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Abstract The capsid protein of PCV2 was expressed by

using a recombinant baculovirus with insect Tn5 cells. A

large amount of 28-kDa protein was released into the

culture medium and self-assembled into PCV2-like parti-

cles (PCV2-LPs) with a buoyant density of 1.365 g/cm3

and a diameter of 20 nm. PCV2-LPs were efficiently

expressed, yielding 1 mg of purified particles per 107 Tn5

cells. The PCV2-LPs have antigenicity similar to that of

authentic PCV2 particles, allowing us to develop a method

for sensitively detecting PCV2-specific IgG antibodies. In

addition, the PCV2-LPs appeared to be the most promising

PCV2 vaccine candidate, by virtue of their potent

immunogenicity.

Postweaning multisystemic wasting syndrome (PMWS) is

a disease with low morbidity but high mortality in swine.

PMWS has a serious economic impact on the global swine

industry. It was first reported in western Canada in 1991

and later identified in the United States, Mexico, Europe,

and Asia [2]. Porcine circovirus type 2 (PCV2) is the pri-

mary causative agent of PMWS, though the etiology of this

disease has not been fully elucidated. The isolation of

viruses from tissues of affected swine led to the identifi-

cation of PCV2 [5–8, 20]. PCV2, a member of the family

Circoviridae [25], is a small spherical nonenveloped virus

with a single-stranded closed circular genomic DNA of

1.7 kb in length [1]. Two major open reading frames

(ORFs) oriented in opposite directions have been identi-

fied. ORF1 encodes two proteins: Rep and its truncated

form, Rep0, both of which are essential for viral DNA

replication. ORF2 encodes a major structural protein that

has type-specific epitopes [17, 22] and is very immuno-

genic and strongly associated with the induction of

neutralizing antibodies [24], suggesting its potential use in

diagnostic assays as well as vaccine development. In the

present study, we expressed the PCV2 capsid protein by

using a recombinant baculovirus in Tn5 insect cells. The

capsid protein self-assembled into PCV2-like particles

(PCV2-LPs) and was released into the culture medium. The

PCV2-LPs possess similar antigenicity to that of the native

PCV2 particles and appear to be a good antigen for the

sensitive detection of PCV2-specific antibodies. Our study

also demonstrated that PCV2-LPs are the most promising

PCV2 vaccine candidate.

Viral DNA was extracted from the PCV2 Yamagata strain

[23], and the full-length ORF2 of PCV2 (PCV2-ORF2) was

amplified by PCR with forward primer PCV2-D1

(50-AAGGATCCATGACGTATCCAAGGAGGCGTT-30)
and reverse primer PCV2-U1 (50-GCTCTAGATTAGGGT

TTAAGTGGGGGGTCT-30). The forward primer contained

the BamHI site before the start codon, and the reverse primer
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contained the XbaI site after the stop codon. The amplified

ORF2 fragment was purified by using a gel extraction kit

(Qiagen, Valencia, CA) and was first digested with BamHI

and then partially digested with XbaI. The purified 700-bp

fragment was ligated into transfer vector pVL1393

(Pharmingen, San Diego, CA) by a ligation kit (Takara,

Shiga, Japan), and a transfer plasmid pVL1393/PCV2-ORF2

was constructed.

A recombinant baculovirus was constructed and capsid

proteins were expressed as previously described [14, 16].

Insect Sf9 and Tn5 cells were infected with a recombinant

baculovirus, AcPCV2-ORF2, containing the entire PCV2

capsid protein. The infected cells were harvested daily until

10 days p.i. The proteins expressed in infected cells were

analyzed by SDS-PAGE followed by Coomassie blue

staining and by Western blot assay using a rabbit anti-

PCV2 antibody (Fig. 1). A major band with a molecular

mass of 28 kDa was observed in cell lysate of both Sf9 and

Tn5 cells (Fig. 1a). The 28-kDa protein was first detected

on day 2 in both Sf9 and Tn5 cells, and peaked on day 5 p.i.

This 28-kDa protein was detected on day 4 p.i. in the

supernatant of Tn5 cells and increased until day 10 p.i.

(Fig. 1b), whereas it was not detected in the supernatant of

Sf9 cells.

The culture medium of the AcPCV2-ORF2-infected Tn5

cells was harvested at 7 days p.i., and the PCV2 capsid

protein was purified by CsCl gradient centrifugation. The

28-kDa protein appeared mainly in fractions 3, 4, and 5,

which had an average density of 1.365 g/ml3 (Fig. 2a).

Examination of these fractions by electron microscopy

revealed spherical particles with diameters of *20 nm.

The morphology of these particles was similar to that of the

authentic PCV2 particles (Fig. 2b), indicating that the 28-

kDa protein formed virus-like particles (VLPs) (PCV2-

LPs). The yield of the purified VLPs was 1 mg per 107 Tn5

cells in culture medium. We tried to purify the PCV2

capsid protein from the infected Sf9 cells, but only a few

PCV2-LPs were obtained from the cell lysate, and no VLPs

were obtained from the supernatant (data not shown).

An ELISA to detect antibodies was developed by using

PCV2-LPs as an antigen. This antibody ELISA showed a

low background, probably because the PCV2-LPs were

highly purified. The cutoff value of IgG was determined by

using 30 serum samples from wild boar that were negative

for anti-PCV2 IgG by Western blot assay (data not shown).

The OD values of these sera were between 0.036 and

0.249, and the mean value was 0.062 with a standard

deviation (SD) of 0.046. Therefore, the cutoff value, the

mean value?3SD, was calculated as 0.200. The PCV2-

specific IgG elicited in swine experimentally infected with

the PCV2 Yamagata strain was detected by the antibody

ELISA. As depicted in Fig. 3a, significant IgG antibody

titers were observed, indicating that the purified PCV2-LPs

had similar antigenicity to native PCV2. A panel of 105
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Fig. 1 Time course of the

expression of PCV2 capsid

protein in insect cells. Insect Sf9

and Tn5 cells were infected with

the recombinant baculovirus

AcPCV2-ORF2, incubated at

26.5�C, and harvested on the

indicated days (2–10 days).

Five microliters of the culture

medium and the lysate from 105

cells were analyzed by SDS-

PAGE. Protein bands were

visualized by Coomassie blue

staining (CB) or by Western blot

assay with anti-PCV2 rabbit

serum (WB). The cell lysate (a)

and culture medium (b) were

analyzed separately. M
molecular weight marker, C
uninfected cell, W wild-type

baculovirus-infected cells, lanes
2–10, 2–10 days p.i
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swine serum samples was collected from a slaughterhouse

in Japan in 2006. All of the serum samples were diluted

1:200 for the ELISA test. The result showed that all sera

from healthy slaughtered domestic pigs were positive for

IgG against PCV2, and the OD values were above 0.65

without exception (data not shown).

Antibodies to the PCV2-LPs were prepared in rabbits

and guinea pigs by subcutaneous injection of the purified

PCV2-LPs. After being injected two times, the animals

produced high levels of IgG antibodies, and the titers

reached levels as high as 1:1,638,400 in the antibody

ELISA. Immunogenicity of the VLPs was examined using

an ELISA with rabbit and guinea pig hyperimmune sera as

the capture and detector antibodies, respectively. As shown

in Fig. 3b, the sensitivity reached 0.16 ng/ml of PCV2-LPs

when a cutoff OD value of 0.2 was used, and native PCV2

particles were detected in the culture medium of PCV2-

infected PK-15 cells, yielding an antigen titer of 1:32.

Native PCV2 particles concentrated by centrifugation

(100,0009g, 2 h) showed an increased titer of 1:256 (data

not shown). These results demonstrated that the PCV2-LPs

were immunogenic and able to elicit antibodies capable of

binding to native PCV2 particles.

PCV2 is a pivotal causative agent of PMWS and is

recognized as a major economic problem in the porcine

industry worldwide [2, 10, 12, 26]. In addition, PCV2

infection is subclinical in some swine, and these swine

become carriers and cause longer virus circulation in herds.

However, the development of a vaccine and diagnosis are

hampered by a low yield of PCV2 in cell culture. PCV2

capsid protein is the major structural protein and is highly
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Fig. 2 a Purification PCV2-LPs by CsCl gradient centrifugation. The

supernatant of the recombinant baculovirus-infected Tn5 cells was

centrifuged for 3 h at 31,000 rpm in a Beckman SW32Ti rotor. The

pellet was resuspended in 4.5 ml ExCell 405 and mixed with 2.1 g

CsCl, then centrifuged for 24 h at 35,000 rpm in an SW55Ti rotor.

Aliquots from the gradient were analyzed by electrophoresis on a 5–

20% polyacrylamide gel and stained with Coomassie blue. The

bottom and top of the gradient and the positions of molecular weight

standards are indicated. b Electron microscopy of PCV2-LPs. Purified

PCV2-LPs were stained with 2% uranyl acetate and observed by EM.
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Fig. 3 a Antigenicity of PCV2-LPs. A swine was experimentally

infected. The pre-serum was obtained before PCV2 infection, and the

post-serum was obtained 4 weeks after infection. Both pre- (open
triangle) and post-sera (open circle) were examined for IgG antibody

by twofold dilutions starting from 1:200. b Immunogenicity of PCV2-

LPs. Anti-PCV2-LP serum from a rabbit was used to coat a 96-well

microplate. The binding of recombinant PCV2-LPs (10 ng/ml) (open
circle) and native PCV2 particles produced in the supernatant of

Yamagata-strain-infected PK-15 cells (open triangle) was examined

by antigen ELISA. The OD value was considered positive when the

absorbance was C0.150. The culture medium from uninfected PK-15

cells (open inverted triangle) was used as a negative control
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immunogenic. As both neutralizing monoclonal antibodies

and neutralizing swine sera have been shown to react with

the capsid protein [13, 19, 24], the capsid protein is an

attractive immunogen for vaccine development and

diagnosis.

The recombinant baculovirus expression system has

long been used to express proteins as well as to generate

VLPs in various DNA and RNA viruses [3, 11, 14, 15, 18].

This system has many advantages over other systems:

efficient expression, proper post-translational modification,

correct conformation, and self-assembly of the capsid

protein into VLPs, which usually retain the immunoge-

nicity as well as physicochemical properties of their native

virions. Sf9 and Tn5 cells are commonly used cell lines for

the baculovirus expression system. Previous studies have

shown that PCV2 capsid protein expressed in Sf9 cells self-

assembled into VLPs [22]. However, although VLPs were

generated in the Sf9 cells, they were not released into the

culture medium. When we expressed the PCV2 capsid in

Sf9 cells, the same result was observed. In contrast, when

the recombinant PCV2 capsid protein was expressed in Tn5

cells, the capsid protein efficiently self-assembled into

VLPs and, interestingly, was released into the culture

medium, making purification of the VLPs easy. The yield

of the purified VLPs reached 1 mg per 107 Tn5 cells,

providing a virtually unlimited supply of highly purified

PCV2-LPs.

The feasibility of the capsid protein-based PCV2 vac-

cine was demonstrated in several previous studies, where

the successful induction of specific serum antibodies was

observed [4, 9, 27]. It was also found that the absence of

PCV2-neutralizing antibodies is well correlated with the

virus replication and development of PMWS [21], indi-

cating that the humoral immune response plays an

important role in the prophylaxis of PCV2 infection. There

are several advantages to using PCV2-LPs as a vaccine:

First, the PCV2-LPs have an excellent safety profile, since

there is no viral genome in the particles. Second, the

PCV2-LPs have antigenicity and immunogenicity similar

to those of the native PCV2. Third, the PCV2-LPs are

morphologically the same as the native PCV2, and the

conformational antigenic epitopes may be properly

retained. Therefore, the PCV2-LPs share the same immu-

nogenicity with the native PCV2 virion. In fact, antibodies

elicited with PCV2-LPs strongly reacted with the native

virion. These results clearly demonstrate that PCV2-LPs

are a promising PCV2 vaccine candidate.
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