 of FMDV type O. RE represents
the tandem-repeat multiple-epitope gene. MCS, multiple cloning site.

TABLE 1. Sequences of primers used for PCR amplification
in this study

Gene and
primera Sequence (5�–3�)b Length

(bp)

RE
3R5 AGCTGGATCCGAAACCCAGGTGCAGC

GTGT
30

v3R-IGC3 TGGGGCCGTCTTGGGGGCAGAGCCTCC
CGAACCGCCCAG

39

scIgG
3R-scIgG5 CTGGGCGGTTCGGGAGGCTCTGCCCCC

AAGACGGCCCCA
39

scIgG3 AGTCAAGCTTTCATCATTTACCCTGAGT 28

RE-scIgG
3R5 AGCTGGATCCGAAACCCAGGTGCAGC

GTGT
30

scIgG3 AGTCAAGCTTTTTACCCTGAGTCTTGG
AGATGGA

34

a RE represents the tandem-repeat multiple-epitope DNA fragment. scIgG is
the swine immunoglobulin heavy-chain constant gene. RE-scIgG is a fusion of
the genes for RE and scIgG.

b GGATCC, BamHI restriction endonuclease site. AAGCTT, HindIII restric-
tion endonuclease site.
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drawn, and the concentration of sample protein was determined from the stan-
dard curve.

Western blotting. The immunoreactivity of the recombinant protein was de-
termined by Western blotting. Briefly, the purified protein was subjected to 12%
SDS-PAGE and then transferred to a polyvinylidene difluoride membrane,
which was blocked by phosphate-buffered saline (PBS) with 10% horse serum for
1 h in a shaker and then washed three times with PBS containing 0.05% Tween
20 (PBST). The membrane was incubated with a 1:500 dilution of positive serum
from cattle infected with FMD type O, washed three times with PBST, and
incubated with a 1:2,000 dilution of rabbit anti-cattle IgG antibody conjugated
with horseradish peroxidase (HRP; Sigma) for 1 h. After five washes with PBST,
the signals were developed with 3,3�,5,5�-tetramethylbenzidine.

Preparation of multiple-epitope recombinant vaccine. The optimal concentra-
tion of the recombinant protein (0.25 mg/dose) had been determined previously.
The recombinant protein was emulsified with Montanide ISA 206 (Seppic,
France) to prepare a double oil emulsion formulation as described previously
(2). Briefly, the purified protein was diluted to a final concentration of 0.5 mg/ml
and mixed thoroughly with an equal volume of oil adjuvant. The finished vaccine
formulation contained 0.25 mg of the purified protein per ml and was stored at
4°C until use.

Statistical analysis. Statistical comparisons were performed with SPSS soft-
ware by using the two-tailed Student t test for comparison of two data sets.

Comparison of potency of the multiple-epitope recombinant vaccine with a
traditional inactivated vaccine in swine. Thirteen swine were divided into three
groups. Group 1 was inoculated intramuscularly behind the ear with 2 ml of a
commercially inactivated vaccine (type O), which had a duration of immunity of
at least 6 months (China Agricultural Vet Bio. Science and Technology Co.,
Ltd.). Group 2 was vaccinated with a full dose of the multiple-epitope recombi-
nant vaccine. Group 3 (three swine) received only 1 ml of PBS in oil adjuvant. At
30 days postvaccination (dpv), serum samples were collected and all animals
were challenged intradermally in the bulb of the heel of the left hind foot with
103 ID50 of the O/China/99 strain of FMDV. After the challenge, rectal temper-
atures and clinical signs were monitored daily for 10 days.

Potency of the multiple-epitope recombinant vaccine in swine. Eighteen swine
were separated into four groups and used to determine the PD50 of the vaccine
in swine. Groups 1 to 3 were vaccinated intramuscularly behind the ear with a full
dose (1 ml), 1/3 of a dose (0.33 ml), or 1/9 of a dose (0.11 ml) of the multiple-
epitope recombinant vaccine, respectively. Group 4 received only 1 ml PBS in oil
adjuvant. At 30 dpv, all of the swine were bled and challenged as described
above. To prevent the protected animals from receiving an excess challenge from
infected animals, animals that showed signs of disease were removed promptly
from the group. The PD50 was estimated by Kärber’s method (OIE, 2004 ver-
sion). Antibodies to FMDV were detected by liquid-phase blocking enzyme-
linked immunosorbent assay (LPB-ELISA) and microneutralization assay.

Duration of immunity induced by the multiple-epitope recombinant protein in
swine. Three sets of the multiple-epitope recombinant vaccines (A to C) were
prepared as described above. Fifteen swine were separated equally into three
groups, which were vaccinated intramuscularly behind the ear with a full dose of
vaccines A to C, respectively. Serum samples were collected monthly for 7
months (30, 60, 90, 120, 150, 180, and 210 days) postvaccination, and anti-FMDV

antibodies were detected by LPB-ELISA. The correlation between the number
of dpv and the antibody level was determined. The titers of anti-FMDV anti-
bodies from all vaccinated swine were analyzed by using a statistical method
(Student’s t test).

LPB-ELISA. The titers of anti-FMDV antibodies were detected with a com-
mercial LPB-ELISA kit; all procedures were performed by following the man-
ufacturer’s instructions. Briefly, 50-�l volumes of a duplicate 2-fold series of each
test serum were prepared in U-bottom multiwell plates (Costar). To each well, 50
�l of a constant dose of viral antigen that was homologous to the rabbit antisera
used to coat the plates was added, and the mixtures were left overnight at 4°C.
Subsequently, 50 �l of the serum-antigen mixture was transferred to an ELISA
plate precoated with rabbit anti-FMDV serum and incubated at 37°C for 1 h at
a dilution of 1:1,000. After thorough washing with PBST, 50 �l of guinea-pig
antiserum was added to each well and the plates were incubated for 1 h at 37°C.
The plates were washed five times with PBST, 50 �l of rabbit anti-guinea pig
IgG-HRP at a dilution of 1:500 (Sigma) was added, and the plates were incu-
bated at 37°C for 1 h. After five washes with PBST, the enzyme substrate
o-phenylenediamine (Sigma) was added to each well for 10 to 15 min of incu-
bation. The reaction was terminated with 2 M H2SO4, and the plate was read at
492 nm on a spectrophotometer (BioTek).

Virus neutralization assay. Assays to detect neutralizing antibodies were car-
ried out as described previously (20). Endpoint titers were calculated as the
reciprocal of the last serum dilution to neutralize 100 50% tissue culture infective
doses of homologous FMDV in 50% of the wells.

Lymphocyte proliferation assay. The proliferation of lymphocytes was ana-
lyzed by flow cytometry as described previously (19). Briefly, peripheral blood
mononuclear cells (PBMC) were selected by centrifugation over Ficoll-Hypaque
(density, 1.007 g/liter). The cells were resuspended at a final concentration of 5 �
107 cells/ml in RPMI 1640 and stained with 2 �M 5(6)-carboxyfluorescein diac-
etate N-succinimidyl ester (Sigma) for 15 min at 37°C. Five volumes of ice-cold
RPMI 1640 with 10% fetal bovine serum was added for 5 to 10 min of incubation
at room temperature to quench staining. Finally, the cells were resuspended at
1.5 � 106/ml in complete RPMI 1640 medium (10% fetal bovine serum, 2 mM
glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 mM �-mercaptoethanol,
ampicillin [100 IU/ml], and streptomycin [100 �g/ml]) and dispensed into a
96-well tissue culture plate together with 10 �g of purified FMDV antigen (type
O) and 5 �g/ml concanavalin A (Sigma). The negative control received only the
culture medium. BSA (10 �g/ml; Sigma) was used as a noncorrelated antigen
control in the test. The cultures were incubated for 72 h at 37°C in an incubator
with 5% CO2. The proportions of lymphocyte proliferation were determined
using a FACScalibur (BD Biosciences).

Virus isolation from heparinized blood and nasal swabs. Heparinized blood
and nasal swabs were obtained daily from a group of five swine vaccinated with
the full dose from day 0 to day 9 postchallenge and stored at �70°C until use.
Virus isolation from the blood samples and nasal swabs was performed as
described previously (28).

Detection of antibodies to NSP of FMDV. To confirm that antibodies to NSP
of FMDV were absent from the swine vaccinated with a full dose of the multiple-
epitope recombinant vaccine after challenge, antibodies to NSP of FMDV were

FIG. 2. Construction of a recombinant expression plasmid containing a fusion of the genes for RE and scIgG. MCS, multiple cloning site.
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detected by a commercially available kit and all procedures were carried out by
following the manufacturer’s instructions (25).

RESULTS

Expression and characterization of recombinant RE-scIgG
protein. Sequencing results showed that recombinant expres-
sion plasmid pET-22b-RE-scIgG was constructed successfully.
The recombinant protein was expressed as a formation of
inclusion bodies in the E. coli expression system, and a specific
band of 52 kDa that was consistent with the expected size of
the recombinant protein RE-scIgG could be visualized clearly
by 12% SDS-PAGE, whereas no band was found in lysates of
E. coli/pET-22b (�) cells (Fig. 3). SDS-PAGE showed that the
purity of the recombinant protein was about 95% after purifi-
cation in the Ni affinity column (Fig. 4). The recombinant
protein RE-scIgG could be recognized specifically by anti-
FMDV (type O) antibodies (Fig. 5).

Comparison of the potency of the multiple-epitope recom-
binant vaccine with a commercial vaccine in swine. The devel-
opment of protective antibody responses in natural hosts is
essential to the efficient prevention of viral infection. There-
fore, the potency of the multiple-epitope recombinant protein

was evaluated according to the titers of anti-FMDV specific
antibodies in swine. As shown in Table 2, high titers of anti-
FMDV specific antibodies were elicited in swine vaccinated
with the recombinant vaccine at 30 dpv. No significant differ-
ence in antibody titers was found between the multiple-epitope
recombinant vaccine and a traditional inactivated vaccine (t
test, P � 0.05). Like the traditional inactivated vaccine, the
multiple-epitope recombinant vaccine conferred full protection
against a challenge with 103 ID50 of the FMDV O/China/
99 strain in swine. The typical signs of FMD, including fever
(39 to 42°C), depression, anorexia, lameness, and the forma-
tion of vesicles, developed in all four feet and the snout of each
animal in the control group.

Potency of the multiple-epitope recombinant vaccine in
swine. The potency of the immunity induced by the multiple-
epitope recombinant vaccine was evaluated as recommended
in the OIE manual (2004 version). As shown in Table 3, high
titers of antibodies against FMDV were elicited in the swine.
The titers of anti-FMDV antibodies were lower when the dos-
age of the recombinant vaccine was reduced. One pig in the
group given 1/3 of a dose of the vaccine and three pigs in the
group given 1/9 of a dose of vaccine developed clinical signs of
FMDV, but the time of disease onset was delayed and the
severity of disease was reduced compared to that in the control

FIG. 3. SDS-PAGE analysis of recombinant protein RE-scIgG in
E. coli. Lanes: 1, protein molecular size markers; 2, expression of
plasmid pET-22b (�) induced with IPTG after 4 h; 3, expression of
recombinant plasmid pET-22b-RE-scIgG induced with IPTG after 4 h.

FIG. 4. Analysis of solubility of expressed RE-scIgG. Lanes: 1,
protein molecular size markers; 2, expression of recombinant plasmid
pET-22b-RE-scIgG preinduced with IPTG; 3, expression of recombi-
nant plasmid pET-22b-RE-scIgG induced with IPTG after 6 h; 4,
deposition of recombinant protein RE-scIgG after sonication; 5, pro-
tein RE-scIgG purified with Ni-NTA agarose resin.

FIG. 5. Western blotting of recombinant protein. Lanes: 1, protein
molecular size markers; 2, recombinant protein RE-scIgG reacted with
serum negative for FMDV; 3, recombinant protein RE-scIgG reacted
with positive serum from cattle infected with FMDV type O.

TABLE 2. Titers of antibodies against FMDV and swine challenge
test results

Group and no. of dpva Antibody titers Ratio of
protection (%)

Recombinant protein
0 �1:4, �1:4, �1:4, �1:4, �1:4 5/5 (100)
30 1:128, 1:90, 1:90, 1:64, 1:90

Inactivated vaccine
0 �1:4, �1:4, �1:4, �1:4, �1:4 5/5 (100)
30 1:128, 1:90, 1:64, 1:128, 1:64

PBS control
0 �1:4, �1:4, �1:4, �1:4, �1:4 0/3 (0)
1 �1:4, �1:4, �1:4

a dpv, days postvaccination.
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animals. All control swine were completely susceptible and
developed clinical signs and vesicles in the feet and snout. The
PD50 of 6.47 was higher than that recommended by the OIE
(3.0).

Duration of immunity induced by the multiple-epitope re-
combinant vaccine in swine. All three sets of the multiple-
epitope recombinant vaccine elicited strong immune responses
in swine. The titers of anti-FMDV antibodies reached a peak
at 30 dpv, a plateau developed from 30 to 90 dpv, and the levels
decreased gradually by 210 dpv. The high antibody titers (�1:
64) lasted for more than 120 days in swine. However, the titers
of anti-FMDV antibodies in 30% of the swine were signifi-
cantly decreased (�1:45) at 210 dpv (Tables 4). No significant
differences between the antibody titers elicited by multiple-
epitope recombinant vaccines A, B, and C in swine were ob-
served (t test, P � 0.05).

Virus neutralization antibodies. Table 3 shows that a full
dose of the multiple-epitope recombinant vaccine produced
high titers of FMDV-neutralizing antibodies (�1.65 log10 [vi-
rus neutralization test]), which met or exceeded the value rec-
ommended by the OIE. However, one pig in the group given
1/3 of a dose of vaccine and three pigs in the group given 1/9
of a dose of vaccine produced a low titer of neutralizing anti-
body (�1.65 log10 [virus neutralization test]) that did not meet
the value recommended by the OIE.

Lymphocyte proliferation assay. As shown in Fig. 6, higher
percentages of lymphocyte proliferation were obtained with
RE-ocIgG, which differed significantly from those of the con-
trol group (P � 0.01, t test), but there was no significant
difference between the traditional inactivated vaccine and the
multiple-epitope recombinant vaccine (P � 0.05, t test).

Virus isolation from heparinized blood and nasal swabs. All
control swine were positive for virus isolation from plasma and
nasal swabs from day 2 to day 9 after challenge. Four of five
clinically protected animals that were vaccinated with a full

TABLE 4. Titers of antibodies to FMDV induced in swine by three
batches of vaccine

No. of dpva and
vaccine batch Antibody titers

0
A .................................................�1:4, �1:4, �1:4, �1:4, �1:4
B .................................................�1:4, �1:4, �1:4, �1:4, �1:4
C .................................................�1:4, �1:4, �1:4, �1:4, �1:4

30
A .................................................1:360, 1:90, 1:180, 1:360, 1:256
B .................................................1:360, 1:360, 1:360, 1:360, 1:256
C .................................................1:90, 1:180, 1:180, 1:360, 1:90

60
A .................................................1:256, 1:90, 1:180, 1:360, 1:180
B .................................................1:360, 1:360, 1:256, 1:360, 1:180
C .................................................1:90, 1:180, 1:180, 1:256, 1:90

90
A .................................................1:180, 1:90, 1:180, 1:256, 1:180
B .................................................1:256, 1:256, 1:256, 1:256, 1:128
C .................................................1:90, 1:120, 1:90, 1:128, 1:90

120
A .................................................1:90, 1:90, 1:128, 1:256, 1:90
B .................................................1:90, 1:128, 1:128, 1:128, 1:128
C .................................................1:45, 1:90, 1:64, 1:90, 1:45

150
A .................................................1:45, 1:90, 1:90, 1:128, 1:90
B .................................................1:90, 1:128, 1:90, 1:90, 1:90
C .................................................1:45, 1:64, 1:64, 1:90, 1:45

180
A .................................................1:45, 1:90, 1:90, 1:90, 1:90
B .................................................1:64, 1:45, 1:90, 1:45, 1:90
C .................................................1:45, 1:45, 1:45, 1:90, 1:45

210
A .................................................1:22, 1:45, 1:64, 1:90, 1:90
B .................................................1:45, 1:45, 1:45, 1:64, 1:32
C .................................................1:22, 1:90, 1:22, 1:90, 1:22

a dpv, days postvaccination.

TABLE 3. Titers of antibodies against FMDV, protection ratios,
and PD50 in swine

Group
and no. of

dpva

LPB-ELISA antibody
titers

Log10 virus-neutralizing
antibody titers

Protection
ratio (%)c

Full dose
0 �1:4, �1:4, �1:4,

�1:4, �1:4
—b 5/5 (100)

30 1:128, 1:90, 1:64, 1:128,
1:64

1.98, 1.74, 1.81, 2.11,
1.81

1/3 dose
0 �1:4, �1:4, �1:4,

�1:4, �1:4
— 4/5 (80)

30 1:45, 1:64, 1:90, 1:64,
1:22

1.81, 1.74, 1.68, 1.68,
1.38

1/9 dose
0 �1:4, �1:4, �1:4,

�1:4, �1:4
— 2/5 (40)

30 1:22, 1:11, 1:64, 1:22,
1:45

1.20, 1.08, 1.68, 1.38,
1.68

Negative
0 �1:4, �1:4, �1:4 — 0/3 (0)
30 �1:4, �1:4, �1:4 —

a dpv, days postvaccination.
b —, no detectable neutralizing antibodies to FMDV type O.
c The PD50 was 6.47.

FIG. 6. Profile of lymphocyte proliferation from PBMC prior to or
after stimulation. N, negative control; BSA, a noncorrelated antigen con-
trol. Antigen, purified FMDV (type O) whole-virus antigen. ConA, con-
canavalin A, a nonspecific stimulator of lymphocyte proliferation used as
a positive control.
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dose of vaccine were negative for virus isolation from plasma
and nasal swabs. Only one pig in this group was positive for
virus isolation from nasal swabs on days 3 to 5 postchallenge,
but no virus was recovered from plasma at that time.

Detection of antibodies to NSP of FMDV. Antibodies to NSP
of FMDV could be detected in two of three pigs in the control
group for the first time at either 7 or 9 days postinfection. All
swine vaccinated with the multiple-epitope recombinant vac-
cine produced no detectable antibodies to NSP of FMDV
throughout the duration of the experiment.

DISCUSSION

Vaccination is still one of the most important policies for the
control and prevention of FMD. However, the chemically in-
activated whole-virus vaccines are not advocated in most de-
veloped countries because of the disadvantages mentioned
above. In 2001, an epidemic of FMD in the United Kingdom
had a disastrous impact on the livestock industry and led to
ardent discussions of the policies for the control and preven-
tion of FMD in the future. Development of a safe, effective,
and novel vaccine to replace the traditional vaccines is neces-
sary for the control and eradication of FMD worldwide.

In this study, we improved a multiple-epitope recombinant
vaccine against FMDV type O in swine. This vaccine not only
elicited high titers of anti-FMDV specific antibodies and
strong lymphocyte proliferation responses but offered com-
plete protection against a challenge with 103 ID50 of the
FMDV O/China/99 strain in swine. Notably, the recombinant
vaccine elicited long-lasting immunity (6 months) in swine af-
ter a single vaccination, which is consistent with a vaccine of
high potential reported previously (9, 16). In particular, the
PD50 of 6.47 (Kärber) was 2-fold higher than the 3.0 recom-
mended in the OIE manual (2004 version). Although FMDV
was recovered from the nasal swabs from one clinically pro-
tected pig 3 to 5 days after a challenge, no vaccinated pig
showed viremia during the trial period. In addition, swine
vaccinated with a full dose of the multiple-epitope recombi-
nant vaccine remained negative for antibodies to the NSP of
FMDV after a challenge. These results suggest that our vac-
cine can elicit a strong immune response and offer sterilize
immunity in swine. Previous reports have demonstrated that
vaccination can induce rapid clinical protection against a chal-
lenge in the natural hosts (15, 20). In addition, other reports
have indicated that the cellular immune responses and func-
tional cytokines, such as type I and II interferons, can offer
clinical protection in swine (10, 21, 28, 32, 33). Therefore, in
addition to high titers of neutralizing antibodies, the cellular
immune responses and antiviral and/or immunomodulatory
molecules play a very important role in conferring clinical
protection in the natural hosts. In our study, a vaccine was
developed by genetic engineering that showed a high potential,
which may be explained as described below. First, the immu-
nogenicity of antigenic epitopes can be enhanced significantly
by increasing the number of antigenic epitopes. Second, pro-
tein IgG molecules may prolong the half-life of the antigenic
epitopes in vivo and show an improved ability to deliver pep-
tides to the major histocompatibility complex molecules in situ
(43). Therefore, the recombinant RE-scIgG protein may stim-

ulate the immune system to produce persistent immune re-
sponses against the specific epitopes in vivo (8, 42).

The multiple-epitope recombinant vaccine has numerous
advantages as an alternative to traditional vaccines. First, a
recombinant protein can be developed by genetic engineering
and does not involve the use of infectious factors, including
RNA and live virus. Second, a recombinant protein, being a
denatured protein, can be stored easily. Third, an expressed
recombinant protein accounts for more than 50% of the total
cellular protein, and the purity of the target protein is greater
than 95%. This fusion protein is purified easily with an affinity
column, and the production costs can therefore be reduced,
which is one of the most important factors in vaccine produc-
tion. In comparison with expression systems that involve insect
or mammalian cells, a large quantity of protein can be obtained
easily from the E. coli expression system. Fourth, the develop-
ment of a multiple-epitope recombinant vaccine is easier than
that of a traditional inactivated vaccine because of the use of
genetic engineering and bioinformatics. Finally, multiple-
epitope recombinant vaccines do not elicit antibodies against
NSP of FMDV and therefore NSP tests can be used to distin-
guish vaccinated from infected animals (25, 26, 35).

In conclusion, we have developed a multiple-epitope recom-
binant vaccine against FMDV type O in swine. This multiple-
epitope recombinant vaccine can elicit high titers of anti-
FMDV specific antibodies and confer complete protection
against a challenge in swine. The PD50 of 6.47 met or exceeded
the value recommended by the OIE. This novel multiple-
epitope recombinant vaccine could replace the traditional in-
activated vaccines and may be used for the control and erad-
ication of FMD in the future.
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