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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) induces reproductive failure in
sows and respiratory problems in pigs of all ages. Live attenuated and inactivated vaccines are
used on swine farms to control PRRSV. However, their protective efficacy against field strains of
PRRSV remains questionable. New vaccines have been developed to improve the efficacy of these
traditional vaccines. In this study, virus-like particles (\VLPs) composed of the GP5 and M
proteins of PRRSV were developed, and the capacity of the VVLPs to elicit antigen-specific
immunity was evaluated. Serum antibody titers and production of cytokines were measured in
BALB/C mice immunized intramuscularly three times with different doses (0.5, 1.0, 2.0, and 4.0
) of the VLP vaccine. A commercial vaccine consisting of inactivated PRRSV and phosphate-
buffered saline (PBS) were used as positive and negative controls, respectively. IgG titers to GP5
were significantly higher in all groups of mice vaccinated with the VLPs than in control mice.
Neutralizing antibodies were only detected in mice vaccinated with 2.0 and 4.0 p of the VVLPs.
Cytokine levels were determined in cell culture supernatants after in vitro stimulation of
splenocytes with the VLPs for 3 days. Mice immunized with 4.0 p of the VLPs produced a
significantly higher amount of interferon-gamma (IFN-vy) than mice immunized with the
commercial inactivated PRRSV vaccine and PBS. In contrast, immunization with the commercial
vaccine induced higher production of IL-4 and IL-10 in mice than mice vaccinated with VVLPs.
These data together demonstrate the capacity of VLPs to induce both neutralizing antibodies and
IFN-y in immunized mice. The VLP vaccine developed in this study could serve as a platform for
the generation of improved VLP vaccines to control PRRSV.

Introduction

PRRS is one of the most important diseases affecting the swine industry, causing serious
economic losses [1]. The causative virus, PRRSV, is an enveloped RNA virus belonging to
the family Arteriviridae, along with lactate dehydrogenase-elevating virus (LDV), equine
arteritis virus (EAV), and simian hemorrhagic fever virus (SHFV) [2, 3]. PRRSV genotypes
1 and 2 are represented by Lelystad virus (European type) and VR-2332 (North American
type), respectively [4, 5]. North American and European PRRSVs share about 60 %
nucleotide sequence identity but induce similar disease syndromes such as abortion,
stillbirth, mummification, weak piglet delivery, pyrexia, cyanosis, dyspnea, and encephalitis
[5-8].

The positive-sense, single-stranded RNA genome of PRRSV contains 10 open reading
frames (ORFs) [9-11]. ORF1a and ORF1b encode nonstructural proteins, including
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replicases. ORF2a, ORF3, ORF4, and ORF5 encode the membrane-associated N-
glycosylated structural proteins GP2a, GP3, GP4, and GP5, respectively. Recently, an
additional ORF designated ORF5a was found in ORF5, encoding an ORF5a protein of
unknown function [11]. ORF2b and ORF6 encode the non-glycosylated membrane proteins
E and M, respectively. ORF7 encodes nucleocapsid protein N. The major structural proteins
GP5 and M are present as heterodimeric complexes linked by disulfide bonds in PRRSV-
infected cells and virions and both are required for the formation of PRRSV particles [12].
When either GP5 or M protein is absent, the PRRSV particles cannot be formed. Other
minor envelope proteins are necessary to make infectious virus particles [13].

Although epitopes inducing neutralizing antibody have been identified in several structural
proteins of the virus, neutralizing antibodies to GP5 play an especially important role in
protection against infection [14-16]. The GP5 and M proteins are involved in binding of the
virus to cellular receptors and its internalization into target cells. The M protein and the
GP5-M complex interact with the heparin sulfate receptor on porcine alveolar macrophages
(PAMS), the target cells of PRRSV [17]. The GP5-M protein complex acts as a ligand for
the sialoadhesin receptor (CD169) in the presence of sialic acids on GP5 [18]. Co-
expression of the GP5 and M proteins induces an immune response that is superior to that
induced by GP5 or M protein alone [19, 20]. Accordingly, several experimental vaccines
have been developed, such as DNA vaccine, recombinant Mycobacterium bovis BCG,
pseudotyped baculovirus, and adenovirus expressing both the GP5 and M proteins [21-24].
Those vaccines have consistently provided promising results in terms of protective efficacy
and immunogenicity in pigs and mice, indicating the need for both proteins.

In an attempt to control PRRSV infections, several types of inactivated and modified live
attenuated vaccines (MLVs) have been developed. It is now generally accepted that
inactivated PRRSV vaccines are ineffective for preventing clinical signs and viremia caused
by viral challenge [25, 26]. In contrast, MLVs induce better protective immunity than
inactivated vaccines [27, 28]. The importance of genetic homology of MLVs to the target
virus for generation of a vaccine is still equivocal. Some studies have reported protective
efficacy of MLVs only against genetically closely related homologous strains [29, 30]. In
contrast, other studies have demonstrated that MLVs evoke protection even to genetically
distant field strains [31, 32]. Therefore, the protective efficacies of vaccines remain
controversial, mainly because of the high genetic diversity and ill-defined pathogenesis of
PRRSVs [33-35]. In addition, serious problems induced by MLVs include spreading of the
vaccine virus to swine farms and reversion of the vaccine strain to a pathogenic virus [36,
37]. Development of safer and more effective vaccines against PRRSV remains a crucial
issue.

VLPs have received much attention as new candidate vaccines that can compensate for the
disadvantages of inactivated vaccines and MLVs [38, 39]. They lack genomes and are
basically composed solely of viral structural proteins, rendering them non-infectious and
incapable of reversion. Because only selected viral proteins assemble into supramolecular
structures, they are highly immunogenic against the target proteins, as has been
demonstrated for human hepatitis B virus and papillomavirus vaccines [40, 41]. They can be
used as a “differentiating infected from vaccinated animals” (DIVA) vaccine without
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inclusion of non-structural viral proteins [42]. More importantly, they induce a cellular
immune response as well as humoral immunity [43-45]. Because of these advantages,
several VLP vaccines have been developed for prevention of human and animal diseases
[38, 43, 46].

So far, there have been no reports of the development of a VLP vaccine against PRRSV
using the baculovirus expression system. The present report is the first to describe the
development of a VLP vaccine against PRRSV, which is comprised of PRRSV GP5 and M
proteins. We selected these proteins to generate VVLPs because both GP5 and M are involved
in viral structure formation, induction of neutralizing antibodies, and interaction with
cellular receptors. After production of the VLPs, their immunogenicity with respect to
humoral and cellular immune responses was evaluated in mice.

Materials and methods

Virus and cell lines

The PRRSV LMY strain (GenBank accession number DQ473474), a North American type
isolated from Korea, was used in this study. The virus was propagated and titrated in
MARC-145 cells grown and maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10 % heated-inactivated fetal bovine serum (FBS), 100 pug/ml
streptomycin and 100 IU/ml penicillin at 37 °C in a humidified atmosphere of 5 % CO,.
Foodoptera frugiperda Sf9 cells were maintained in suspension in serum-free SF900II
medium (GIBCO, Grand Island, NY) at 27 °C in spinner flasks at a speed of 100-110 rpm.

Expression and purification of VLPs

VLPs containing the GP5 and M proteins of PRRSV were produced following the
manufacturer's procedures. Briefly, full-length GP5 and M cDNA were obtained from the
PRRSV LMY strain to generate recombinant baculoviruses (rBVs) expressing the two
proteins. The full GP5 and M genes were amplified by polymerase chain reaction (PCR) by
using Ex Taqg Polymerase (Takara, Shiga, Japan) and the primers shown in Table 1. The
PCR for amplification of the GP5 gene was conducted under the following thermal cycling
conditions: an initial denaturation at 95 °C for 5 min, followed by 30 cycles of denaturation
at 95 °C for 30 s, annealing at 52 °C for 30 s, and extension at 72 °C for 45 s, followed by a
final 10-min extension at 72 °C. The amplification of the M gene was carried out under the
same PCR conditions as were used for the GP5 gene except for an annealing temperature of
50 °C. The PCR products were cloned into the pPGEM-T vector (Promega, Madison, WI).
After digestion of the plasmid DNAs with the restriction enzymes indicated in Table 1, the
GP5 and M genes were subcloned into the pFastBac™ 1 vector (Invitrogen, Carlsbad, CA),
which has a mini Tn7. The cloned GP5 and M genes were further identified by DNA
sequencing with the following vector-specific primers: forward primer 5-AAG TGG TTC
GCA TCC TCG-3 and reverse primer 5-GTA AAA CCT CTA CAA ATG TGG-3'. The
pFastBac donor plasmids containing the GP5 or M genes were introduced by transformation
into DH10Bac™ E. cali (Invitrogen), which contained a bacmid baculovirus shuttle vector
with a mini-attTn7 target site and a helper plasmid. Each recombinant bacmid was generated
by transposition between the mini-Tn7 element on the pFast-Bac vector and the mini-attTn
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target site on the Bacmid. After verification of E. coli with recombinant bacmids,
recombinant bacmid DNA was isolated. The rBVs expressing the GP5 or M proteins were
generated by transfecting sf9 insect cells with the recombinant bacmid DNA. Plaque assay
was done with culture supernatants of the transfected sf9 insect cells to determine a
multiplicity of infection (MOI) of the rBV. To generate the PRRSV GP5-M VLPs, sf9 insect
cells (CRL-1711; American Type Culture Collection, Manassas, VA) were co-infected with
rBVs expressing GP5 and M at an MOI of 1 and 2, respectively. Culture medium was
collected and clarified by low-speed centrifugation (2,000 x g for 30 min at 4 °C) on day 3
postinfection. Further purification was performed by 20-60 % sucrose layer gradient
ultracentrifugation at 20,000 x g for 16 h. The collected VVLP fractions were concentrated by
ultracentrifugation at 20,000 x g at 4 °C for 2 h. The final protein concentration of the VVLPs
was determined at 660 nm using a Protein Assay Kit (Pierce, Rockford, IL).

Electron microscopy

The purified VLPs (1-5 ug) were treated for 24 h at 4 °C in phosphate-buffered saline (PBS,
pH 7.2) for negative staining of VVLPs, adsorbed on freshly discharged plastic/ carbon-coated
grids, and washed with deionized water. Washed VLP samples were stained with 2 %
sodium phosphotungstate, pH 6.5. The stained VLPs were observed by transmission electron
microscopy (Bio transmission electron microscope, model TECNAI G2; FEI, Hillshoro,
OR) at magnifications ranging from 6,000 to 100,000 x (Korea Basic Science Institute,
Daejeon, Korea).

Mouse immunization

All experiments were performed under the guidelines of the Institutional Animal Care and
Use Committee (IACUC), Konkuk University, Korea (permit number KU12057). Female,
5- to 6-week-old BALB/C mice were divided into six groups (n=10 per group). Mice in
groups 1, 2, 3, and 4 were immunized with 0.5, 1, 2, and 4 pg of the VLP vaccine,
respectively. Mice in group 5 were immunized with a commercial inactivated PRRSV
vaccine (CAVAYV, Daejeon, Korea) as a positive control, and mice in group 6 received PBS
as a negative control. The VLP vaccine and other control materials were administered to
mice via the intramuscular (IM) route. Mice were immunized three times at 2-week
intervals. Vaccines for the first immunization were mixed with Freund's complete adjuvant
(Sigma-Aldrich, St. Louis, MO) prior to administration to the animal. The second and third
immunizations were performed with vaccines mixed with Freund's incomplete adjuvant.
Blood samples were collected by retro-orbital plexus puncture before and after each
vaccination. The sera were collected after incubation of the blood samples at 37 °C for 1 h.
The sera were stored at —20 °C prior to antibody titration and neutralization assay. Mice
were sacrificed 2 weeks after the third vaccination to collect splenocytes for measurement of
cytokines. In the following experiment, three groups of mice (n=10 per group) were
additionally used to evaluate the immune response induced by a higher dose of VLP
vaccine. Mice in groups 1 and 2 were immunized with 10 ug of the VLP vaccine mixed with
Freund's complete adjuvant and alum, respectively. Mice in group 3 were injected with PBS
as a negative control. Serum samples and splenocytes were obtained from the mice 3 weeks
after vaccination.
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Evaluation of humoral immune responses

Antibody titers were determined using an indirect enzyme-linked immunosorbent assay
(ELISA) with purified recombinant GP5 protein as an antigen [47]. In brief, plate wells were
coated overnight at 4 °C with 2 pg of GP5 per ml, diluted in PBS, pH 7.2. The coating
solution was discarded, and the plates were washed three times with PBST washing buffer
(PBS, pH 7.2, containing 0.05 % Tween-20). The coated plates were blocked with 100 ul of
blocking buffer (5 % skim milk in PBS, pH 7.2) per well for 2 h at 37 °C. The plates were
washed three times, and serum samples diluted 40-fold in PBST containing 2.5 % skim milk
were added to the respective antigens and incubated for 1 h at 37 °C. After washing five
times, 10,000-fold diluted horseradish peroxidase-labeled goat anti-mouse IgG (Serotec,
Raleigh, NC) was added to each well, and the plates were incubated at 37 °C for 1 h. After
five washes, tetramethylbenzidine (TMB) substrate was added to develop the color for 10
min at room temperature in the dark, and H,SO,4 was added to stop the reaction. The optical
density (OD) values were determined at 450 nm with a Sunrise automatic ELISA reader
(Tecan, Mannedorf, Switzerland).

Virus neutralization test

The titers of PRRSV-neutralizing antibody in sera were determined by the fluorescence
focus neutralization assay. Serum samples were heat inactivated at 56 °C for 30 min and
were diluted 10-fold before the neutralization test. Twofold serially diluted sera were mixed
with an equal volume of 200 TCIDs5g of the PRRSV LMY strain in 96-well culture plates
with DMEM containing 5 % FBS and incubated for 1 h at 37 °C in a humidified 5 % CO,
atmosphere. After incubation, the mixtures were added to 96-well plates containing
confluent MARC-145 cells that had been seeded 48 h earlier. The plates were incubated for
48 h at 37 °C in a humidified atmosphere containing 5 % CO,. The cells were fixed for 10
min with a solution of 50 % methanol and 50 % acetone. After washing with PBS,
expression of the N protein of PRRSV was detected by incubation with monoclonal
antibody SDOW17 diluted 1:200 and fluorescein isothiocyanate (FITC)—conjugated goat
anti-mouse immunoglobulin G diluted 1:100 (Sigma-Aldrich). Neutralization titers were
expressed as the reciprocal of the highest dilution that inhibited 90 % of the foci present in
the control wells.

Determination of cytokine production

To analyze the cellular immune responses induced by the GP5-M VLP, the splenocytes were
stimulated with the purified GP5-M VLP at a final concentration of 10 pg/ml. After 72 h, the
cell culture supernatants were collected to examine the amounts of interleukin (IL)-4, I1L-10,
and interferon-gamma (IFN-y) using commercially available cytokine quantitative ELISA
kits (R&D Systems, Minneapolis, MN), following the manufacturer's instructions. The cell
viability was determined by an automatic cell counter (Adam, Digital Bio, Korea), following
the manufacturer's instructions.

Western blot

Briefly, recombinant GP5 protein and VLPs at a concentration of 10-15 pg were diluted 1:2
with sample buffer and boiled for 5 min. The proteins were separated by 12 % sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
nitrocellulose membrane (Whatman, Dassel, Germany). The membrane was blocked with 5
% nonfat dry milk in PBST at 4 °C overnight. It was then incubated with a primary
antibody, rabbit anti-GP5 polyclonal antibody or mouse anti-M monoclonal antibody, in
PBST containing 2.5 % nonfat dry milk at room temperature for 1 h. Then, the membrane
was washed three times with PBST for 10 min each. The membrane was then incubated with
secondary antibody, horseradish peroxidase (HRP)—conjugated goat anti-rabbit 1gG
(Southern Biotech, Birmingham, AL) or HRP-conjugated goat anti-mouse 1gG (Serotec,
Raleigh, NC), in 2.5 % nonfat dry milk in PBST for 1 h at room temperature. The membrane
was washed three times with PBST for 10 min each. The specific antigenic proteins were
visualized using the peroxidase-specific precipitating substrate 3,3-diaminobenzidine (DAB;
Pierce).

Statistical analysis

Results

Antibody titers and cytokine production were measured at least three times in triplicate. The
significance of the difference in the experimental data between mice in the vaccinated and
control groups was determined by Student's t-test with Instat version 3.0 (GraphPad
Software, San Diego, CA). Statistical significance was determined at p<0.05 and p<0.001.

Construction and characterization of VLPs

To determine the exact protein compositions in the VLPs, two antibodies, specific for the
GP5 and M proteins, were employed in western blots. When the VVLPs were reacted with a
rabbit polyclonal antibody specific for GP5, the GP5 band was clearly recognized at 27.5
kDa (Fig. 1a). The recombinant GP5 protein used as a positive control was also clearly
detected by the antibody at 27.5 kDa. On the other hand, a single M protein band was
detected at 19 kDa when the VLPs were reacted with a monoclonal antibody specific for the
M protein (Fig. 1b). In the next step, the VLPs were identified directly by TEM (Fig. 2a).
The spherical shape of VLPs with an approximate diameter of 60 nm was observed. The size
and morphology of the VVLPs closely resembled those of PRRSV particles in the commercial
inactivated vaccine (Fig. 2b). These data collectively demonstrated that VVLPs were
successfully formed in insect cells by the interaction of the GP5 and M proteins expressed
by the two recombinant baculoviruses.

IgG response in mice to VLPs

GP5-specific 1gG was not detected before vaccination in any of the mice immunized with
VLPs or inactivated vaccine. However, GP5-specific antibodies appeared in all of the VLP-
vaccinated mice after the first vaccination. Thereafter, their antibody titers were significantly
(p<0.05) increased by the second and third vaccinations with the VVLP vaccine (Fig. 3).
Interestingly, mice immunized with the lowest dose (0.5 pg) and the highest dose (4.0 pg) of
VLPs produced a similar quantity of antibody (Fig. 3). The results indicated that the low
dose of the VLPs was sufficient to induce high titers of antibody. However, the antibody
titers determined in mice vaccinated with the inactivated PRRSV vaccine were considerably
lower than those in mice vaccinated with the VLPs. In the next experiment, the titers of

Arch Virol. Author manuscript; available in PMC 2014 August 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nam et al.

Page 8

neutralizing antibody were determined with the same serum samples. Unlike the production
profiles of total 1gG antibody, neutralizing antibodies to PRRSV were only observed in mice
vaccinated with 2.0 and 4.0 ug of the VLPs (Table 2). The two groups of mice produced
neutralizing antibody titers of 1:20 and 1:40, respectively. Mice vaccinated with 0.5 and 1.0
ug of VLPs and the commercial inactivated PRRSV vaccine did not generate neutralizing
antibodies. The two groups of mice immunized only once with 10 pg of VLP mixed with
Freund's complete adjuvant and alum produced measurable amounts of IgG (O.D. values of
about 0.4) after 3 weeks (Supplementary Fig. 1). In addition, their sera demonstrated
relatively high titers of neutralizing antibodies (about 1:40, supplementary Table 1). These
data indicated that the low and high doses of VVLP were highly immunogenic in inducing
total IgG antibodies and neutralizing antibodies in vaccinated mice.

Cytokine response in mice immunized with VLPs

The production of 1L-4, IL-10, and IFN-y increased in a dose-dependent manner in
splenocytes of mice vaccinated with the VVLP vaccine. The Th1-type cytokine IFN-y was
more prominently expressed than IL-4 and IL-10 in mice vaccinated with VLPs. The
maximum amount of 1L-4 and IL-10 secreted in the mice vaccinated with 4 pg of the VLP
was about 100 and 200 pg/ml, respectively (Fig. 4a and b). In contrast, the maximum
amount of IFN-y secreted in mice vaccinated with the same concentration of the VLP
vaccine was about 800 pg/ml (Fig. 4c). In addition, the amount of IFN-y produced in mice
vaccinated with 4.0 ug of VLPs was significantly higher (p<0.001) than that in mice
immunized with the commercial inactivated PRRSV vaccine or PBS. On the other hand, the
amounts of IL-4 and IL-10 produced in mice vaccinated with the inactivated PRRSV
vaccine were much higher than those in mice vaccinated with the VLPs. The two groups of
mice immunized with 10 pg of VLPs also produced much higher levels of IFN-y than 1L-10
in their splenocytes (Supplementary Fig. 2). The amounts of these cytokines increased in a
time-dependent manner, reaching a maximum at 72 h. The overall viability of splenocytes
was about 86 % at 72 h (Supplementary Table 2). These data suggest that the VLP vaccine
induces a strong Thl-type immune response.

Discussion

VLPs are composed of self-assembled, genome-free viral structural proteins. VLP-based
vaccines are highly immunogenic and induces an antiviral immune responses because they
consist of densely organized viral proteins in spherical form [46]. The absence of the
possibility of generating revertants from live vaccine viruses is an important safety feature
of VLPs. Therefore, VLPs are considered one of the most promising new vaccine candidates
[38]. VLP-based vaccines have already been developed for use in humans and are being
used clinically for prevention of hepatitis B virus and human papillomavirus infections [40,
41, 48]. Both vaccines have been shown to be highly protective in experimental and clinical
studies [49, 50]. For animals, several kinds of VVLPs have been developed as experimental
vaccines [43]. Since there had been no reports on the development of a VLP vaccine against
PRRSV, we decided to generate a new VLP by employing the baculoviruses expression
system. PRRSV VLPs were made by expressing the GP5 and M proteins of PRRSV in
insect cells that were co-infected with GP5- and M-expressing recombinant baculoviruses.
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The GP5 and M proteins of PRRSV are present as heterodimers linked by disulfide bonds in
PRRSV particles and protein-expressing cells [12]. They have also been shown to be
required to assemble PRRSV particles with N protein in mammalian cells transfected with
cDNA encoding both proteins [13]. The counterparts to these proteins were identified in
EAV as the necessary proteins to form basic virus particles in mammalian cells [51].
Therefore, the GP5 and M proteins were selected in this study as the most plausible protein
candidates to make PRRSV VLPs. As expected, VLPs composed of the GP5 and M proteins
were generated successfully in insect cells co-infected with two recombinant baculovirus
expressing these proteins individually. The size and morphology of the VVLPs composed of
GP5 and M proteins were almost the same as those of PRRSV particles when examined by
TEM. Therefore, the GP5 and M proteins without N protein were determined to be the basic
components necessary to form PRRSV VLPs in insect cells. A recent study reported the
presence of ORF5a as an alternative ORF5, which encodes a small protein designated as
ORF5a protein, composed of 51 amino acids with an undefined function in PRRSV [11].
ORF5a contains 156 nucleotides (nt), and its interaction site precedes that of ORF5 by 10 nt.
We assume that the ORF5a protein was not incorporated into the VVLPs generated in this
study, because the ORF5 sequence used to express the GP5 protein did not include the 10 nt
preceding the start codon of ORF5. Therefore, the VLPs constructed in this study would be
formed solely by the GP5 and M proteins. The process of PRRSV particle formation might
have different features at the molecular level in mammalian cells than in insect cells.

Co-expression of the GP5 and M proteins has been shown to produce a better immune
response than that induced by GP5 or M protein alone [19, 20]. Therefore, we generated
VLPs composed of both proteins by co-infection of insect cells with two recombinant
baculoviruses expressing GP5 and M proteins. The VLPs induced high titers of GP5-specific
IgG and PRRSV-specific neutralizing antibodies (1:20-1:40) in mice that were repeatedly
vaccinated with 2 and 4 pg of the vaccine. Interestingly, neutralizing antibodies with a titer
of about 1:40 could be produced by a single immunization with a much higher dose (10 pug)
of the vaccine. In contrast, the commercial inactivated PRRSV vaccine induced very weak
antibody production and no neutralizing antibody production in the vaccinated mice. The
LMY strain used to generate the VLPs and the CA strain used in the commercial vaccine
share 96 % identity in the nucleotide sequences of their GP5 and M genes (data not shown).
This indicates that the two strains are closely related. Therefore, the meager antibody
response in the mice vaccinated with the commercial vaccine could not be explained by the
heterogeneity of the two strains. In contrast, we assume that the VVLP vaccine contained
approximately 100-fold more protein than the commercial vaccine. This might be one of the
plausible reasons why the evident immune responses were only observed in the mice
vaccinated with the VLP vaccine. A strong humoral immune responses to structural proteins
incorporated into VLPs is commonly detected in many VLPs including influenza virus and
human immunodeficiency virus VLPs [52, 53]. Antibodies, especially to GP5, are mainly
correlated with neutralization of PRRSV [15, 16]. The serum neutralization antibody titer is
the best indicator to predict regression of viremia in young pigs [54]. It has been
experimentally proven that passively transferred neutralizing antibody provides protection
against viremia at titers higher than 1:8 [55]. The VLPs developed in this study induced
neutralizing antibody specific for GP5 at a titer higher than 20:1 in the vaccinated animals,
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even though they had been generated in mice. These data imply that the VVLPs described in
this study are potent in inducing neutralizing antibodies against the GP5 protein. Therefore,
it would be interesting to ascertain whether these VLPs can induce high titers of neutralizing
antibodies to give protection in pigs. Because of the differences in the immune systems of
mice and pigs, it is not certain that the immune responses to the VLPs observed in mice can
be exactly reproduced in pigs. Therefore, the protective effects of the VLP vaccine should
be comparatively evaluated in pigs with other commercial vaccines.

PRRSV VLPs, but not the inactivated PRRSV vaccing, induced a strong Th1-type immune
response in vaccinated mice in a dose-dependent manner. When spleen cells were stimulated
with the VLPs in vitro, they produced a much higher concentration of IFN-y when compared
to the Th2-type cytokines IL-4 and IL10. Similar immune responses have been shown to be
induced by several kinds of VLP vaccines, including those derived from influenza virus,
human immunodeficiency virus-1, hepatitis B virus, and human papilloma virus [52, 56-58].
Some part of these strong Th1 type-specific immune responses would be attained by
interaction of VLPs with DCs, leading to stimulation of CD8* T cells [57, 59, 60]. VLP
vaccines have several advantages compared to vector-based vaccines and DNA vaccines.
One of the disadvantages of viral or bacterial vectors is the induction of antibodies to the
vector's own proteins, which often reduces boosting effects. DNA vaccines induce relatively
weak immune responses in large animals. In contrast, VLPs are composed of a few highly
ordered viral proteins, which makes it possible to induce very specific humoral and cell-
mediated immune responses toward the proteins presented on the VVLPs [46]. Therefore,
VLP vaccines are efficient in inducing target-antigen-specific immune responses. However,
several critical issues have to be resolved to make commercial VLP vaccines, such as
reducing the cost of production.

During the preparation of this manuscript, we did a challenge infection experiment with pigs
immunized with the VLP vaccine. The pigs challenged with two different PRRSV strains
were partially protected from the challenge. Significant reduction of viral load in the lungs
and potent induction of IFN-y in PBMC were observed in the vaccinated pigs (Chae KS and
Choi IS, unpublished data).

In conclusion, we have developed, for the first time, a VLP vaccine composed of the GP5
and M proteins of PRRSV and evaluated its immunogenicity in mice. The VLP vaccine was
highly immunogenic, inducing humoral and cellular immune responses over a wide range of
doses. This VLP vaccine could serve as a platform to develop more advanced VLP vaccines
for controlling PRRSV infection.
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Fig. 1.
Detection of GP5 and M proteins in PRRSV VLPs. The protein components in the VLPs

were determined by western blot. a The recombinant GP5 protein and the VVLPs were
reacted with rabbit anti-GP5 polyclonal antibody. A GP5-specific band was identified at
27.5 kDa. Lane 1, standard protein marker; lane 2, recombinant GP5 protein; lane 3, VLPs
composed of the GP5 and M proteins. b VVLPs were reacted with mouse anti-M monoclonal
antibody. An M-protein-specific band was detected at 19 kDa. Lane 1, standard protein
marker; lane 2, VLPs composed of the GP5 and M proteins
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Fig. 2.
Examination of the morphology of PRRSV VLPs by electron microscopy. The forms of the

VLPs (a) and PRRSV particles (b) in the inactivated vaccine were observed by TEM after
negative staining of the samples
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Fig. 3.
Antibody titers in mice immunized with PRRSV VLPs. Mice in four groups were

immunized with 0.5, 1.0, 2.0, and 4.0 pg of the VLPs. Mice in two groups were immunized
with a commercial inactivated PRRSV vaccine and PBS as positive and negative controls,
respectively. All mice were vaccinated three times at 2-week intervals. Blood samples were
obtained from mice before the first, second, and third vaccinations and 2 weeks after the
third vaccination (0, 2, 4, and 6 weeks as shown in the insert). Total 1gG titers were
determined by ELISA using GP5 as an antigen. The antibody titers in serum samples
collected at 4 and 6 weeks from mice vaccinated with 0.5, 1, 2, and 4 ug of the VLPs were
significantly higher at p<0.001 (***) than those determined in mice vaccinated with the
inactivated PRRSV vaccine and PBS

Arch Virol. Author manuscript; available in PMC 2014 August 08.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Nam et al. Page 18

(A) (B) ..
250 1 . 600 +++
— 200 Z 500 -
% 150 E 400 1
S < 300
< 100 A : .
'JI = 2001 4+
=~ 50
100 -
0 - 0
05pg 1ug 2pg  4ug PRRSV. PBS 05pg 1pg 2ug  4ug PRRSV  pBS
vaccine vaccine
Doses of VLP Doses of VLP
(© 1000 1
+++
~ 800
E +++
3 600 .
>
> 400 1
=
—
200
0

05ug 1ug 2pg 4ug PRRSV PBS
vaccine

Doses of VLP

Fig. 4.
Cytokine expression profiles in splenocytes. Spleens were taken from VLP-vaccinated and

positive and negative control mice at 2 weeks after the third vaccination. Splenocytes were
prepared as single cell suspensions. The splenocytes were stimulated with the VVLPs for 3
days. Cell culture supernatants were collected, and the amounts of I1L-4, IL-10, and IFN-y
were determined by ELISA. a The amount of IL-4 produced in mice vaccinated with the
commercial PRRSV vaccine was significantly higher at p<0.05 (*) than that of the PBS
group. b The amounts of I1L-10 produced from mice vaccinated with 2 and 4 ug of the VLP
vaccine and the commercial PRRSV vaccine were significantly higher at p<0.001 (* * %)
than that of the PBS group. ¢ The amounts of IFN-c produced from mice vaccinated with 2
and 4 pg of the VLP vaccine were significantly higher at p<0.001 (* * *) than that of the
PBS group. The amount of IFN-y produced from mice vaccinated with 4 pg of the VLP
vaccine was significantly higher at p<0.001 (***) than that of the commercial PRRSV
vaccine group
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Table 1
Primer sequencesfor PCR and the sizes of PCR products

Primer name  Sequence Nucleotide position of orrd PCR product (ORF)

GPsforward  CTC GAGAATG TTG GGG AAA TGC TTG 13,788 615 bp (603 bp)
GPSreverse  GCATGCP CTA AGG ATG ACC CCATTG TTC CGC 14,390
Mforward  GCATGCP ATG GGG TCG TCC TTA GAT GAC 14,375 537 bp (525 bp)

M reverse AAG CTTC TTA TTT GGC ATA TTT GAC AAG CA 14,899

a . .
Restriction enzyme site for Xhol

b - .
Restriction enzyme site for Sphi

c - . .
Restriction enzyme site for HindlI1

d . - . .
Nucleotide positions of ORF5 and ORF6 in the PRRSV LMY strain
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Table 2
Determination of neutralizing antibody titers

Vaccine NA titer@

0.5 pg of VLPs None

1.0 ug of VLPs None

2.0 ug of VLPs 1:20

4.0 pg of VLPs 1:40

PRRSV inactivated vaccine  None

Page 20

a . . I . . . s
NA titers were determined by the fluorescence focus neutralization assay with serum samples collected from mice vaccinated with different doses
of the VLPs and the PRRSV inactivated vaccine
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