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Abstract

Highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) had caused catastrophic losses in swine
industry in China. The current inactivated vaccine provided only limited protection, and the attenuated live vaccine could
protect piglets against the HP-PRRSV but there was a possibility that the attenuated virus returned to high virulence. In this
study, the eukaryotic expression vector pVAX1® was modified under the control of rabbit B-globin intron Il gene and the
modified vector pMVAX1® was constructed. Porcine interleukin-2 (IL-2) and GP3-GP5 fusion protein of HP-PRRSV strain SD-
JN were highly expressed by pMVAX1€. Mice inoculated with pMVAX1©-GP35 developed significantly higher PRRSV-specific
antibody responses and T cell proliferation than those vaccinated with pVAX1°-GP35. pMVAX1°-GP35 was selected as PRRS
DNA vaccine candidate and co-administrated with pVAX1©-IL-2 or pMVAX1°-IL-2 in pigs. pMVAX1®-IL-2+pMVAX1®-GP35
could provide enhanced PRRSV-specific antibody responses, T cell proliferation, Th1-type and Th2-type cytokine responses
and CTL responses than pMVAX1°-GP35 and pVAX1®-IL-2+pMVAX1°-GP35. Following homologous challenge with HP-
PRRSV strain SD-JN, similar with attenuated PRRS vaccine group, pigs inoculated with pMVAX1®-IL-2+pMVAX1°®-GP35
showed no clinical signs, almost no lung lesions and no viremia, as compared to those in pMVAX1°-GP35 and pVAX1®-IL-
2+pMVAX1°-GP35 groups. It indicated that pMVAX1®-IL-2 effectively increases humoral and cell mediated immune
responses of pMVAX1©-GP35. Co-administration of pMVAX1©-IL-2 and pMVAX1®-GP35 might be attractive candidate
vaccines for preventing HP-PRRSV infections.

Citation: Du Y, Lu Y, Wang X, Qi J, Liu J, et al. (2014) Highly Efficient Expression of Interleukin-2 under the Control of Rabbit B-Globin Intron Il Gene Enhances
Protective Immune Responses of Porcine Reproductive and Respiratory Syndrome (PRRS) DNA Vaccine in Pigs. PLoS ONE 9(3): €90326. doi:10.1371/
journal.pone.0090326

Editor: Xiang-Jin Meng, Virginia Polytechnic Institute and State University, United States of America
Received December 10, 2013; Accepted January 31, 2014; Published March 6, 2014

Copyright: © 2014 Du et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Natural Science Foundation (31170146, 31100119 and 31370189), Special Fund for Agro-scientific Research in
the Public Interest (201303046), Research Award Fund for Outstanding Young Scientist of Shandong Province (B52012NY012), a grant from the China Postdoctoral
Science Foundation (2012M521341), and Shandong Province Postdoctoral Special Fund for Innovative Projects (201203036). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: wangjb@saas.ac.cn (JW); jn-hbh@163.com (BH); wrzh63@163.com (RW)

@ These authors contributed equally to this work.

Introduction been shown to elicit enhanced immune responses [6] and GP3-
GP5 has been selected as the candidate antigen of porcine
reproductive and respiratory syndrome (PRRS) genetic engineer-
ing vaccines [7-10].

Porcine reproductive and respiratory syndrome virus (PRRSV)
is a small, enveloped single-stranded, positive-sense RNNA virus. It
is a mcmbcr of the genus Arterwvirus, family A.i'teﬁvi;idae,. order PRRS is one of the most economically significant viral diseases
Nudovirales [1,2]. The length of PRRSV genome is approximately of swine, frustrating challenge to the global swine industry [11,12].
15 kb, and the genome codes for two large non-structural In China, highly pathogenic PRRSV has been isolated and
polyproteins (PP1a and .PPl.a/ 1b) in the 5"-terrninal 12 lfb region, identified, Calising a larg;:—scale outbreak of PRRSV since 2006
and 8 structural proteins in the 3'-terminal 3 kb region: GP2 1316} Killed-PRRSV vaccines are less cffective in prevention of
(glycoprotein 2), E (small envelope), GP3, GP4, GP5, GP5a, M infection [9]. Attenuated live vaccine could protect piglets from

(membrane), a.nd N (I}ucl.eocapsid) proteins in ordter [3-5]. .It was lethal challenge but there is a possibility that the attenuated virus
reported that immunization of GP3 and GP5 fusion protein has
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returned to high virulence [17]. Thus, PRRS genetic engineering
vaccines have been developed to control this disease [7,18,19].
However, we usually meet the cases that the DNA or recombinant
protein cannot effectively induce immune response. An alternative
approach is the co-delivery of cytokines to up-regulate the immune
response [8,9,20], another one is using gene regulatory elements to
improve the expression level of the protein antigen [21,22].

IL-2 is an essential cytokine secreted mainly by activated T
lymphocytes and plays a pivotal role in the replication and
differentiation of T' and B lymphocytes, monocytes, and natural
killer cells [23]. IL-2 is one of cytokine adjuvants and enhances the
protection against challenge with the infectious agent, including
PRRSV [24-26]. However, the immune enhancing effects could
not provide complete protection against PRRSV challenge
[25,26]. It might be related to the low expression level of IL-2
or using N protein of PRRSV as the antigen.

B-Globin Intron II gene was one of gene regulatory elements
and used in expression systems to enhance the expression level of
target proteins [21,22]. It was found that addition of the rabbit p-
Globin Intron II gene in DNA vaccine expressing the respiratory
syncytial virus (RSV) fusion (F) protein (DNA-F) resulted in an
increase of protein expression i vitro and critically contributed to
the protection against respiratory syncytial virus infection in vivo
[22]. The protein level expressed by commercially available
pVAXI1® vector (Invitrogen, Carlsbad, CA, USA) was low.
Whether insertion of the rabbit B-Globin Intron II gene to
pVAX1© vector could increase the protein expression level was
never reported.

In this study, we first used the rabbit B-Globin Intron II gene as
gene regulatory element to engineer the eukaryotic expression
vector pVAX1® and constructed the gene regulatory plasmid
PMVAXI1®. Then porcine IL-2 and GP3-GP5 of PRRSV were
individually cloned into pVAX1® and pMVAX1®. The immune
responses of pMVAX1©-GP35 were evaluated in mice and the
immune enhancing effects of pMVAX1®-IL-2 were examined in
pigs. The results indicated that pMVAXI®-TL-2+4pMVAX]1®-
GP35 is as effective as attenuated PRRS vaccine in pigs at
protection against homologous HP-PRRSV challenge.

Materials and Methods

Ethics Statement

The animal experiments were approved by Jiangsu Provincial
Science and Technology department in China and conducted
accordingly. Experiments conformed to the local (Regulations for
the administration of affairs concerning experimental animals) and
international (Dolan K. 2007 Second Edition of Laboratory
Animal Law. Blackwell, UK) guidelines on the ethical use of
animals.

Viruses and cells

HP-PRRSV strain SD-JN was kept in our laboratory [27].
MARC-145 cells were used to propagate and titrate HP-PRRSV
SD-JN strain. The infected cell lysates were clarified, titrated,
diluted to 1x10° TCID5o/ml and stored at —20°C to be used for
animal challenge. The sixth passage (F6) MARC-145 cell culture
supernatant was filtrated through a 0.45 um filter and SD-JN
PRRSV was concentrated from the supernatant by ultracentrifu-
gation at 120,000 xg (SW 40 rotor, Beckman) at 4°C for 2 h. The
virus pellet was collected, diluted with TNE buffer [50 mM Tris-
HCI (pH 7.5), 100 mM NaCl, 1 mM EDTA] and then layered on
the top of 25-65% (w/v) sucrose gradients and at the same time
centrifuged at 120,000 xg (SW 40 rotor, Beckman) at 4°C for 4 h.
The PRRSV particles band were harvested and pelleted at
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120,000 xg at 4°C for 2 h to remove the traces of sucrose. Then
the PRRSV pellet was resuspended in phosphate buffered saline
(PBS), quantitated by optical density (OD) measurement as
described previously [6] and used for indirect ELISA (iELISA),
T lymphocyte proliferation and cytokine assays. HEK-293A cells
(ATCC CRL1573) were used for transfection of plasmids. All cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 U penicillin/ml and 100 pg streptomycin/ml.

RT-PCR for amplification of entire gene encoding for
porcine IL-2

Based on porcine IL-2 gene sequence (GenBank accession no.
NM_213861), one pair of PCR primers was designed as following:
IL-2-Fwd:  5'-GATGAATTCCACCATGGATAAGATGCAGC-
3" (containing EcoRI site italicized); IL-2-Rev: 5'-GCGCTCGAGT-
TAAGTCAGTGTTGAGTAGATGCTT-3' (containing Xhol site
italicized). Porcine spleen cells from 8-weck-old Yorkshire swine
were isolated by mechanical disruption and filtration through a
75 pm cell filter followed by hypotonic lysis of erythrocytes, then
stimulated with ConA (10 pg/ml; Sigma-Aldrich, St. Louis, MO,
USA) for 24 h in vitro. Total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) as the manufacturer’s
protocol. The cDNA was synthesized using oligo d(1);9.1 primer.
Then the entire gene encoding for porcine IL-2 (487 bp) was
amplified from the cDNA. The amplification was performed in a
50 ul reaction mixture containing 1.5 mM MgCly, 1 xPCR buffer,
0.2 mM of each dNTP, 20 pmol of each primer, 1.5 U of
TagqDNA polymerase (Invitrogen, Carlsbad, CA, USA) and 2 pl of
the cDNA. The reaction was run in a thermocycler (DNA Engine,
PTC-0200; Bio-Rad Laboratories, Hercules, CA, USA) with the
following program: denaturation at 94°C for 5 min, 30 cycles
composed of denaturation at 94°C for 40 s, annealing at 60°C. for
40 s and extension at 72°C for 1 min, and was ended with a final
extension step of 10 min at 72°C.

Modification of the pVAX1® vector

Based on the rabbit B-Globin Intron II gene regulatory
sequence (GenBank accession no. V00882), the partial CMV
promoter (138 bp, position 620-757), rabbit B-Globin Intron II
(649 bp, position 758-1406) and T7 promoter gene (19 bp,
position 1409-1427) were fused and chemically synthesized by
Invitrogen Biotechnology Co. Ltd. (Shanghai, China), with Sacl
and EcoRI flanking the both sides. The whole gene was digested
with Sacl and EcoRI and cloned into pVAX1© vector (Invitrogen,
Carlsbad, CA, USA) (Fig. 1A). The eukaryotic expression vector
pVAX1® was modified and the gene regulatory plasmid
PMVAX1® was constructed (Fig. 1A).

Construction of the expression plasmids pVAX1©-IL-2,
PMVAX1€-IL-2 and pMVAX1°-GP35

The PCR product of IL-2 gene was digested with ZcoR 1 and
Xho T and inserted into pMVAX1® or pVAX1® vector to produce
PMVAX1®-IL-2 and pVAX1©-IL-2 (Figs. 1A and 1B).

The construction of pVAX1©-GP35 expressing GP3-GP5 was
described elsewhere and GP3-GP5 was expressed as a fusion
protein [10]. In order to generate pMVAX1©-GP35 expressing
GP3-GP5, GP3-GP5 gene was amplified from plasmid pVAX1°-
GP3)5 using primer pair as following: GP3-1 (upstream primer): 5'-
TATGAATTCCACCATGGCTAATAGCTGTACA-3' (contain-
ing EcoRI site italicized); GP5-Rev (downstream primer): 5'-
GAGCTCGAGTTACTAGAGACGACCCC-3" (containing Xhol
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Figure 1. Schematic construction of gene regulatory plasmid pMVAX1° and recombinant plasmids. (A) The partial CMV promoter
(138 bp, position 620-757), rabbit B-Globin Intron Il (649 bp, position 758-1406) and T7 promoter gene (19 bp, position 1409-1427) were cloned into
pVAX1© vector, and pMVAX1© was constructed. (B) The IL-2 and GP3-GP5 gene were inserted into pMVAX1© vector, respectively.

doi:10.1371/journal.pone.0090326.g001

site italicized). Then the GP3-GP5 gene was cloned into
PMVAXI1® vector using EcoRI and Xhol sites (Fig. 1B).

All the expression plasmids were sequenced to confirm the
correct tandem in frame insertion of individual gene.

Transfection

HEK-293A cells were seeded in 35-mm diameter dishes and
grown to 70% confluency. Cells were transfected with 2.0 pg of
empty vector pVAX1® pMVAX1®, pVAX1©-I1-2, pMVAX]1°-
IL-2, pVAX1©®-GP35 or pMVAXI1®-GP35 using Lipofectami-
ne'™ 2000 according to the manufacturer’s instructions (Invitro-
gen, Carlshad, CA, USA). Cells were transfected with individual
plasmid in duplicate. At 24 h post-transfection, cells of one dish
were washed with PBS and lysed in cell lysis buffer supplemented
with PMSF (Beyotime, China) for western blotting analysis. Cells
of the other dish were frozen and thawed three times for detecting
the bioactivity of IL-2.

Western blotting assay

Western blotting was carried out as described previously [10].
Briefly, the cell lysates were resolved in a 10% polyacrylamide gel.
The separated proteins were then transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore, Billerica, MA, USA) and
probed with PRRSV-specific antiserum of pigs or mouse
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monoclonal antibody against swine IL-2 (Invitrogen, Camarillo,
CA, USA), respectively. Specific reaction products were detected
with horseradish peroxidase-conjugated Staphylococcal Protein A
(SPA-HRP, Boshide, Wuhan, China) or HRP-conjugated goat
anti-mouse IgG (Boshide, Wuhan, China). The membranes were
developed using Supersignal West Pico Chemiluminescent Sub-
strate according to the manufacturer’s suggestions (Pierce, Rock-
ford, IL, USA). Digital signal acquisition and analysis were
conducted by the Quantity One program, version 4.6 (Bio-Rad).

Bioactivity of IL-2 expressed by pVAX1®-IL-2 and
PMVAX1€-IL-2

Cells transfected with individual plasmid were frozen and
thawed three times and then centrifuged at 13,000 rpm for 10 min
in a microcentrifuge (Eppendorf 5415R). Supernatants were
harvested and the bioactivity of IL-2 was examined as described
before [28], with a little modification. Briefly, porcine spleen from
8-week-old Yorkshire swine was collected aseptically in PBS. Part
of the spleen (about 50 g) was cut, minced with scissors and then
passed through a 75 um cell filter to obtain a homogeneous cell
suspension. The spleen cells were collected after centrifugation at
250 %g for 10 min at 4°C and resuspended in Hank’s balanced salt
solution (HBSS). Cell suspension was then overlaid on equal
volume of Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA)
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and centrifuged at 1,000 xg. Cells were washed twice in serum-free
RPMI-1640 and planted in six well cell culture plates in RPMI-
1640 medium containing 10% FBS at a concentration of
1x107 cells/ml. The cells were stimulated with ConA (10 ug/
ml; Sigma-Aldrich) for 24 h and the residual ConA in the cell
supernatant was removed by incubating with 0.1 M o-methyl D-
mannoside for 30 min. The endogenous IL-2 protein in the
supernatant was purified according to the previous report [28].
The stimulated cells were applied to Histopaque-1077 (Sigma-
Aldrich), and live cells were selected after centrifugation. The
enriched viable cells were resuspended in RPMI-1640 medium
containing 10% FBS and cultured at 5x10° cells/ml with two-
folds dilutions of the supernatants from cells transfected with
individual plasmid in triplicates in 96-well plates (100 pl per well).
RPMI-1640-FBS only was used as negative control. The purified
endogenous IL-2 protein was used as positive control. After
incubation at 37°C for 48 h, 20 ul MTT (3-(4, 5-dimethylthiazol-
2-yl) 2, 5-diphenyltetrazolium bromide, 5 mg/ml) was added
to each well and reacted for 4.5 h. Then 100 pl of lysis buffer
(20% SDS/50% DMLF) was added. Plates were incubated for 20 h
at 37°C and the OD values were measured at 570 nm. OD 1o/
OD ,cgaive =1.5 was defined as the positive criteria for the
biological activity of IL-2.

Preparation of DNA plasmids

All plasmids for DNA immunizations were grown in E.coli
DHb5a strain (Invitrogen, Carlsbad, CA, USA), and large-scale
preparation of the plasmid DNA was carried out using Qiagen
EndolFree Plasmid-Giga kits (Qiagen, Chatsworth, CA, USA)
according to the manufacturer’s instructions.

Animal experiments

The ARRIVE Guidelines Checklist-NC3Rs for Animal Re-
search was provided in Table S1.

Immunization of mice. A total of 75, 6-week-old female
BALB/c mice (provided by the Animal Center of Nanjing Army
Hospital, Nanjing, China) were randomly divided into 5 groups
each with 15. Groups 1-4 were individually inoculated with
100 ug  of pVAXI®, pMVAXI®, pVAXI1®-GP35 and
PMVAX1©-GP35 in 0.2 ml PBS. Group 5 was inoculated with
0.2 ml PBS. All groups of mice were injected intradermally twice
at 3-week intervals using regular syringes and needles. At 21, 35
and 49 days post primary immunization (dpi), five mice from each
group were euthanized and the sera were harvested for the
detection of antibodies against PRRSV using iELISA and serum
neutralization (SN) assays. The lymphocytes were separated from
the spleen of each mouse at 35 and 49 dpi for the detection of
PRRSV-specific cell mediate immune responses.

Vaccination of pigs. Forty-five 21-day-old crossbreed (Land-
race Xlocal stock) pigs were obtained from a local farm without
PRRSV, porcine circovirus 2 (PCV-2), porcine parvovirus (PPV),
pseudorabies virus (PRV) and Actinobacillus pleuropneumoniae
(APP) history. All pigs were tested and proven to be seronegative
for PRRS by iELISA and PRRSV negative by RT-PCR. The
animals were then randomly divided into 9 groups, numbered,
and housed in separate rooms. Group 1 was injected with 1 ml
PBS. Groups 2-6 were individually injected with 500 ug of
pVAX1®, pMVAXI1®, pVAXI®IL-2, pMVAXI®-IL-2 and
PMVAX1®-GP35 in 1 ml PBS. Groups 7 and 8 were inoculated
with pVAXI1®-IL-2 (500 ug+pMVAXI1®-GP35 (500 ug) and
PMVAXI1®-IL-2 (500 ugl+tpMVAX1°-GP35 (500 pg) in 1 ml
PBS, respectively. Group 9 was vaccinated with commercial HP-
PRRS live vaccine (1x10° TCIDso in 1 ml PBS, Attenuated
PRRS vaccine, Strain JXAl-R, Guangdong Dahuanong Animal
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Health Products Co., Ltd, China). The plasmid DNA, attenuated
PRRS vaccine or PBS was injected in the cervical region muscles
using regular syringes and needles and the immunization was
boosted 28 days later. The sera were collected from each pig at 28,
42 and 56 dpi to detect antibodies to PRRSV using iELISA and
SN assays. At 42 and 56 dpi, the heparinized blood was used to
isolate peripheral blood mononuclear cells (PBMCs) for T
lymphocyte proliferation assay. At 42 dpi, PBMCs were isolated
from the blood of pigs and stimulated with purified SD-JN
PRRSV antigen (10 pg/ml). The supernatant was obtained to
detect the levels of Thl-type cytokine IFN-y and Th2-type
cytokine IL-4. PBMCs isolated from pigs at 42 dpi were also used
for Cytotoxic T-lymphocyte (CTL) assay. At 56 dpi, all pigs were
challenged intramuscularly with 1x10° TCIDsy, PRRSV SD-JN
strain (F6 passage, 1 ml) using regular syringes and needles. And
then the animals were monitored daily for rectal temperatures and
clinical signs until 21 days post challenge (dpc).

iELISA. The purified SD-JN PRRSV antigen was used as
iELISA antigen and coated in 96-well plates at the concentration
of 1.0 pg/ml. The plates were blocked with 0.15% BSA in PBS.
The sera of mice or pigs were diluted 1:2 serially in PBS-T (PBS
containing 0.5% Tween80, PBS-T) and added into the plates. 3
wells were repeated per dilution. After incubation for 60 min at
37°C, the wells were washed with PBS-T for three times and
incubated with Goat anti-mouse IgG-HRP or SPA-HRP (Boshide,
Wuhan, China) for 60 min at 37°C. The plates were incubated
with substrate solution O-phenilendiamine (OPD) at 37°C for
15 min and the reaction was stopped by adding 2 M HySOy,
solution in each well. The OD values were read at 490 nm in an
ELISA reader. Meanwhile, the PRRSV negative sera of mice or
pigs were used as negative controls. The results were expressed as
the ratio of ODy4g¢ nm produced by the serum samples compared to
negative control serum. Sera, giving a ratio value higher than 2.1,
were considered to be positive sera. The titers were expressed as
the highest dilution of antibody producing 2.1 ratio value [6,10].

SN assays. SN assays were performed as previously described
[6]. All serum samples from mice and pigs were heat inactivated
(56°C, 30 min) and 1:2 serially diluted. Then, the serial dilutions
of serum were mixed with equal volumes of 200 TCID5, SD-JN
PRRSV. After incubation at 37°C for 1 h, the mixtures were
transferred to MARC-145 monolayers in 96-well tissue culture
plates. Then, the plates were incubated and observed daily for up
to 5 days for the appearance of CPE. Meanwhile, the PRRSV
positive and negative sera of pigs were used as positive and
negative controls, respectively. CPE was used to determine the
end-point titers that were calculated as the reciprocal of the last
serum dilution to neutralize 100 TCID5q of PRRSV in 50% of the
wells.

T lymphocyte proliferation assay. Lymphocytes were
1solated individually from the spleen of each mouse or heparinized
blood of pigs with lymphocyte separation medium (Boshide,
Wuhan, China), suspended to 5x10°/ml with RPMI complete
medium (RPMI-1640 containing 10% FBS, 2 mM L-glutamine,
50 uM  B-mercaptoethanol, 200 U/ml penicillin, 200 pg/ml
streptomycin, 100 U/ml of mycostatin) and seeded in 96-well
flat-bottom plates at 100 pl per well. Each cell sample was plated
in triplicate. The culture was stimulated with purified SD-JN
PRRSV antigen at a final concentration of 10 pug/ml or
unstimulated, respectively. Meanwhile, phytohemagglutinin
(PHA) (10 pg/ml; Sigma-Aldrich) was used as a positive control.
After incubation for 45 h at 37°C with 5% COg, the proliferation
responses were detected by a standard MTT method. T
lymphocyte proliferation was expressed as stimulation index (SI),
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which is the ratio of ODj579 nm of stimulated well to that of
unstimulated one [6,10].

Cytokine assays. Subsets of Th cells can be distinguished by
their pattern of cytokine expression. Th1 cells produce IFN-y, IL-
2, and lymphotoxin, and Th2 cells produce IL-4, IL-5, IL-10 and
IL-13. To distinguish the subsets, PBMCs (5x10°/ml, 100 ul per
well) isolated from the blood of pigs were stimulated with purified
SD-JN PRRSV antigen at the final concentration of 10 pg/ml.
After 72 h, the cells were centrifuged and the supernatant was
collected to examine the levels of the Thl-type cytokine IFN-y and
Th2-type cytokine IL-4 using commercially available porcine IFN-
v/IL-4 ELISA kits (Biosource, Camarillo, CA, USA) following the
manufacturer’s instructions.

CTL assay. CTL assay was carried out as described
previously [29], with a little modification. Briefly, 21-day-old pig
free of PRRSV, tested to be seronegative for PRRS by iELISA
and SN assays, was used for collecting PAMs by lung lavage.
PAMs were incubated with PRRSV SD-JN at an MOI of 0.01
for 24 h and used as the target cells. PBMCs isolated from pigs at
42 dpi were used as effector cells. 1x107/ml and 5x10°/ml
of effector cells were suspended in phenol red-free RPMI-1640
medium containing 2% BSA, 2 mM glutamine, and 1% penicillin
and streptomycin, and seeded in 96-well round-bottom plates
with 100 pl per well. Each cell sample was plated in triplicate.
Subsequently 100 pl of the target cells (1x10*/well) was added
in each well and incubated for 4-6 h at 37°C with 5% COs..
The supernatant was harvested, and the substrate tetrazolium
salt was added. The OD values were read at 490 nm in an
ELISA reader. The specific lactate dehydrogenase (LDH)
activity release was calculated by using following formula:
(experimental release-spontaneous release)/(maximum release-
spontaneous release) x100.

Clinical evaluations and gross lesions. The severity of the
clinical signs was evaluated daily after challenge as reported [8,10].
Observations included behavior, respiration and cough. Scores for
each of three individual observations ranged from 1 to 4. The
overall score for clinical condition was determined by sum of daily
observations of behavior, respiration and cough. For example, a
clinically normal animal would be given a total score of 3 (ie.,
behavior =1, respiration =1, cough=1), an animal with maxi-
mum clinical illness would be given a total score of 9 (ie.,
behavior = 3, respiration = 3, cough = 3) and a dead animal would
be given a total score of 12 (i.e., behavior =4, respiration =4,
cough =4). Sequential blood samples were collected from all
animals at 0, 7, 14 and 21 dpc for isolation of PRRSV. The
experiments were terminated on 21 dpc and all the animals were
humanely euthanized. The gross lesions of lungs were evaluated at
necropsy. Lungs were evaluated by the percentage of lesions noted
per lobe, and then, using a standard scoring system, an overall
level of gross lung pathology was determined [30]. The histological
pathology of lungs was determined as described [31].

Viremia assessment. Viremia in challenged pigs was
determined as previously described [32]. MARC-145 cells were
seeded in 12-well plates and grown to 70-80% confluence. Cells
were inoculated with respective serum samples for 1 h and
DMEM supplemented with 2% FBS, 2 mM L-glutamine, 100 U
penicillin/ml and 100 pg streptomycin/ml was added. CPE in
each MARC-145 cell culture well was observed microscopically
for 5 days and the percentage of wells positive for CPE was
calculated per group.

Statistical analysis

Data were compared and the differences were determined by
One-way repeated measurement ANOVA and Least significance
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difference (LSD). A P-value <0.05 was considered statistically
significant [8].

Results

Construction of the expression plasmids pVAX1°-IL-2,
PMVAX1€-IL-2 and pMVAX1°-GP35

The partial CMV promoter, rabbit B-Globin Intron II and T7
promoter gene were successfully cloned into pVAX1® vector and
the gene regulatory plasmid pMVAX1® was obtained (Fig. 1A).
The whole sequence of pMVAX1® was deposited in the GenBank
(Accession no. KF703899). DNA sequencing confirmed that the
nucleotide sequence of the insert genes in recombinant plasmids
pVAX1®-IL-2, pMVAX1©-IL-2 and pMVAX1®-GP35 had the
same sequence as designed, as well as in the proper open reading
frame.

Expression analysis of pVAX1®-IL-2, pMVAX1°-IL-2 and
PMVAX1°-GP35 in HEK-293A cells

The expressions of GP35 and IL-2 were examined by western
blotting with PRRSV-specific antiserum of pigs or monoclonal
antibody against swine IL-2. As shown in Fig. 2A, the specific
band of ~65-70 kDa, being consistent with the predicted size of
GP35, was clearly observed in cell lysates of pVAX1°-GP35 and
PMVAX1©-GP35 as visualized with PRRSV-specific antiserum of
pigs, whereas no band was found in cell lysates of pVAXI®,
PMVAXI1®, pVAX1®-IL-2 or pMVAX1®-IL-2. In addition, the
expression level of pMVAX1©®-GP35 was 4.3-fold higher than that
of pVAX1®-GP35, as analyzed by the Quantity One program and
normalized with B-actin. HEK-293A cells transfected with
pPVAXI1®-IL-2 or pMVAXI®-IL-2 produced the specific band
of TL-2 (17 kDa) and the expression level of pMVAX1®-I1-2 was
5.7-fold higher than that of pVAX1®-11-2 (Fig. 2B).

To further detect the expression of IL-2, the bioactivity of IL-2
was examined. The activated swine spleen cells were co-cultured
with the serial two-folds dilutions of the supernatants from cells
transfected with individual plasmid. Then the culture mixtures
reacted for 4.5 h with MTT. Data in Fig. 2C showed that 1/100
dilution of the supernatant from cells transfected with pVAX1°-
IL-2 significantly stimulated the splenic lymphocyte proliferation,
while for pMVAX1®-I1-2, only 1/800 dilution was needed. In
addition, 11.-2 expressed by pVAX1®-I1-2 and pMVAX1®-I1.-2
could stimulate the lymphocyte proliferation in a dose-dependent
manner. The positive control of the purified endogenous IL-2
protein showed a stimulation index of 4-6 (data not shown). In
contrast, RPMI-1640-FBS only, the supernatants from cells
transfected with pVAXl©, pMVAX1©, pVAX1©-GP35 and
PMVAX1®-GP35 showed no stimulation. These results indicated
that the bioactivity of IL-2 expressed by pMVAX1©-IL-2 was
significant higher than that of pVAX1®-IL-2.

Humoral immune responses of pVAX1°-GP35 and
PMVAX1°-GP35 in mice

The sera collected from mice at 21, 35 and 49 dpi were used to
detect the PRRSV-specific antibody levels. As shown in Fig. 3A,
anti-PRRSV antibodies in mice vaccinated with pVAX1®-GP35
and pMVAX1©-GP35 could be detected by ELISA at 21 dpi, and
markedly increased after the booster. pMVAX1®-GP35 group
induced significantly higher levels of PRRSV-specific antibodies at
21, 35 and 49 dpi comparing with pVAX1®-GP35 group
(P<0.05).

Sera samples were further evaluated the ability to neutralize
PRRSV in vitro by SN assays. The results indicated that the levels
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Figure 2. Western blotting analysis of total lysates of HEK-293A cells transfected with pVAX1 © (lane 1), pPMVAX1 © (lane 2), pVAX1 ©.
IL-2 (lane 3), pMVAX1 ©_IL-2 (lane 4), pVAX1 ©_GP35 (lane 5) or pMVAX1 ©_.GP35 (lane 6), respectively, using anti-PRRSV serum of
pigs (A) or mouse monoclonal antibody against swine IL-2 (B). (C) Bioactivity examination of IL-2 in the supernatants from cells transfected
with individual plasmid. The negative control of RPMI-1640-FBS showed a stimulation index of 1-1.2. The positive control of the purified endogenous

IL-2 protein showed a stimulation index of 4-6.
doi:10.1371/journal.pone.0090326.9g002

of neutralizing antibodies in pMVAX1©-GP35 group were also
markedly higher than those in pVAX1-GP35 group at 35 and 49
dpi (Fig. 3B). No neutralizing antibodies against PRRSV could be
detected in mice immunized with pVAX1®, pMVAX1© or PBS.

T lymphocyte proliferation responses of pVAX1°-GP35
and pMVAX1°-GP35 in mice

At days 35 and 49 dpi, spleen cells were pooled and the
PRRSV-specific T lymphocyte proliferation responses were
detected. The results showed that the pMVAX1©-GP35 could
induce significantly higher levels of the proliferation at 35 and 49
dpi, comparing with pVAX1®-GP35 (P<0.05) (Fig. 4).

As pMVAX1©-GP35 could induce significantly higher PRRSV-
specific humoral immune responses and cell mediated immune

PLOS ONE | www.plosone.org

responses than pVAX1©-GP35, pMVAX1©-GP35 was selected as
PRRS DNA vaccine candidate and further studied in pigs.

Enhanced humoral immune responses induced by
PMVAX1©-IL-2+pMVAX1°-GP35 in pigs

The immunogenicity of the proteins expressed from these
plasmids was further investigated in pigs. The serum took at 28, 42
and 56 dpi were used to detect the PRRSV-specific antibody
levels. As shown in Fig. 5A, the levels of IgG from the groups of
PMVAXI1 ®-IL-24pMVAX1-GP35 and attenuated PRRS vac-
cine were significantly higher than those from the group of
PMVAXI1®-GP35 at 42 and 56 dpi (P<0.05). Moreover, the levels
of IgG from the groups of pMVAX1®-IL-2+ pMVAX1°-GP35
and attenuated PRRS vaccine were also significantly higher than
the group that received pVAX1©-IL-2+pMVAX1©-GP35
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Figure 3. PRRSV-specific antibody responses in mice immu-
nized with PBS, pVAX1°, pMVAX1° pVAX1°-GP35 or
pMVAX1©-GP35. (A) iELISA analysis of sera from mice immunized
with PBS, pVAX1®, pMVAX1®, pVAX1°-GP35 or pMVAX1©-GP35. Serum
samples (n=5) were collected at various time-points and antibodies to
purified SD-JN PRRSV antigen were detected using iELISA. The sera of
mice were diluted 1:2 serially in PBS-T and added into the plates. 3 wells
were repeated per dilution. Then the experiment was performed
according to the M&M. The results were expressed as the highest
dilution of antibody producing 2.1 ratio value. Data were shown as
meanzstandard error. (B) Neutralizing antibody responses in mice
immunized with PBS, pVAX1®, pMVAX1®, pVAX1©-GP35 or pMVAX1°-
GP35. Serum samples (n=5) were collected at various time-points and
detected by SN assays. The titers of neutralizing antibodies were
expressed as the reciprocal of the last serum dilution to neutralize 100
TCIDsy of PRRSV in 50% of the wells [6,10]. Data were shown as
meanzstandard error.

doi:10.1371/journal.pone.0090326.g003

(P<<0.05). There was no significant difference between the group
of pMVAXI-IL-24pMVAX1®-GP35 and attenuated PRRS
vaccine (P>0.05).

The results of SN assays indicated that pMVAXI1®-IL-
2+pMVAX1°-GP35 group provided significantly higher levels of
neutralizing antibodies than pVAX1®-IL-24pMVAX1°-GP35
and pMVAXI1®-GP35 groups (P<0.05). pMVAXI®-IL-2
+pMVAX1°-GP35 could induce similar neutralizing antibodies
with attenuated PRRS vaccine (P>0.05). Meanwhile, no neutral-
izing antibodies was detected in PBS, pVAX1®, pMVAXI®,
pVAXI1®IL-2 and pMVAXI1®-IL-2 groups (Fig. 5B). These
results indicated that pl\TVAX1©—IL—2 could significantly enhance
the humoral immune responses of PRRS DNA vaccine

PMVAX1©-GP35.
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Figure 4. Lymphocyte proliferative responses in mice immu-
nized with PBS, pVAX1°, pMVAX1°, pVAX1°-GP35 or
PMVAX1°-GP35. Splenocytes samples (n=5) were collected at days
35 and 49 dpi and were stimulated with purified SD-JN PRRSV antigen
(10 pug/ml) in triplicate. After 45 h of stimulation, MTT was added and
the proliferation responses were detected by a standard MTT method
[6,10]. The PHA control sample showed a stimulation index of 6-8. Data
were shown as mean=standard error.

doi:10.1371/journal.pone.0090326.9004

Enhanced T lymphocyte proliferation responses induced
by pMVAX1©-IL-24+pMVAX1°-GP35 in pigs

As shown in Fig. 6, PRRSV-specific lymphocyte proliferation
responses from the group of pMVAX1®-IL-2+4pMVAX1®-GP35
were significantly higher than those from the group of pVAX1©-
IL-2+4pMVAX1©-GP35 at 42 and 56 dpi (P<0.05). Morcover, the
responses from the group of pVAX1®-IL-2+pMVAX1°-GP35
were also significantly higher than the group that received
PMVAX1©-GP35 (P<0.05). There was no significant difference
between the group of pMVAX1®-IL-24pMVAX1®-GP35 and
attenuated PRRS vaccine (P>0.05). Pigs inoculated with PBS,
pVAXI1®, pMVAXI1®, pVAX1®-IL-2 or pMVAX1®-IL-2 could
not induce PRRSV-specific T lymphocyte proliferation responses.
This result revealed that pMVAXI1®-IL-2 significantly improved
the cell mediated immune responses of pMVAX1®-GP35.

Enhanced cytokine responses induced by pMVAX1®-IL-
2+pMVAX1°-GP35 in pigs

Swine cytokines detection kits were employed to detect the
production of IFN-y and IL-4 in the supernatant of the
lymphocytes stimulated with purified SD-JN PRRSV antigen at
42 dpi. The results showed that the levels of IFN-y and IL-4 were
significant higher in group that received pl\TVAX1©-IL-
2+pMVAX1°-GP35, comparing with those of pMVAXI1®-
GP35 and pVAXI®-IL-24pMVAX1®-GP35 (P<0.05, Fig. 7).
Attenuated PRRS vaccine could induce similar high level of IFN-y
with pMVAX1®-IL-2+4pMVAX1®-GP35, but the level of IL-4
was lower (P<0.05). The results demonstrated that pMVAX1®-
IL-2+4pMVAX1©-GP35 could potentiate both Thl-type and Th2-
type cytokine responses.
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Figure 5. PRRSV-specific antibody responses in pigs immu-
nized with PBS, individual plasmid or attenuated PRRS
vaccine. (A) iELISA analysis of sera from pigs immunized with PBS,
individual plasmid or attenuated PRRS vaccine in the cervical region
muscles using regular syringes and needles. Serum samples (n=5)
were collected at various time-points and antibodies to purified SD-JN
PRRSV antigen were detected using iELISA. Data were shown as mean
*standard error. (B) Neutralizing antibody responses in pigs immunized
with PBS, individual plasmid or attenuated PRRS vaccine in the cervical
region muscles using regular syringes and needles. Serum samples
(n=5) were collected at various time-points and detected by SN assays.
The titers of neutralizing antibodies were expressed as the reciprocal of
the last serum dilution to neutralize 100 TCIDs, of PRRSV in 50% of the
wells [6,10]. Data were shown as mean=standard error.
doi:10.1371/journal.pone.0090326.9005

Enhanced CTL induction by pMVAX1©-IL-2+pMVAX1®-
GP35 in pigs

CTL responses were determined using a LDH release assay
against PRRSV infected PAMs. PBMCs isolated from pigs were
incubated with target cells at different E:'T ratios. The results were
shown in Fig. 8. Compared to pVAX1®-IL-2+pMVAX1°-GP35
group, enhanced PRRSV-specific CTL responses were observed
in the groups of pMVAXI®-IL-2+ pMVAXI®-GP35 and
attenuated PRRS vaccine (P<0.05). In addition, the C'TL activity
in the pVAX1®-IL-24pMVAX1®-GP35 immunized group was
stronger than the pMVAX1®-GP35 group (P<0.05).
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Figure 6. Lymphocyte proliferative responses in pigs immu-
nized with PBS, individual plasmid or attenuated PRRS vaccine
in the cervical region muscles using regular syringes and
needles. Heparinized blood samples (n=5) were collected at days 42
and 56 dpi and PBMCs were stimulated with purified SD-JN PRRSV
antigen (10 pg/ml) in triplicate. After 45 h of stimulation, MTT was
added and the proliferation responses were detected by a standard
MTT method [6,10]. The PHA control sample showed a stimulation
index of 6-8. Data were shown as meanzstandard error.
doi:10.1371/journal.pone.0090326.g006
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Figure 7. The concentrations (pg/ml) of Th1-type cytokine IFN-
v and Th2-type cytokine IL-4 in the supernatants. PBMCs
(5x10%/ml, 100 pl per well) were isolated from the blood of
pigs at 42 dpi and stimulated with purified SD-JN PRRSV
antigen (10 ug/ml). After 72 h, the supernatant fluids were collected
to examine the levels of the Thi-type cytokine IFN-y and Th2-type
cytokine IL-4 using commercially available pig cytokine ELISA kits. Data
were shown as mean=standard error.

doi:10.1371/journal.pone.0090326.g007
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Figure 8. CTL responses in pigs immunized with PBS,
individual plasmid or attenuated PRRS vaccine. PBMCs isolated
from pigs (n=5) at 42 dpi were used as effector cells. PAMs infected
with PRRSV SD-JN were used as the target cells. The assays were
performed in triplicate at effector cell/target cell (E:T) ratios of 100:1 and
50:1. After 4-6 h of incubation, the supernatant was harvested, and the
substrate tetrazolium salt was added. The OD values were determined
at 490 nm in an ELISA reader. Data were shown as mean=standard
error.

doi:10.1371/journal.pone.0090326.g008

Body temperature change and clinical signs after
challenge

After challenge with HP-PRRSV, all pigs in PBS, pVAX1©,
PMVAX1®, pVAX1®-IL-2, and pMVAX1®-IL-2 control groups
had elevated body temperature (=40.5°C) and displayed a range
of clinical signs, including inappetence, lethargy, rough hair coats,
skin cyanopathy, dyspnoea, coughing and shivering. Compared to
the control groups, very low fever, very little fluctuation of rectal
temperatures and very light clinical signs were observed in the
group of pVAX1®-IL-2+pMVAX1®-GP35 (Fig. 9, Table 1). The
score of clinical signs and rectal temperatures of the pigs in
PMVAXI1©-GP35 group was between pVAXI1®-IL-
2+pMVAX1°-GP35 and control groups. Importantly, pigs
vaccinated with pMVAX1®-IL-24pMVAX1°-GP35 and attenu-
ated PRRS vaccine almost maintained normal body temperature
(=39.5°C) and showed no clinical signs during the 21 dpc (Fig. 9,
Table 1).

Viremia after challenge

At 0, 7, 14 and 21 dpc, the blood samples of the pigs were
collected and presence of PRRSV in the sera was determined by
the appearance of CPE in MARC-145 cells. As shown in Table 2,
1 pig in attenuated PRRS vaccine group was PRRSV-positive at
the time of challenge. Following challenge, viremia could not be
detected in pigs vaccinated with pMVAX1€-IL-24+pMVAX1°-
GP35 and attenuated PRRS vaccine, 3 of 5 pigs in prIVAX1©—
GP35 group and 2 of 5 pigs in pVAX1®-IL-2+4pMVAX1°®-GP35
group were viremic at 14 dpc. In contrast, virus still could be
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Figure 9. Rectal temperature of the pigs after challenge with
HP-PRRSV strain SD-JN. The values were expressed as mean
+standard error.

doi:10.1371/journal.pone.0090326.9g009

recovered from pigs in PBS, pVAX1®, pMVAX1®, pVAX1®-IL-
2 and pMVAX1®-IL-2 groups at 21 dpc (Table 2).

Pathological examination

At 21 dpc, all live pigs were euthanized and the scores of lung
lesions were evaluated. Lung lesions were also evaluated when pigs
died during the 21 days post challenge. The results showed that all
pigs from PBS, pVAXI1®, pMVAXI1® pVAXI®IL-2 and
PMVAX1®-IL-2 control groups had diffuse tan consolidation of
the lungs. Compared to these control groups, pigs inoculated with
pPVAXI1®IL-24pMVAX1°-GP35 showed significantly lighter
lung lesions (P<<0.001). The score of lung lesions of pMVAX1©-
GP35 vaccinated group was between pVAX1€-IL-2+4pMVAX1 -
GP35 and control groups (Table 1). However, lung lesions could
be hardly observed in pigs vaccinated with pMVAX1©—IL—
2+4pMVAX1°-GP35 and attenuated PRRS vaccine, comparing
to pVAX1®-IL-24pMVAX1®-GP35 group (P<0.05, Table 1).

On histological examination, lungs lesions of the pigs in PBS,
pVAX1®, pMVAXI® pVAXI®IL-2 and pMVAXI®-IL-2
control groups were characterized by thickened alveolar walls,
infiltration with intensive macrophage cells, and increased
amounts of bronchiole exudates. However, the interstitial pneu-
monitis was hardly observed in pMVAXI1®-TL-2+4pMVAX]1©-
GP35 and attenuated PRRS vaccine groups, which was signif-
icantly milder than that in pVAX1®-TL-2+4pMVAX1°-GP35 and
PMVAX1©-GP35 groups (Fig. 10).

Discussion

PRRSV infection is a global problem in swine industry.
Recently, PRRS genetic engineering vaccines have been reported,
including mycobacterium bovis BCG, pseudorabies virus or DNA
vaccine expressing GP5 and M [18,19,33], recombinant fowlpox
virus, adenovirus or DNA vaccine co-expressing GP3 and GP5 [6—
10]. In order to increase the efficiency of the vaccine, an
alternative approach is to co-deliver cytokines to enhance the
immune response of PRRSV, including IL-18 [7], HSP70 [8],
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Table 1. The scores of clinical signs of the pigs after challenge and lung lesions were recorded at 21 dpc.

Groups Clinical signs scores ® Lung lesions scores ©
PBS 10.1£0.46 A 85.7+7.22 A
pVAX1® 9.8+0.81 A 84.3+839 A
PMVAX1® 9.60.92 A 85.9+8.23 A
PVAX1©-IL-2 9.7+0.94 A 86.3+8.55 A
PMVAX1©-IL-2 9.5+0.79 A 83.2+7.64 A
PMVAX1°-GP35 6.1+x1.02 B 412+933 B
PVAX1©-IL-2+pMVAX1°-GP35 42+0.56 C 19.3+4.51 C
PMVAX1-IL-2+pMVAX1°-GP35 3.0+0.00 D 23+178 D
Attenuated PRRS vaccine 3.0+0.00 D 3.1£1.96 D

doi:10.1371/journal.pone.0090326.t001

GM-CSF [9] and IFNot/IFNy [10]. However, these PRRS genetic
engineering vaccines cannot induce sufficient protective immunity
against PRRSV challenge. In this study, porcine IL-2 and GP3-
GP5 of PRRSV were expressed by the gene regulatory plasmid
pPMVAXI1®. It was found that pMVAX1®-GP35 could express
higher level of GP3-GP5 of PRRSV & witro, induce significantly
higher PRRSV-specific humoral immune responses and cell
mediated immune responses in mice than pVAX1©-GP35. In
addition, pMVAXl©-IL-2 could significantly enhance humoral
immune responses, ' lymphocyte proliferation responses, Thl-
type and Th2-type cytokine responses and CTL responses of
PMVAXI1®-GP35 in pigs and pMVAXIC®-IL-2+4pMVAX1®-
GP35 could provide complete protection against homologous
HP-PRRSV challenge, similar with attenuated PRRS vaccine.

It was reported that insertion of the rabbit B-Globin Intron II
gene sequence upstream of the I coding region of RSV could
circumvent the tendency of RSV F RNA to undergo aberrant
splicing and increase the protein expression w vitro [22]. Here a
modification of pVAXI1® vector by including the rabbit B-Globin
Intron II gene sequence under the control of a CMYV promoter

Table 2. Development of viremia in vaccinated animals.

Days post challenge (dpc)

Groups

0 7 14 21
PBS o5 5/5 33 1/1°
pVAX1© 0/5 5/5 272 1/
PMVAX1® 0/5 5/5 33 1N
PVAX1©-IL-2 0/5 5/5 3/3 1/
PMVAX1©-IL-2 0/5 5/5 22 N1
pMVAX1©-GP35 0/5 4/5 3/5 0/5
PVAX1®-IL-24+pMVAX1°-GP35 0/5 3/5 2/5 0/5
PMVAX1®-IL-2+pMVAX1°-GP35 0/5 0/5 0/5 0/5
Attenuated PRRS vaccine 1/5 0/5 0/5 0/5

2Serum samples were collected weekly post challenge and virus isolation was
performed by MARC-145 cell inoculations.

The value in the denominator was the number of live pigs at that time point
after challenge.

doi:10.1371/journal.pone.0090326.t002
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Lung lesions were also recorded when pigs died during the 21 days post challenge °.

2Within each column, values followed by different letters (A, B, C and D) were significantly different (P<0.05).
bClinical signs of each pig were evaluated daily after challenge. The results were expressed as mean+standard error.
“Average lung scores were recorded. The results were expressed as mean=standard error.

results in higher levels of GP35 or IL-2 expression i vitro. The
tendency of GP35 or IL-2 RNA to undergo aberrant splicing
might be circumvented. As a result, the expression level and
immunogenicity of GP35 or IL-2 were improved.

It was reported that GP3 of PRRSV can induce neutralizing
antibody and plays an important role in clearing the virus infection
[34]. GP5 can induce higher titers of neutralizing antibody, and
three B-cell epitopes in GP5 have been identified using monoclo-
nal antibodies [35,36]. The results of SN assays showed that
PMVAX1®-GP35 could induce higher neutralizing antibodies
than pVAXI1©-GP35 in mice (Fig. 3B). In addition, PRRSV-
specific T lymphocyte proliferation responses from the group of
prIVAX1©—GP35 were significantly higher than the group that
received pVAX1©-GP35 in mice (Fig. 4). So pMVAX1°-GP35
was selected as PRRS DNA vaccine candidate and further studied
in pigs. pVAX1©-GP35 cannot provide efficient protection in pigs
in our previous report [10] and was not investigated any further.
PRRSV-specific humoral immune response, cell mediated im-
mune response and protection provided by pMVAX1°-GP35
might be better than pVAX1-GP35 in pigs, but it needs further
studies and comparisons in the future.

It was found that pigs vaccinated with pMVAX1©-IL-
2+pMVAX1©-GP35 had similar neutralizing antibodies, T
lymphocyte proliferation responses, Thl-type cytokine IFN-y
and CTL responses with attenuated PRRS vaccine. It might be
related to the highly efficient expression of IL-2 and GP35 by the
gene regulatory plasmid pl\/IVAX1©. However, the level of Th2-
type cytokine IL-4 from the group of attenuated PRRS vaccine
was significantly lower than that from pMVAXI1®-IL-
24+pMVAX1°-GP35 group, indicating attenuated PRRS vaccine
mainly potentiates Thl-type cytokine responses while IL-2
facilitates both Thl-type and Th2-type cytokine responses.

To investigate the level of protection elicited by pMVAX1©-1L-
2+pMVAXl©—GP35, the pigs were challenged with HP-PRRSV
strain SD-JN. Temperature, clinical signs, lung lesions, viremia
and histological pathology of lungs were examined to evaluate the
protective efficiency. The results showed that all pigs in PBS,
pVAX1®, pMVAXI® pVAXI®IL-2 and pMVAXI®-IL-2
control groups had high fever, showed severe clinical signs and
lung lesions. However, pigs inoculated with pMVAX1®-IL-
2+pMVAX1°-GP35 and attenuated PRRS vaccine had normal
body temperature, showed no clinical signs and minimal lung
lesions (Fig. 9, Table 1), which was coincident with the viraemia
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Figure 10. Examination of histological lesions in lungs of the pigs in PBS (A), pVAX1° (B), pMVAX1® (C), pVAX1°-IL-2 (D),
PMVAX1°-IL-2 (E), pMVAX1°-GP35 (F), pVAX1°-IL-2+pMVAX1°-GP35 (G), pMVAX1°-IL-2+pMVAX1°-GP35 (H) and attenuated
PRRS vaccine group (l) at 21 dpc. Hematoxylin and eosin staining (HE). Magnification, 200 x.

doi:10.1371/journal.pone.0090326.g010

and histological examination (Fig. 10, Table 2). The enhanced
PRRSV-specific humoral and cell mediated immunity induced by
PMVAX1C-IL-24+pMVAX1°-GP35 could provide complete pro-
tection against homogenous challenge.

In summary, pMVAX1®-IL-2+4pMVAX1°-GP35 could pro-
vide similar protective efficiency with attenuated PRRS vaccine.
To our knowledge, this study was the first demonstration that
porcine IL-2 and GP3-GP5 of PRRSV were expressed under the
control of rabbit B-globin intron II gene and pMVAXI1®-TL.-2
could significantly enhance the humoral immune responses, cell
mediated immune responses and CTL responses of pMVAX1°-
GP35. Co-administration of pMVAX1®-I1-2 and pMVAX1°-
GP35 might be attractive candidate vaccines for preventing HP-
PRRSV infection.
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