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Abstract

In this study, two recombinant plasmids containing the ORF2 gene of porcine circovirus type 2 (PCV2) with or
without porcine interleukin-18 (/L-18) were constructed and evaluated for their ability to protect piglets against
PCV2 challenge. Transient expression of the plasmids in PK-15 cells could be detected using Western blot.
Piglets were given two intramuscular immunizations 3 weeks apart and were challenged with a virulent Wuzhi
strain of PCV2 at 42 days after the initial immunization. All animals vaccinated with pPBudCE4.1-ORF2 or with
pBudCE4.1-ORF2/IL18 developed PCV2-specific antibody and T-lymphocyte proliferative responses. The levels
of T-lymphocyte proliferation in piglets immunized with pBudCE4.1-ORF2/IL18 were significantly higher than in
those immunized with pBudCE4.1-ORF2, and pBudCE4.1-ORF2/IL18 stimulated a significantly increased pro-
duction of IFN-y and IL-2. Furthermore, PCV2 challenge experiments showed that the DNA vaccine-immunized
groups can partially prevent PCV2 viremia and significantly reduce the amount of PCV2 virus in the lymphoid
tissues, and the piglets immunized by pBudCE4.1-ORF2/IL18 exhibit a marked inhibition of PCV2 replication
compared to the pBudCE4.1-ORF2 group. These data demonstrate that the plasmid pBudCE4.1-ORF2/IL18 may

be an effective approach for increasing PCV2 DNA vaccine immunogenicity.

Introduction

ORCINE CIRCOVIRUS TYPE 2 (PCV2), classified as a
member of the Circoviridae family, is an etiologic agent
that is associated with postweaning multisystemic wasting
syndrome (PMWS), resulting in great economic losses in
many swine-producing countries (2,29). PCV2 is a small
nonenveloped single-stranded circular DNA virus with a
1,767 nucleotide (nt) or 1,768 nt ambisense genome that
contains at least two major open reading frames (ORF1 and
ORF2) (16). ORF1 encodes the replication proteins (Rep and
Rep’) involved in rolling circle PCV2 DNA replication, and
ORF?2 encodes the major structural Cap protein (20). Studies
of candidate antigens involved in protective immunity
against PCV2 have focused mainly on the Cap protein.
Neutralizing monoclonal antibodies to PCV2 react with the
Cap protein (18), and neutralizing sera from pigs have also
been shown to recognize this protein (28).
Immunization against PCV2 has been studied intensely and
found to be the most effective strategy for protecting pigs to

date (11,13,21). However, the current vaccines do have some
disadvantages. Viral titers of the commercially inactivated
whole virus, expressed as 50% tissue culture infectious dose
(TCIDso) per milliliter, obtained from PK-15 cell cultures
are usually low. The subunit vaccines are the PCV2 capsid-
based subunit vaccines expressed in a Baculovirus vector
with high cost. Currently, the commercially inactivated whole
virus versus subunit vaccines cause low antibody levels, and
the duration of immunity available ranges from 4 to 6 months
(12,21,30). Multi-immunization is therefore required to achieve
a lasting and efficient immunity response, which increases the
cost for farms (9,26). Thus, development of new-generation
vaccines is necessary to control PCV?2 infection. Direct injec-
tion of plasmid DNA has been used as a promising approach to
protect animals and humans against pathogens (34,35). DNA
vaccines against PCV2 have been investigated, which often
have limited efficacy and need two or three immunizations to
achieve a good level of immunity (1,3,8). DNA vaccines often
have limited efficacy. Therefore, methods to augment the im-
munogenicity of PCV2 vaccines are desirable.
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Interleukin-18 (IL-18), also known as interferon-gamma
(IFN-y)—inducing factor due to its ability to stimulate T-
helper 1 (Thl) cells to secrete IFN-y, has been widely used
as an adjuvant to enhance immune responses of many vac-
cine antigens. IL-18 is a pleiotropic cytokine that plays an
important role in both innate and acquired immunity (23).
Similar to IL-12, IL-18 facilitates Th1 immune responses,
and depending on the cytokine constellation, IL-18 may also
promote Th2 type responses. As a vaccine adjuvant (15,19)
and an immunomodulatory molecule, IL-18 modulates the
immune response toward a Thl type and enhances the im-
mune responses to DNA vaccines (19,33).

In this study, two recombinant plasmids—pBudCE4.
1-ORF2/IL18 and pBudCE4.1-ORF2—containing the ORF2
gene of PCV2 with or without porcine IL-18 were con-
structed. The immunogenicity of the two recombinant
plasmids was investigated using a piglet model. Further-
more, the protective effects of pBudCE4.1-ORF2/IL18
vaccination were compared with those of pPBudCE4.1-ORF2
vaccination against PCV2.

Materials and Methods
Cell, virus, and experimental animals

The PK-15 cell line was purchased from China Institute
of Veterinary Drug Control, Beijing, China, and maintained
in minimal essential medium (GIBCO BRL, Gaithersburg,
MD) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; GIBCO BRL). PK-15 cells were free of por-
cine circovirus type 1 (PCV1) and PCV2 according to poly-
merase chain reaction (PCR) analyses, and were selected
through a serial screening for their high PCV2 yield. The
Wuzhi strain of PCV2 was originally isolated from the
lymph nodes of an 8-week-old pig with naturally occurring
PMWS and serially passaged 25 times in PK-15 cells. The
virulent PCV2 Wuzhi isolate belonged to the PCV2b ge-
notype according to phylogenetic analysis, and was propa-
gated in a PK-15 subclone cell line. The genome sequence
of PCV2 strain Wuzhi has been deposited in GenBank under
accession no. HQ650833.

The 3-week-old crossbred piglets, which were negative for
PCV?2 infections according to PCR analyses, were purchased
from the Laboratory Animal Center, Zhengzhou University,
Zhengzhou, China, and raised in automatic extrusion-
independent venting isolation cages (Fengshi Laboratory
Animal Equipment Co. Ltd., Jiangsu, China). The selected
animals were provided commercial diets and water ad libi-
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tum, and allowed to acclimatize for 7 days before the PCV2
vaccination. All animal procedures were in accordance with
the Guidelines for the Care and Use of Animals at Henan
Agricultural University (license number SCXK (Henan)
2011-0001), and were reviewed and approved by the Henan
Agriculture University Animal Care and Use Committee.

Construction of recombinant eukaryotic
expression plasmids

The eukaryotic co-expression vector pBudCE4.1 (Invitro-
gen, Carlsbad, CA) contains the human cytomegalovirus
(CMV) immediate-early promoter and the human elongation
factor-1lalpha subunit (EF-1o) promoter for high-level, con-
stitutive, independent expression of two recombinant pro-
teins. The ORF2 gene was amplified by PCR from the
virulent PCV2 Wuzhi strain using specific primers: ORF2fs
and ORF2rs (Table 1). The PCR reaction mixture consisted
of 3 uLL template DNA, 12 uL. rTaq (Takara Bio, Inc., Shiga,
Japan), 0.5 uLL of each primer (25 uM), and ddH,O to a total
volume of 25 uL.. The reaction was performed by preheating
for 5 min at 95°C, followed by 35 cycles at 94°C for 30 sec, at
58°C for 50 sec, and at 72°C for 1 min, with a final extension
for 10min at 72°C. The ORF2 gene was digested with Sal 1
and Sca I, and then cloned into the Sal I and Sca 1 sites of
the vector pBudCE4.1 under the control of the CMV pro-
moter to generate the plasmid pBudCE4.1-ORF2. Another
pair of specific primers—plIL18fs and pIL18rs—for am-
plifying the porcine /L-18 gene was designed as shown in
Table 1. Porcine IL-18 gene was amplified by PCR from
previously cloned cDNA constructs (GenBank accession No.
DQ499825) using the porcine IL-18—specific primers, and the
PCR reaction mixture was as described above. The reaction
was performed by preheating for 5 min at 95°C, followed by
35 cycles at 94°C for 30sec, at 60°C for 50 sec, and at 72°C
for 1 min, with a final extension for 10 min at 72°C. The PCR
amplification was digested with Not I and Xho I and then
inserted into the Not I and Xho 1 sites of the EF-1a promoter
in the pBudCE4.1-ORF2 construct. The resulting plasmids—
pBudCE4.1-ORF2 and pBudCE4.1-ORF2/IL18 (Fig. 1)—
were used to transform into Escherichia coli DH5o and se-
quenced to ensure correct insertions.

Preparation of DNA plasmids and transient expression
in PK-15 cells

Functional antigen expression from the constructed DNA
plasmids was confirmed by Western blot. The eukaryotic

TABLE 1. PRIMERS USED FOR PCR AMPLIFICATION OF TARGET GENES IN THIS STUDY

Restriction Expected
Target gene Primer Sequence®(5'-3') site product (bp)
PCV2 ORF2 ORF2fs CTT AGT CGA CAT GAC GTA TCC AAG GAG Sal 1 722
ORF2rs CGG GAG TAC TAT TCA TTA AGG GTT AAG Sca 1
Porcine IL-18 pIL18fs TAA GCG GCC GCA TGT ATA AGA TGC AGC T Not 1 599
pIL18rs CGT CTC GAG TCA AGT CAG TGT TG Xho 1
PCV2 ORF1 ORFIlfs TGG GTG TGG CAA AAG CAA ATG 191
ORFlrs TAG TCT CAA CAG TCA AAG GAT

“The restriction enzyme sites used for the construction are underlined.

PCR, polymerase chain reaction; PCV2, porcine circovirus type 2.
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EF-1a Promoter

FIG. 1.
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EF-1a Promoter

Map of pBudCE4.1-ORF2 and pBudCE4.1-ORF2/IL18. pBudCE4.1-ORF2 was constructed by cloning the PCV2

ORF?2 gene into the Sal I and Sca I sites of CMV MCS of pBudCE4.1. To generate pBudCE4.1-ORF2/IL18, the porcine /L-
18 DNA fragment was inserted into the Not I and Xho I sites of the constructed pBudCE4.1-ORF2 plasmid in the frame with

the PCV2 ORF?2 gene.

expression plasmids pBudCE4.1-ORF2, pBudCE4.1-ORF2/
IL18, and pBudCE4.1 were purified using PureYield™
Plasmid Midi-prep System (Promega, Madison, WI) as spec-
ified by the manufacturer, and dissolved in endotoxin-free
phosphate-buffered saline (PBS, pH 7.2).

PK-15 cells were grown to approximately 80% confluence
prior to transfection of the purified plasmids using Lipofecta-
mine™ 2000 Reagent according to the manufacturer’s in-
structions (Invitrogen). Three days after transfection, the total
cellular lysates were collected and electrophoresed through
an SDS-12% polyacrylamide gel. Afterwards, proteins were
then transferred onto a nitrocellulose membrane (Bio-Rad,
Hercules, CA) as described previously (7). The blots were
probed with mouse anti-PCV2 mAb (Rural Technologies, Inc.,
Brookings, SD) or mouse anti-porcine IL-18 mAb (produced
by our laboratory, unpublished data), washed, and exposed to
horseradish peroxidase (HRP)-labeled anti-mouse IgG anti-
body (Southern Biotechnology Associates, Inc., Birmingham,
AL). The blots were then developed by adding the substrate
3,3",5,5 -tetramethylbenzidine (Promega).

Experimental design and detection
of PCV2-specific antibodies

For vaccination, 20 four-week-old piglets were randomly
divided into four groups of five piglets each. Two groups of
five piglets were immunized with pBudCE4.1-ORF2/IL18
or pBudCE4.1-ORF2 in a total volume of 1 mL in PBS pH
7.2 (300 pg per piglet).

Other groups included piglets administered with 300 ug
of empty vector pBudCE4.1 (group 3), and piglets injected
with 1 mL PBS only (group 4). All groups were vaccinated
intramuscularly on one side of the neck at 4 weeks and
boosted on the same side with an equivalent dose at 3 weeks
after the initial inoculation.

At 0, 1,2,3,4,5, and 6 weeks after the initial immuniza-
tion, blood samples from all piglets were collected via the
vena cava. Total serum immunoglobulin G (IgG) specific for
PCV2 was measured by enzyme-linked immunosorbent assay
(ELISA) according to a previous described method (31).
Briefly, ELISA plates were coated overnight at 4°C with PCV2
lysates as an antigen, and then blocked with 5% skim milk.
Serum samples were tested at 1:20 dilution, and IgG against

PCV2 was detected with HRP-labeled goat-anti-swine con-
jugate. The substrate 3,3’,5,5'-tetramethylbenzidine (TMB;
Sigma-Aldrich, Shanghai, China) was used to visualize the
reaction. The optical density at 450 nm was measured in an
ELISA microplate reader. Sera were run in duplicate. Negative
and positive control sera were included in each assay. Total
serum IgG specific for PCV2 are represented by the optical
density.

Peripheral blood lymphocyte proliferation assay

Peripheral blood lymphocyte proliferation assay was
performed according to a previous described method (6).
Briefly, blood samples from all piglets were collected at 21
days after the boost immunization. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from each blood sam-
ple by Ficoll-Paque density gradient centrifugation, and
seeded in a 96-well plate in triplicate. Cells were stimulated
for 60h at 37°C in 5% CO, with 5 ug/mL concanavalin A
(Con A; positive control), 5 ug/mL purified Cap antigen
(specific antigen) from PCV2, 5 ug/mL bovine serum al-
bumin (BSA; irrelevant antigen), or medium alone (nega-
tive control). A 20 uL aliquot of CellTiter 96 Aqueous One
Solution Reagent (Promega) was added into each well ac-
cording to the protocol provided by the manufacturer. The
absorbance at 490 nm was measured after incubation for 4 h
at 37°C.

Cytokine release assays

The effect of pBudCE4.1-ORF2 and pBudCE4.1-ORF2/
IL18 on the generation of Thl and Th2 phenotypes was
investigated. PBMCs as isolated above were resuspended at
5x10°/mL and seeded (3 x 10° cells/well) in a 24-well plate
in triplicate. Cells were incubated for 24h at 37°C with
500 uL PCV2 (10°*TCIDsy/mL) purified by sucrose density
gradient centrifugation or 500 uL. complete RPMI medium
alone (negative control). Culture supernatants were har-
vested, and IFN-y, IL-2, and IL-4 were detected by using
commercially available swine IFN-y, IL-2, and IL-4 sand-
wich ELISA kits (Biosource, Camarillo, CA) according to
the manufacturer’s instructions. The concentrations of swine
IFN-y, IL-2, and IL-4 in the samples were determined from
appropriate standard curves.
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Virus challenge experiment

At 42 days after the initial immunization, all piglets from
each group were challenged with 5mL (2.5 mL intranasally
and 2.5mL intramuscularly) of the virulent PCV2 Wuzhi
strain (10%® TCIDsy/mL; GenBank accession no. HQ650833).
Blood samples were collected at the time of challenge and on a
weekly basis thereafter, and sera were stored at —80°C. All
piglets in each group were euthanized with an intravenous
overdose of sodium pentobarbital on day 28 after the virus
challenge. Necropsies were performed immediately postmor-
tem, and heart, liver, spleen, lung, and lymph node were col-
lected to measure the amounts of PCV2 antigens.

SYBR green | real-time PCR for evaluation of viremia

Viral DNA was extracted from the serum samples after the
virus challenge using a commercial test kit (QIAamp DNA
Mini Kit; Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions, and used to quantify the PCV?2 genomic
DNA copy numbers by SYBR green I real-time PCR. Poten-
tial primer sequences were identified by determination of se-
quence regions conserved across all available PCV2 genome
sequences and not found in PCV1 genomes, and required to be
closely matched in predicted annealing temperature with show
little potential for dimerization and self-interaction. The
primers (Table 1) were selected using the Primer Express v2.0
software, and were based on a highly conserved sequence
within the ORF]1 region of PCV2 genome.

The SYBR green I real-time PCR assay was performed in
a total volume of 25 uL.. Each reaction mixture contained
2 ul. DNA, 12.5 uL. 2XSYBR Green PreMix, and 0.5 uLL of
20 uM each primer and 9.5 uL. ddH,O. All reactions were
conducted in triplicate on an ABI7500 (Applied Biosystems.
Foster City, CA).The reaction condition was 95°C for 5 min,
followed by 40 cycles of denaturation at 95°C for 15 sec, an-
nealing at 55°C for 10 sec, and extension at 72°C for 15 sec.
For a standard curve, serial dilutions of plasmid pORF1 (the
ORF1 gene cloned into the pPGEM-T Easy Vector) were used
to quantify the virus genomic copy number. The numbers of
virus copies for each sample were presented as the mean value
of triplicate reactions.

Immunohistochemistry

The PCV2-specific antigens were detected by using im-
munohistochemistry (IHC) from the heart, liver, spleen,
lung, and lymph node collected during the necropsy on day
post-challenge (DPC) 28. A mouse anti-PCV2 mAb was
used for THC following procedures described previously (9).
The amount of PCV2 antigen distributed in these tissues was
scored in a blinded fashion by assigning a score ranging
from O for no signal to 3 for a strong positive signal. The
mean score was determined for each tissue and compared
between groups.

Statistical analysis

As to the analysis of the data, normality in the repeated
measures was tested with the Shapiro-Wilk test, while ho-
mogeneity of variance was tested using Levene’s test. Dif-
ferences between groups were analyzed by one-way analysis
of variance (ANOVA) using the SPSS for Windows v12.0
(SPSS, Inc., Chicago, IL) and Statistical Analysis System
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(SAS) for Windows v6.12 (SAS Institute, Inc., Cary, NC).
p-Values of <0.05 were regarded as significant, and those
<0.01 were regarded as highly significant.

Results
Confirmation of functional antigen expression

Prior to vaccination, the Cap and porcine IL-18 proteins
secreted by the transfected PK-15 cells were assessed by
Western blot analysis using anti-PCV2 mAb and anti-porcine
IL-18 mAb. One band with a molecular weight of 27.9 kDa
(Cap protein) was detected in transfected cells with both
pBudCE4.1-ORF2 and pBudCE4.1-ORF2 /IL18, and one
band (porcine IL-18, 22.9kDa) was detected in transfected
cells with pBudCE4.1-ORF2 /IL18, but not in cells trans-
fected with pBudCE4.1 (data not shown). These data dem-
onstrate that the ORF2 and IL-18 genes were expressed in
the PK-15 cells.

Antibody responses to PCV2 in piglets vaccinated
with recombinant plasmids

Antibody responses in sera were determined by ELISA
using PCV?2 lysates as a coating antigen. PCV2-specific anti-
body titers reached detectable levels in piglets immunized with
pBudCE4.1-ORF2/IL18 2 weeks after initial immunization,
and further increases in antibody levels were observed sub-
sequently (Fig. 2), whereas in piglets immunized with
pBudCE4.1-ORF2, PCV2-specific antibody could be detected
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FIG. 2. The antibody response to PCV2 assayed by enzyme-
linked immunosorbent assay (n=35; i.e., number of pigs
analyzed in each experimental group). Piglets were immu-
nized with pBudCE4.1-ORF2/IL18 or pBudCE4.1-ORF2.
pBudCE4.1 and phosphate-buffered saline (PBS)—immunized
groups were used as negative controls. Three weeks after the
first injection, the second injection was offered at the same
dose as before. (The time of vaccination is indicated with
black arrows.) All piglets from each group were challenged
with the virulent PCV2 Wuzhi strain at 42 days (white arrow)
after the initial immunization. Sera were collected weekly via
the vena cava. Values are expressed as mean absorbance
values * standard error. *p <0.05 (compared with pBudCE4.1
or PBS).
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3 weeks after initial immunization. Higher total levels of
PCV2 Ag-specific antibodies were induced by pBudCE4.1-
ORF2/IL18 compared with those induced by pBudCE4.
1-ORF2, although this difference did not reach the level of
statistical significance (p>0.05). No PCV2-specific antibody
responses were detected in piglets inoculated with pBudCE4.1
or PBS before the challenge. All groups had increased levels of
serum antibodies against PCV2 following the challenge.

Cap-protein—specific T-cell proliferation

To determine whether T-cell proliferation response to the
DNA vaccine encoding the Cap protein may be boosted by
porcine IL-18, we examined the PBMCs from the vacci-
nated piglets for antigen-specific T-cell proliferation. As
shown in Figure 3, antigen-specific T-lymphocyte prolifer-
ation responses in piglets were induced following DNA
immunization. There was a significant difference (Fig. 3;
p<0.05) between the vaccine groups and the negative con-
trol groups (pBudCE4.1 and PBS separately). The SI in the
pBudCE4.1-ORF2/IL18 group was higher than that in the
pBudCE4.1-ORF2 group (Fig. 3; p<0.05). The Con A con-
trol group showed a stimulation index of 4 to 5. These re-
sults indicate that the DNA vaccine candidates induced
T-lymphocyte proliferation and that the SI could be mark-
edly increased by porcine IL-18.

Levels of Th1 and Th2 cytokines

The concentrations of all three cytokines increased to
varying extents in the vaccine groups compared with con-
trols, as shown in Figure 4. Higher levels of IL-4 were
detected in the vaccine groups compared with those in the
control groups (Fig. 4; p<0.05), although the levels in the
pBudCE4.1-ORF2 and pBudCE4.1-ORF2/IL18 groups were
statistically comparable (p>0.05). However, the IL-2 and
IFN-y levels increased significantly following immunization
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FIG. 3. Peripheral blood T-lymphocyte proliferation assay
(n=35; i.e., number of pigs analyzed in each experimental
group). Five peripheral blood samples from five piglets in
each group were collected via the vena cava at 21 days after
the boost immunization. Values are expressed as mean SI-
value * standard error. *p <0.05 (compared with pBudCE4.1
or PBS); **p<0.05 (compared with pBudCE4.1-ORF2).
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FIG. 4. Levels of cytokine production from peripheral
blood mononuclear cells after the capsid protein stimulation
in vitro (n=5; i.e., number of pigs analyzed in each experi-
mental group). Five peripheral blood samples from five pig-
lets in each group were collected via the vena cava at 21 days
after the boost immunization. Values are expressed as mean
counts * standard error. *p <0.05 (compared with pBudCE4.1
or PBS); **p<0.05 (compared with pBudCE4.1-ORF2).

with pBudCE4.1-ORF2/IL18 compared with pBudCE4.1-
ORF2 (Fig. 4; p<0.05). This profile of cytokine secretion
suggests that porcine IL-18 enhances the induction of im-
mune responses by promoting a Thl-dominant response.

Incidence and amount of PCV2 DNA in serum

The genomic DNA of PCV2 in sera was quantified by SYBR
green | real-time PCR. PCV2 DNA was not detected in any of
the serum samples on the day of the challenge. As shown in
Figure 5SA, in the pBudCE4.1-ORF2/IL18-immunized group,
one out of five piglets had PCV2 viremia at 21 days after the
PCV2 challenge, and no viremia was observed at 28 days
after the PCV2 challenge, whereas in the pBudCE4.1-
ORF2-immunized group, three out of five piglets had PCV2
viremia at 21 days after the PCV2 challenge, and the PCV2
viremia in one out of five piglets persisted for at least 28
days. However, in control groups immunized with either the
pBudCE4.1 control vector or PBS, all piglets had PCV2
viremia, which persisted for at least 28 days. In addition, the
piglets immunized with either the pBudCE4.1 control vector
or PBS exhibited an increase in the level of viremia com-
pared with those immunized with pBudCE4.1-ORF2/IL18
and pBudCE4.1-ORF2 (Fig. 5B), but this difference was not
significant (p>0.05).

Detection of the PCV2 antigen in tissues

The incidences of the PCV2 antigen in tissues at necropsy
(DPC 28) were determined by IHC for groups. As shown in
Table 2, PCV2 antigen was detected in the lymph nodes and
lung from one out of five piglets immunized with
pBudCE4.1-ORF2/IL18, whereas it was detected in all the
organs from piglets immunized with pPBudCE4.1-ORF2, and
PCV2 antigen was detected in the lymph nodes from three
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FIG. 5. Incidence and amount of PCV2 DNA in serum quantified by SYBR green I real-time polymerase chain reaction.
(A) PCV2 prevalence in the serum of pigs following intranasal and intramuscular inoculations with PCV2. (B) The mean
viral load of the PCV2-positive pigs (Log;,) from different groups. Values are expressed as mean counts * standard error.

out of five piglets in the pBudCE4.1-ORF2-immunized Plasmids expressing IL-18 have been investigated as
group. The amounts of PCV2 antigen in piglets immunized potential vaccine adjuvants in several studies and have been
with pBudCE4.1 or PBS were significantly higher than those ~shown to increase protective immunity by DNA vaccine
in the piglets immunized with pBudCE4.1-ORF2/IL18 and against pathogens (19,36). Here, we selected porcine 1L-18
pBudCE4.1-ORF2 in the lung and lymph nodes (p<0.05). as an adjuvant to improve the immunogenicity of a PCV2
In addition, compared with piglets immunized with either DNA vector vaccine in a PCV2 challenge model. In this
the pBudCE4.1 control vector or PBS, those immunized study, the pBudCE4.1-ORF2/IL18 and pBudCE4.1-ORF2
with pBudCE4.1-ORF2/IL18 and pBudCE4.1-ORF2 ex- plasmids were constructed containing the ORF2 gene with
hibited a reduction in the amounts of PCV2 antigen in the or without porcine IL-/8 based on the plasmid pBudCE4.1.
heart, liver and spleen, although these differences were not  Furthermore, investigation of the protective effects of ex-
significant (p>0.05). perimental immunization with recombinant plasmids in a
PCV2-challenge model revealed that vaccination with the co-
expression pBudCE4.1-ORF2/IL18 plasmid induced stronger
immune responses than vaccination with pBudCE4.1-ORF2.
Recently, a newly recognized PCV2 variant, genotype Thus, these observations indicate that vaccination with
PCV2b, and a shift from PCV2a to PCV2b were identified pBudCE4.1-ORF2/IL18 co-expressing the PCV2 Cap protein
concurrently around the world (14). PCV2a and PCV2b and IL-18 elicits a potent specific immune response.
genotypes share an identity of approximately 95% (32). The The activation and the proliferation of lymphocytes play a
current commercial vaccines are based on PCV2a genotype. critical role in both the humoral and cellular immune responses
Cross-protection between PCV2a and PCV2b genotypes is  induced by vaccination. Therefore, the influence of vaccina-
further supported by the efficacy of PCV2a-based vaccines tion with pBudCE4.1-ORF2/IL18 and pBudCE4.1-ORF2 on
under field conditions (5,24,27). However, PCV2-associated  the antigen-specific T-cell proliferation response was investi-
diseases (PCVAD) outbreaks in vaccinated herds do occur gated. Piglets immunized with pBudCE4.1-ORF2 exhibited a
(25). Thus, a new generation of PCV2 vaccines based on specific T-cell proliferative response. However, response in
PCV2b genotype is necessary. pBudCE4.1-ORF2/IL18-immunized piglets was significantly
IL-18 is an important cytokine with multiple functions in  higher (p <0.05), suggesting that porcine IL-18 stimulates T-
innate and acquired immunity (17). Similar to IL-12, the cell proliferation. Similar results were also reported by Yin
dominant function of IL-18 is to facilitate Thl immune et al. (36) and Zhu et al. (37). These data clearly show that IL-
responses. 18 is a strong adjuvant that enhances vaccine potency.

Discussion

TABLE 2. IMMUNOHISTOCHEMISTRY DETECTION RESULTS AND MEAN SCORE IN THE TISSUES OF P1GS AT NECROPSY
28 DAYS FOLLOWING INTRANASAL AND INTRAMUSCULAR INOCULATIONS WITH PCV2

No. of piglets with IHC detection positive/total Mean score®
Group Heart  Liver Spleen Lung Lymph node  Heart Liver Spleen Lung  Lymph node
pBudCE4.1- 0/5 0/5 0/5 1/5 1/5 0.0£0.00 0.0£0.00 0.0£0.00 0.2+0.45 0.4£0.72
ORF2/IL18
pBudCE4.1- 1/5 1/5 1/5 1/5 3/5 0.2+0.57 0.0£0.00 0.2+0.75 0.4+0.65 0.6%+0.43
ORF2
pBudCEA4.1 3/5 3/5 4/5 4/5 5/5 0.8+0.39 1.0+£0.45 1.4+0.71 1.8£0.39* 2.6+0.62*
PBS 3/5 3/5 4/5 5/5 5/5 1.0+£0.73 1.2£0.55 1.6£0.55 2.0+0.71* 2.8+0.63*

“Values are the mean estimated amounts of the PCV2 antigen in the tissues (range: 0, no antigen detected; 3, high amounts of antigen).
*p <0.05 (compared with pBudCE4.1-ORF2/IL18 or pBudCE4.1-ORF2).
IHC, immunohistochemistry; PBS, phosphate-buffered saline.
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To demonstrate whether the DNA vaccine induces a
sufficiently protective immune response, the immune re-
sponses of 4-week-old piglets were analyzed by ELISA
antibody titers. All DNA vaccine-immunized groups pro-
duced PCV2-specific antibodies at 21 days after vaccination,
and further increases in antibody levels were observed sub-
sequently (Fig. 2). The level of specific antibodies in-
duced in the pBudCE4.1-ORF2/IL18-immunized group was
slightly higher but not significantly different (p>0.05) than
that induced in the pBudCE4.1-ORF2 group from the sec-
ond week after vaccination. However, the pBudCE4.
1-ORF2/IL18-immunized group had better inhibition of
viruses than the pBudCE4.1-ORF2-immunized group. Fur-
thermore, PCV2 antigen was detected only in the lung and
lymph node from one out of five piglets immunized with
pBudCE4.1-ORF2/IL18 on day 28 after challenge, whereas
for pBudCE4.1-ORF2-immunized piglets, low amounts of
PCV2 antigen were detected in all the organs. The results
show that the piglets immunized with pBudCE4.1-ORF2/
IL18 exhibited a marked inhibition of PCV2 replication
compared to the pBudCE4.1-ORF2 group, demonstrating
that the absolute levels of antibody cannot be used alone to
evaluate the immunoprotective effects of a vaccine. The re-
sults suggest that the cellular immunity of PCV2 is also very
important for the protection of the pig from the challenge,
which is similar to results reported by Fenaux et al. (9).

Viral clearance for PCV2 infection can be mediated by
cell-mediated responses. It has become evident that T-cell—-
mediated immunity via inducing a strong Cap-specific Thl
immune response is essential for effective protection against
PCV2 infection (22). The function of IL-18 (also known as
IFN-y inducing factor) is reflected in the enhancement of
cell-mediated immunity and in regulating both Thl- and
Th2-driven immune responses. Therefore, it can be specu-
lated that the protective immunity resulting from vacci-
nation with pBudCE4.1-ORF2/IL18 can be attributed to
enhanced cell-mediated immunity, demonstrated by in-
creased splenocyte proliferation and increased levels of
cytokine (IL-2 and IFN-y) production. In this study, the
T-lymphocyte proliferative responses and the profile of cy-
tokine secretion suggest that porcine IL-18 enhances the
induction of immune responses by promoting a Th1-domi-
nant response. These findings are consistent with the results
of other studies of the use of IL-18 plasmids as adjuvants in
DNA vaccines (17,36). Therefore, porcine IL-18 is impli-
cated as a broadly effective Thl adjuvant suitable for the
development of PCV2 vaccines.

We verified the ability of the pBudCE4.1-ORF2/IL18
plasmid to express Cap protein both in vitro and in vivo by
demonstrating the induction of antibodies in piglets immu-
nized with the plasmid. Using DNA-based immunization
rather than more conventional methods has several advan-
tages. First and foremost, it eliminates the need for per-
forming conventional antigen preparation, which is rather
laborious. Furthermore, DNA-based immunization enables
the use of a very pure immunogen, since plasmid prepara-
tions can readily be purified from protein contaminants.
Finally, DNA immunization has been shown to be capable
of inducing immunity irrespective of the presence of ma-
ternally derived antibodies (4,10). The strong immunoge-
nicity of ORF2/IL18-encoding plasmid in piglets suggests
that the pBudCE4.1-ORF2/IL18 plasmid may be useful in
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the control of PCV2 infections on both an individual and a
population basis, even in the presence of maternally derived
immunity.

This study demonstrates the induction of both antibody
and T-cell responses that provide protection against PCV2
challenge in piglets in response to co-expression of the
Cap protein from the PCV2 and porcine IL-18 via the
pBudCE4.1-ORF2/IL18 plasmid. These data indicate that
the pBudCE4.1-ORF2/IL18 plasmid may be an effective
approach for increasing PCV2 DNA vaccine immunoge-
nicity. In the case of PCV2, this would be the ability of the
vaccine to reduce viremia and lymphoid tissue lesions.
Further studies should be conducted to investigate whether
this type of vaccination (DNA) can be utilized in the swine
industry.
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