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Introduction

Porcine circovirus type 2 (PCV2) is the causative agent of postweaning multisystemic wasting
syndrome (PMWS) in pigs. Replicase (Rep) proteins are considered essential for viral replication.
Capsid (Cap) protein is the primary immunogenic protein that induces protective immunity.
Little is known about comparison on the immunogenicity of PCV2 Rep and Cap fusion protein
and Cap protein. In the present study, recombinant baculoviruses expressing the Rep-Cap
fusion protein (Bac-Rep-Cap) and the Cap protein (Bac-Cap) of PCV2 were constructed and
confirmed with western blot and indirect fluorescence assay. Immunogenicities of the two
recombinant proteins were tested in mice. The titers of antibodies were determined with a
PCV2-specific enzyme-linked immunosorbent assay (ELISA) and a serum neutralization assay.
The IFN-y response of immunized mice was measured by ELISA. The mice immunized with
the Bac-Rep-Cap and Bac-Cap successfully produced Cap-specific immunoreaction. The mice
immunized with the Bac-Cap developed higher PCV2-specific neutralizing antibody titers than
mice injected with the Bac-Rep-Cap. IFN-y in the Bac-Rep-Cap group was increased compared
to those in the Bac-Cap group. Vaccination of mice with the Bac-Rep-Cap showed significantly
decreased protective efficacy compared to the Bac-Cap. Our findings will indubitably not only
lead to a better understanding of the immunogenicity of PCV2, but also improved vaccines.

Keywords: Baculovirus, capsid, post-weaning multisystemic wasting syndrome, porcine
circovirus type 2, replicase, vaccine

which is the only structural protein of the virus [20]. ORF3
protein is a non-structural protein, but is involved in PCV2-

Porcine circovirus type 1 and type 2 (PCV1 and PCV2)
belong to the genus Circovirus of the family Circoviridae and
are non-enveloped, single-stranded, circular DNA viruses
with an icosahedral capsid [28]. PCV1 is considered to be
nonpathogenic while PCV2 is the causative agent of
postweaning multisystemic wasting syndrome (PMWS),
proliferating and necrotizing pneumonia (PNP), porcine
dermatitis and nephropathy syndrome (PDNS), and
porcine respiratory disease complex (PRDC) [1].

Protein expression of PCV2 has been described for three
ORFs. The ORF1 gene encodes two replicase (Rep and
Rep’) proteins of 35.7 kDa and 17 kDa [4, 18] while the
OREF2 gene encodes a capsid (Cap) protein of 27.8 kDa,
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induced apoptosis through the intracellular activation of
the caspase pathways [15].

Generally, Cap protein has been significantly studied as
a vaccine antigen against PCV2 infection [3, 8, 9, 13, 25, 32].
Based on comparison of the immunogenicity of the PCV2
Cap and Rep proteins, Rep protein was determined to be a
weak immunogen [3]. Due to this insufficient immunity,
the effects of the Rep-Cap fusion protein on viral
immunogenicity could be investigated as an alternative
approach.

Previous study determined that DNA vaccines based on
the ORF1 gene have suppressive effects on the immuno-
genicity of the ORF2 gene in mixed DNA vaccination [23].



However, the mixed DNA vaccine induced a decreased
response compared to the individual immediate constituent
[22, 31]. The immune suppression might be caused by
antigenic competition [22]. Comparison of the cellular and
humoral characteristics of the recombinant Rep-Cap
protein and Cap protein as a VLP in vivo remain unclear.

As virus-like particles (VLPs) are non-infectious, and are
able to elicit humoral and cell-mediated immune responses
[6, 27], this is a good method for the design of foreign
epitope carriers. Baculovirus surface display system has
been extensively used for the production of subunit
vaccines, especially for VLPs [26]. This system has several
advantages in that it is cost-saving to produce, harmless to
humans and mammalians [12, 29], and enables proper
post-translational modification [16].

The main aim of this study was to construct the PCV2
Rep and Cap fusion protein and the Cap protein alone on
the baculoviral envelope. The recombinant baculovirus
Bac-Rep-Cap and Bac-Cap were constructed and tested.
The potential of Bac-Rep-Cap and Bac-Cap was evaluated
by immunization of mice. To our knowledge, this study is
described for the first time.

Materials and Methods

Virus and Cell Lines

PK15 cells were propagated and maintained in Dulbecco’s
modified essential medium (DMEM, Welgene, Korea) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Welgene,
Korea) at 37°C. The strain of PCV2 (GenBank No.: KX828232.1),
which was provided by WooGene B&G, was propagated in PK-15
cells. Spodoptera frugiperda cells (Sf21) (Clontech, USA) were used
to propagate the recombinant baculoviruses and were cultured in
TNM-FH Insect Medium (Welgene, Korea) supplemented with
10% FBS at 27°C.

Construction of Recombinant Baculovirus Vector

ORF1 and ORF2 genes were respectively polymerase chain
reaction (PCR) amplified from PCV2 strain KU-1605 and applied
overlap extension PCR to construct the genes for pBac-Rep-Cap.
All primers used in this paper are shown in Table 1. The ORFI1-
ORF2 PCR product was inserted into the corresponding site in the
baculovirus transfer vector pBacPAK8 (Clontech, CA). The

Table 1. Primers used in this study.
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resulting ORF1-ORF2 fusion open reading frame contains 942 bp
of ORF1 followed by 699 bp of ORF2 sequence. To obtain transfer
plasmid pBac-Cap, the ORF2 PCR product was digested by
BamHI, and constructed using the same method. The recombinant
plasmid pBac-Rep-Cap and pBac-Cap were verified by sequencing.

Generation of Baculoviruses

The recombinant plasmids were used to construct two
recombinant baculoviruses, namely, Bac-Rep-Cap and Bac-Cap.
Monolayers of Sf21 insect cells were co-transfected with
recombinant transfer vectors and AcMNPV DNA using
lipofectamine (Clonetech, USA). After 4 h of incubation, the
medium was removed and replaced with 5 ml TNM-FH Insect
Medium (Welgene). After 5 days, the supernatant was harvested,
and infectious titers were determined with the BD BacPAK
Baculovirus Rapid Titer Kit (Clonetech).

Western Blot Analysis

Sf21 cells were infected with Bac-Rep-Cap or Bac-Cap at a
multiplicity of infection (MOI) of 10. The cells were harvested at
48 h post infection. After being centrifuged at 8,000 xg for 5 min,
cell pellets were mixed with 2x loading buffer (125 mM Tris—Cl
[pH 6.8], 20% glycerol, 4% SDS, 10% B-mercaptoethanol, 0.25%
bromophenol blue) and heated at 100°C for 5 min. The proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 12% polyacrylamide gel and then
transferred onto nitrocellulose membrane (Invitrogen, USA) using
semi-dry transfer cell (Bio-Rad, USA) at 1 V/cm” for 30 min. The
transferred membrane was blocked in blocking buffer (1% bovine
serum albumin) in Tris-buffered saline and Tween 20 [TBS-T]) at
4°C overnight and incubated with anti-Cap monoclonal
antibodies (1:2000 dilution) in TBS-T for 1 h at room temperature.
HRP-labeled goat anti-mouse antibody (Santa Cruz Biotechnology,
USA) was used as the secondary antibody. After washing three
times with TBS-T, protein bands were detected using ECL
chemiluminescence system (ELIPIS, Korea).

Immunofluorescence Assay

The Sf21 cells cultured in 8-well chamber slide (Invitrogen) were
infected with Bac-Rep-Cap or Bac-Cap recombinant baculoviruses
at an MOI of 1. At 36 h post infection, the cells were fixed using
4% paraformaldehyde solution for 30 min at 37°C and then blocked
with 3% bovine serum albumin for 1 h at room temperature. The
cells were incubated with anti-Cap monoclonal antibodies (1:100
dilution) in PBS for 1 h at 37°C. After washing three times with

Primer Sequence (5" — 3’) Restriction site Length
Rep-Cap F TTGGATCCATGCCCAGCAAGAAGAG BamHI 1641
Rep-Cap R TTGGATCCTTAATGATGGTGGTGATGGTGGGGGTTAAGTGG BamHI
Cap F TTGGATCCATGACGTATCCAAGG BamHI 699
CapR TTGGATCCTTAATGATGGTGGTGATGGTGGGGGTTAAGTGG BamHI
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Table 2. Experimental design.

Number of Recombinant . L Number of .
Groups i i Adjuvant Immunization . . Concentration
mice proteins inoculations
1 6 Bac-Rep-Cap Complete M 2 10° PFU
2 6 Bac-Cap Complete M 2 10° PFU
3 6 PBS Complete M 2 -

IM: intramuscularly; Adjuvant: Freund’s complete adjuvant (Sigma-Aldrich, USA); Recombinant protein was administered twice (0, 21 dpi, days after primary

immunizaion)

PBS the cells were incubated with goat anti-mouse IgG conjugated
with FITC (1/100 diluted in PBS) (Invitrogen) for 1 h at 37°C. After
rinsing with PBS thoroughly, the cells were observed under a
fluorescence microscope (Olympus, Japan).

Mouse Immunization Schedule

The experimental design is displayed in Table 2. Six-week-old
female BALB/c mice were purchased from Samtako, Korea. The
mice were SPF grade (specific pathogen-free) and were randomly
allocated into three groups of six mice and housed in filter-top
cages in isolation rooms under controlled temperature (20-25°C),
humidity (60-80%), and fed sterilized food and water. Groups 1
and 2 were intramuscularly vaccinated with 10° PFU of Bac-Rep-
Cap or 10° PFU of Bac-Cap with Freund’s complete adjuvant
(Sigma-Aldrich, USA) at a ratio of 50:50 (w/w) according to the
manufacturer’s instructions. Group 3, the negative control group,
was immunized with 100 pl of PBS. At 21 and 42 days after the
primary immunization, the serum samples were collected for
detection of antibody to PCV2 by ELISA and analyzed for the
presence of PCV2-specific neutralizing antibodies. All experiments
were done with the approval of the Institutional Animal Care and
Use Committee of Catholic University of Pusan (CUP 2018-2).

Indirect ELISA

Sera was tested through indirect ELISA to assess PCV2-specific
antibody. 96-well plates were coated with the purified recombinant
Cap protein (4 ug/ml) in 0.1 M carbonate/bicarbonate buffer (pH
9.6), and then the plates were blocked with 5% skim milk in PBS—
0.05% Tween 20 (PBST). The serial 2-fold diluted serum (starting
from 1/100) was added and incubated at 37°C for 1 h. After
washing with PBST three times, the plates were treated with HRP-
conjugated goat anti-mouse IgG (1/5000) for 1 h at 37 °C. Finally,
HRP signal was detected using the tetramethylbenzidine (TMB) as
the chromogen. The OD value of each well was measured at
450 nm using a spectrophotometer. Results were analyzed in the
ratio of OD450 produced by the serum samples compared to
negative control serum (P/N).

Serum Neutralization Assay

PCV2-neutralizing activity in mouse anti-sera increased against
Bac-Rep-Cap and Bac-Cap and was determined by using an end-
point dilution reduction assay. The serum samples were heat
inactivated at 56°C for 30 min and then diluted two-fold and
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mixed with equal volumes of PCV2-KU1605 (200 TCIDs) for 1 h at
37°C. The mixture was inoculated to 40-50% confluent PK-15 cells
cultured in 96-well plates and incubated at 37°C for 1 h. Then, the
inoculum was removed, cell cultures were washed twice with
DMEM and culture medium was added for incubation. After 72 h,
the culture plate was fixed with 1:1 acetone/methanol solution at
—20°C for 30 min and blocked with 3% BSA in PBS for 1 h at room
temperature. The cells were incubated with anti-Cap monoclonal
antibodies followed by fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (Abcam, UK) as the second antibody. The cells
were observed using a fluorescence microscope (Olympus). The
neutralization titer was evaluated as the reciprocal of the highest
dilution that was able to completely block PCV2-infection in PK15
cells. The neutralization assay was performed as previously
described [10].

Cytokine Analysis

At 21 and 42 days after the primary immunization, samples
collected from mice were determined for cytokine analysis. Serum
IFN-y levels were detected among the experimental groups using
a mouse cytokine ELISA kit (Life Technologies, USA) at 21 and
42 days after the primary immunization according to the
manufacturer’s instructions..

Statistical Analysis

All data were presented as averages + the standard deviation
(SD) of the means, as indicated. Statistical comparisons are made
by using Student’s t-test. P-values of <0.05 were considered
statistically significant.

Results

Expression of Recombinant Proteins

The recombinant Bac-Rep-Cap and Bac-Cap were
constructed as described in the methods (Fig. 1) and
detected using western blot analysis with anti-Cap
monoclonal antibodies. To confirm the expression of the
recombinant proteins in insect cells, Sf21 cells were
infected separately by Bac-Rep-Cap and Bac-Cap at 10 MOI
and harvested 48 h post infection. As shown in Fig. 2, Bac-
Rep-Cap and Bac-Cap, with the predicted molecular weight
at approximately 70kDa and 27 kDa, were expressed
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Fig. 1. Schematic representation for the generation of
recombinant baculovirus vector Bac-Rep-Cap and Bac-Cap.
Rep, replicase protein of PCV2; Cap, capsid protein of PCV2.

efficiently in Sf21 cells. In contrast, specific bands were not
detected in uninfected cells.

To determine whether the Cap protein was translocated
accurately to the Sf21 cell surface, the cells were cultured
on sterile cover slips, infected separately with Bac-Rep-Cap
and Bac-Cap at an MOI of 1, and demonstrated to PCV2-
specific fluorescence 36 h post infection (Fig. 3). In contrast,
green fluorescence was not detected in uninfected cells
(negative control). As shown in Fig. 3, Cap protein was
directed to the plasma membrane of the infected Sf21 cells.
Therefore, the results suggested that all recombinant
proteins were successfully expressed.

60 - — 70 kDa
50 r g

Fig. 2. Western blot analysis of recombinant proteins
expressed in Sf21 cells.

The pellet of each cellular lysate of uninfected (lanel), Bac-Rep-Cap
(lane2), Bac-Cap (lane3)-infected Sf21 cells were separated on a 12%
SDS-PAGE gel, and transferred to a nitrocellulose membrane for
western blot analysis using anti-PCV2 monoclonal antibodies (1:2,000).
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DAPI Anti-Cap Merge

Sf21 cells

Bac-Rep-Cap

Bac-Cap

Fig. 3. Immunofluorescence analyses of recombinant proteins
expressed in Sf21 cells.

Sf21 cells were infected with Bac-Rep-Cap or Bac-Cap recombinant
baculoviruses at an MOI of 1. At 36 h after the infection, the cells were
fixed using 4% paraformaldehyde solution and analyzed by IFA using
the anti-cap monoclonal antibodies. The cells were then incubated
with goat anti-mouse IgG conjugated with FITC as the secondary
antibody, and images were acquired using fluorescence microscope.

PCV2-Specific Humoral Immune Responses

To explore whether Bac-Rep-Cap and Bac-Cap can induce
PCV2-specific immune responses in vivo after direct
immunization, BALB/ ¢ mice were immunized intramuscularly
with Bac-Rep-Cap, Bac-Cap, and PBS, respectively. Cap
protein-specific ELISA antibodies were monitored at 21
and 42 days after the primary immunization. As shown in
Fig.4, 21 days after the primary immunization, Cap-
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Fig. 4. Cap-specific antibody response in mice detected by
indirect ELISA.

BALB/c mice were injected intramuscularly at 0 and 21 days with
Bac-Rep-Cap, Bac-Cap, or TNM-FH medium as a negative control.
Sera were analyzed for the presence of IgG antibodies by indirect
ELISA using the purified recombinant Cap protein. Optical densities
were read at 450 nm. All data are means + SD. Significant difference

is expressed as *p < 0.05.
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Fig. 5. PCV2-neutralization antibody responses in mice after
vaccination with Bac-Rep-Cap and Bac-Cap.

BALB/c mice were immunized at 0 and 21 days intramuscularly with
Bac-Rep-Cap, Bac-Cap, or TNM-FH medium as a negative control.
Sera were used to test PCV2-neutralization antibody titers by using
an end-point dilution reduction assay. All data are means + SD.

Significant difference is expressed as *p < 0.05.

specific antibodies were detected in all the mice immunized
with Bac-Rep-Cap or Bac-Cap. Following booster
immunization, their mean OD values of 1.407 and 1.618
had remarkably higher ELISA antibody titers than those of
the mice inoculated with PBS (p < 0.05).

As shown in Fig. 5, the mice immunized with Bac-Rep-
Cap or Bac-Cap developed the neutralization antibody
titers of serum samples collected at 21 and 42 days after the
primary immunization, respectively. Prior to vaccination,
neutralizing antibodies were not detected in all mice (data
not shown). During the whole experimental period, mice
immunized with Bac-Cap developed higher PCV2-specific
neutralizing antibody titers than mice injected with Bac-
Rep-Cap. No detectable antibody was showed in mice
treated with PBS. These results showed that the Cap
protein alone was more effective than that with the Rep-
Cap fusion protein in inducing PCV2-neutralizing antibody
responses in mice.

Cytokine Analysis

To characterize the cell-mediated immune responses in
the mice immunized with Bac-Rep-Cap and Bac-Cap, the
levels of some cytokines including IFN-y were determined
using a cytokine ELISA kit. As shown in Fig. 6, the mean
IFN-y levels of 154.27 and 86.99 pg/ml were detected in the
mice inoculated with Bac-Rep-Cap and Bac-Cap, respectively.
IFN-y levels in Bac-Cap were less than those in the Bac-
Rep-Cap inoculated group at 42 dpi. The levels of IFN-y in
the Bac-Rep-Cap and Bac-Cap inoculated groups were
higher than those in the negative control mice group at 42
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Fig. 6. IFN-y levels in serum of Bac-Rep-Cap and Bac-Cap
vaccinated mice.

BALB/c mice were vaccinated at 21 and 42 days with Bac-Rep-Cap,
Bac-Cap, or TNM-FH medium as a negative control. Serum samples
were used to measure IFN-y by ELISA. All data are means *+ SD.

days after the primary immunization. These results
indicated that the Rep-Cap fusion protein is higher than
the Cap protein alone in inducing IFN-y expression.

Discussion

PCV2 is the major infectious agent of postweaning
multisystemic wasting syndrome (PMWS), proliferating
and necrotizing pneumonia (PNP), porcine dermatitis and
nephropathy syndrome (PDNS), and porcine respiratory
disease complex (PRDC) [1], also collectively and generally
known as porcine circovirus associated disease (PCVAD).
There are management strategies for the control of
PCVAD,
vaccination. Several types of commercial vaccines have
been developed to control PCV2 infection in piglets,
including an inactivated PCV2 virus, a killed chimeric
PCV1-2 virus [21]. However, there are potential safety
problems related with inactivated vaccines, such as

such as the control of co-infections and

incomplete inactivation of viruses and an increased risk for
developing an allergic reaction [37]. Therefore, the
development of a safe and affordable PCV2 vaccine is an
important strategy for the prevention of PMWS.

The baculovirus expression system allows the rapid and
efficient generation and the large-scale production of
recombinant baculoviruses. Due to the impossibility of
baculovirus replicating in mammalian cells, they are an
attractive candidate for vaccine development [30]. In
particular, the baculovirus expression system has been
successfully engineered for the surface display of several
proteins [14, 34, 35, 36].

Rep protein is important for replication of PCV [5, 17]. Its



immunogenic component as an antigen is not only weaker
than the Cap protein, but also the vaccination efficacy on
the Cap protein is decreased by Rep protein when co-
administered to pigs [3]. A previous study also showed
that the Rep protein has exhibited suppression of Cap in a
mixed DNA vaccine strategy [23]. The immune response of
the individual components was reduced by mixing the
DNA vaccine [22, 31], because of antigenic competition that
takes place during uptake by the host cells, or competition
in the antigen processing and presentation pathway [22].
However, all of the above research did not identify
whether co-expression of Rep and Cap fusion protein could
improve immune responses compared to the Cap protein
alone as a subunit vaccine. In this study, the Rep and Cap
fusion protein and the Cap protein of PCV2 were
successfully cloned and expressed in a baculovirus expression
system. Expression of these proteins was detected using
western blotting (Fig. 2) and immunofluorescence analysis
(Fig. 3).

The results showed Bac-Rep-Cap could induce low levels
of the Cap-specific IgG antibody compared with Bac-Cap
(Fig. 4). The PCV2-specific neutralizing antibody was
assessed at 42 days after the primary immunization. The
negative group did not induce neutralization activity
throughout the experiment. Bac-Rep-Cap did not exhibit
high levels of the neutralization activity compared with
Bac-Cap (Fig. 5). This is consistent with the results of a
previous study in which Rep protein of Rep-Cap fusion
protein suppressed PCV2-specific antibody response [3,
23]. We observed an increased cell-mediated immune
response in mice immunized with Bac-Rep-Cap compared
with that of mice immunized with Bac-Cap (Fig. 6). ORF1
plasmid immunization enhanced IFN-y at 35 days after the
primary immunization [2]. In addition, Meerts et al. [19]
reported that high levels of IFN-y have a harmful effect on
protective immunity. Upregulation of IFN-y was shown in
the peripheral blood mononuclear cells of pigs with PDNS
and in the tonsils of PMWS-affected pigs [7, 24].

In summary, this is the first study to compare the
recombinant baculovirus displaying Rep and Cap fusion
and Cap protein as a PCV2 vaccine. The expressed Rep-
Cap fusion proteins on the baculovirus envelope could
assemble to form VLPs. The mice immunized with Bac-
Rep-Cap and Bac-Cap successfully produced Cap-specific
immunoreaction. The humoral immune response of Bac-
Rep-Cap was significantly lower than that of Bac-Cap,
suggesting that Rep in Rep-Cap fusion protein has a
suppressive effect as an antigen. Uncovering such results
will indubitably not only lead to a better understanding of
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the immunogenicity of PCV2, but also improved vaccines.
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