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Abstract

Project Code : RSA5880053
Project Title :
Investigator : W1efu LITYAUTUNS WATINENABUNTT

E-mail Address : wasin@miju.ac.th

Project Period : 1 N3nj1ay 2558 14 30 ﬁqmﬂu 2561

Porcine reproductive and respiratory syndrome virus (PRRSV) devastates pig industry in
Thailand. The virus comprises two genotypes, i.e. European and North American. Both
genotypes cause problems in Thailand. Currently available vaccine elicits poor immune
response and confers limited cross protection. Saponin quil A is a natural product that has been
reported to induce balanced immune response in murine models. This study evaluated the
immunogenicity of quil A in porcine peripheral blood mononuclear cells (PBMC) incubated with
PRRSV. Quil A was found to up-regulate Mx1, IRF3, IRF7, OAS1, STING, IFNb and IFNg gene
expressions, compared with PRRSV-inoculated PBMC control. Quil A did not affect PRRSV
infectivity and replication in MARC-145 cells. When quil A was injected with European PRRSV
modified-live virus (MLV) vaccine, pigs showed significantly increased IRF3, OAS1, osteopontin,
IFNa, IFNb, IFNg, IL-2, IL-13 and TNFa gene expressions, compared with pigs vaccinated with
PRRSV MLV vaccine alone. When quil A+vaccinated pigs were challenged with North American
PRRSV, the animals had significantly reduced PRRSV titer in serum as compared to pigs
vaccinated with PRRSV MLV vaccine alone. Our findings indicate that quil A stimulates cell-

mediated immune response to and enhances cross-protective efficacy of PRRSV MLV vaccine.

Keywords :  Porcine reproductive and respiratory syndrome virus; Quil A; Innate immunity,

Interferon, Inflammatory cytokines
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ARTICLE INFO ABSTRACT

Porcine reproductive and respiratory syndrome virus (PRRSV) suppresses innate immune response following
infection of myeloid antigen-presenting cells. Poor innate immune response results in weak and delayed PRRSV-
virus specific adaptive immunity, and facilitates PRRSV replication, pathogenesis, and persistent infection. Numerous
Quil A . . efforts have been made to enhance the effective innate and adaptive immune defenses to PRRSV, however, only
Ei‘;tf:;?lmumty a few attempts have so far elicited satisfactory results. The present study aims to evaluate in vitro the potential of
Inflammatory cytokines saponin quil A to enhance the expression of type I interferon (IFN)-regulated gene, type I and II IFNs, and pro-

inflammatory cytokines in PRRSV-inoculated peripheral blood mononuclear cells (PBMC). Naive PBMC from
four PRRSV-seronegative pigs were inoculated with PRRSV and subsequently stimulated with quil A in the
absence or presence of either polyinosinic:polycytidylic acid (poly IC) or lipopolysaccharide (LPS). The mRNA
expression levels of myxovirus resistance 1 (Mx1), interferon regulatory factor 3 (IRF3), IRF7, 2’-5"-oligoade-
nylatesynthetase 1 (OAS1), stimulator of interferon genes (STING), osteopontin (OPN), IFNa, IFNf, IFNy, in-
terleukin-2 (IL-2), IL-10, IL-13, tumor necrosis factor alpha (TNFa), and transforming growth factor beta (TGFf)
were evaluated by real-time PCR. Compared with uninoculated PBMC, PRRSV significantly suppressed expres-
sion of all immune parameters except IL-2, IL-10, IL-13, and TGFf. When compared with PRRSV-inoculated
PBMC, stimulation with quil A significantly enhanced Mx1, IRF3, IRF7, OAS1, STING, IFNp, and IFNy mRNA
expressions, and significantly reduced TGF3 mRNA expression. Our findings thus suggest that quil A has a
potential to up-regulate the expression of type I IFN-regulated gene and type I and II IFNs which are suppressed
by PRRSV. Therefore, it may serve as an effective immunostimulator for potentiating the innate immune defense
to PRRSV.

Keywords:
Porcine reproductive and respiratory syndrome

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV)
causes serious economic loss in swine industry worldwide. The virus is
an enveloped positive-sense single-stranded linear RNA virus, be-
longing to the family Arteriviridae. PRRSV genome is approximately
15 kb in size, and comprises 10 open-reading frames (ORFs), designated
ORF1la, 1b, 2a, 2b, 3, 4, 5a, 5, 6, and 7. PRRSV ORFla and ORF1b
encode 14 nonstructural proteins (nsp), while ORF2-7 encode eight
structural proteins, i.e. glycoprotein 2a (GP2a), 2b protein, GP3, GP4,
ORF5a protein, GP5, matrix (M), and nucleocapsid (N), respectively
(Kappes and Faaberg, 2015). Both nsp and structural proteins play
important roles in PRRSV evasion of host immune defense (Lunney
et al., 2016).

PRRSV strains are divided into European (type 1) and North

* Corresponding author.
E-mail address: wasin@mju.ac.th (W. Charerntantanakul).
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American (type 2) genotypes. Within the type 1 PRRSV genotype, three
subtypes have been delineated. Type 1 PRRSV subtype 3 strains are
more pathogenic than the other two subtypes. Type 2 PRRSV strains
consist of recently emerged highly pathogenic strains called “HP-
PRRSV” which caused serious outbreaks in China and Southeast Asian
countries. PRRSV of all strains infects myelomonocytic cell lineage,
including monocytes, macrophages, and dendritic cells. Following in-
fection, the virus induces poor innate and adaptive immune responses.
In PRRSV-infected cells, the expression of type I and II interferons
(IFNs) was barely detected (Albina et al., 1998; Meier et al., 2003), and
the expression of pro-inflammatory cytokines, e.g. tumor necrosis factor
alpha (TNFa) and interleukin 1 (IL-1) was relatively low, compared to
those seen after infection with other pathogens (Lopez-Fuertes et al.,
2000; Van Reeth et al., 1999). Other innate immune activities including
phagocytosis, production of reactive oxygen species, antigen

Received 25 July 2017; Received in revised form 27 October 2017; Accepted 28 November 2017

0165-2427/ © 2017 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01652427
https://www.elsevier.com/locate/vetimm
https://doi.org/10.1016/j.vetimm.2017.11.009
https://doi.org/10.1016/j.vetimm.2017.11.009
mailto:wasin@mju.ac.th
https://doi.org/10.1016/j.vetimm.2017.11.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetimm.2017.11.009&domain=pdf

W. Charerntantanakul, D. Fabros

presentation, T cell activation, and microbial killing activity of PRRSV-
infected cells were reduced (Charerntantanakul and Kasinrerk, 2012;
Sang et al., 2011). In in vivo studies, PRRSV-specific cytotoxic T lym-
phocytes (CTL) and T helper 1 (Th1) cells as well as neutralizing an-
tibodies (NAb) appeared in peripheral blood and serum approximately
three to four weeks after infection (Meier et al., 2003). These were
considered delay compared to similar responses to other swine viral
pathogens, e.g. swine influenza virus and transmissible gastroenteritis
virus (Thacker, 2001). The population of CTL and Th1 cells and the titer
of NAb were slowly increased over a period of months (Meier et al.,
2003). Delayed and weak adaptive immune response to PRRSV was
suggested to be attributed, at least in part, to a weak innate immune
response to the virus (Loving et al., 2015).

In contrast to immune responses to most PRRSV strains, immune
responses to type 1 PRRSV subtype 3 and HP-PRRSV are faster and
stronger in terms of antibody and cell-mediated immunity (CMI) as well
as inflammatory cytokine expressions e.g. IL-1, IL-12, TNFa, IFNa, and
IFNy. This is mainly due to the increased infectivity and replication
efficiency of these virus strains in vivo. Other mechanisms involving in
an improved immune response to these PRRSV strains have not been
clearly identified. The stronger immune responses may have supported
an enhanced or faster clearance of virus in tissues, compared to most
PRRSV strains (Li et al., 2016; Weesendorp et al., 2014).

Mechanisms involving in poor innate immune response to PRRSV
have been studied. These reportedly include PRRSV suppression of
signaling molecule and transcription factor activation, e.g. retinoic acid
induced gene-1 (RIG-1) (Luo et al., 2008), mitochondrial antiviral sig-
naling protein (MAVS) (Sun et al., 2016), interferon regulatory factor 3
(IRF3) (Beura et al., 2010), nuclear factor kappa B (NFkB) (Wang et al.,
2015), and signal transducer and activator of transcription 1 (STAT3)
(Yang et al., 2017), and extracellular signal-regulated kinase (ERK)
(Hou et al., 2012); PRRSV suppression of pattern recognition receptor
(PRR) expression, e.g. Toll-like receptor 3 (TLR3) and TLR7 (Chaung
et al., 2010); PRRSV-mediated degradation of signaling molecules, i.e.
CREB-binding protein (CBP) (Kim et al., 2010); PRRSV inhibition of
nuclear translocation of transcription factors, e.g. STAT1 and STAT2
(Yang and Zhang, 2016), and PRRSV up-regulation of anti-in-
flammatory cytokine, i.e. IL-10 (Charerntantanakul and Kasinrerk,
2010, 2012). These mechanisms have been reported to mediate, at least
in part, through PRRSV nspl (Beura et al., 2010), nsp2 (Sun et al.,
2010), nsp4 (Huang et al., 2016), nsp5 (Yang et al., 2017), nsp11 (Sun
et al., 2016), GP5 (Zhixuan et al., 2015), and N proteins (Sagong and
Lee, 2011).

Efforts to enhance immune response to PRRSV have been made.
These include the use of various forms of PRRSV vaccines, e.g. mod-
ified-live virus, inactivated virus, gene-deleted, vectored, DNA, and
subunit vaccines (Charerntantanakul, 2012), in combination with var-
ious types of adjuvants, for example, pro-inflammatory cytokines, e.g.
IL-1, IL-12, and granulocyte-macrophage colony-stimulating factor
(GM-CSF); chemical reagents, e.g. polyinosinic:polycytidylic acid (poly
IC), poly IC with polylysine and carboxymethylcellulose (poly ICLC),
and poly(lactic-co-glycolic) acid (PLGA); bacterial components, e.g.
CpG oligodeoxynucleotides (ODN), cholera toxin, and lipopoly-
saccharide (LPS); immunostimulatory proteins, e.g. C3d, CD40 ligand,
and peptide nanofiber hydrogel; and commercial adjuvants, e.g. Mon-
tanide™ Gel 01 ST (Binjawadagi et al., 2014; Charerntantanakul, 2009;
Li et al., 2013; Tabynov et al., 2016). Some of those efforts efficiently
improve immune response and vaccine efficacy against homologous
PRRSV challenge, but only a few of them, e.g. PLGA, CpG ODN, peptide
nanofiber hydrogel, and Montanide™ Gel 01 ST reportedly improve
immune response and vaccine efficacy against heterologous PRRSV
challenge (Binjawadagi et al., 2014; Charerntantanakul, 2009; Li et al.,
2013; Tabynov et al., 2016). This small number of achievement sug-
gests the need of further investigations on other potential im-
munostimulators for PRRSV, particularly for cross-protection against
heterologous challenge with varying field PRRSV isolates.
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Quil A is a triterpenoid saponin from the bark of South American
tree, Quillaja saponaria Molina. It has been reported to possess im-
munostimulatory effects, particularly on stimulation of CTL, Thl cells,
and antibody responses in human and veterinary experimental vaccines
(Sun et al., 2009a). Its mechanism of immunostimulation is not well
identified. In pigs, quil A has been reported to enhance serum and
mucosal IgA production and protective efficacy of Actinobacillus pleur-
opneumoniae inactivated and subunit vaccines (Willson et al., 1995);
NAb production and protective efficacy of inactivated swine influenza
H3N2 virus vaccine (Bikour et al., 1996); antibody production and
protective efficacy of Taenia solium TSOL18 vaccine (Assana et al.,
2010), Streptococcus suis Sao vaccine (Li et al., 2007), and Toxoplasma
gondii crude rhoptry vaccine (da Cunha et al., 2012); protective efficacy
of T. solium TSOL16-TSOL18 fusion vaccine (Jayashi et al., 2012); and
antibody production of foot-and-mouth disease virus (FMDV) vaccine
(Xiao et al., 2007) and S. suis recombinant SsnA vaccine (Gomez-Gascon
et al., 2016).

When combined with cholesterol and phospholipids to form im-
munostimulatory complexes (ISCOMs), quil A can activate both CMI
and antibody responses to a broad range of viral, bacterial, and pro-
tozoal antigens (Sun et al., 2009b). In pigs, quil A-integrated ISCOMs
have been reported to induce IFNf, TNFa, and osteopontin (OPN) but
not IFNa expression in porcine peripheral blood mononuclear cells
(PBMC) (Fossum et al., 2014) and OPN expression in injected muscle
(Ahlberg et al., 2012). In addition, quil A-integrated ISCOMs reportedly
enhance lymphocyte proliferation, antibody production and protective
efficacy of pseudorabies virus (PRV) subunit vaccine (Tulman and
Garmendia, 1994) and live Mycoplasma hyopneumoniae vaccine (Maes,
2014); protective efficacy and antibody production of T. gondii crude
rhoptry vaccine (Garcia et al., 2005) and FMDV recombinant C-term-
inal VP1 vaccine (Bayry et al., 1999); and antibody production of en-
terotoxigenic Escherichia coli fimbriae vaccine (Nagy et al., 1990).

The present study evaluates the immunostimulatory effects of quil A
on the expression of type I IFN-regulated genes, type I and II IFNs, and
inflammatory cytokines in porcine PBMC in response to PRRSV. Our
findings provide useful evidence for further exploitation of quil A as
immunostimulator for PRRSV and possibly for other swine vaccines.

2. Materials and methods
2.1. PRRSV

MARC-145 cells and HP-PRRSV (isolate CUVDL 3/1/4; isolated
from lung lavage) were a courtesy of the veterinary diagnostic labora-
tory, faculty of veterinary science, Chulalongkorn university, Thailand.
Both cells and viruses were propagated in MEM ™" comprising MEM
(Caisson Laboratories, Smithfield, UT), 10% heat-inactivated FBS
(Capricorn Scientific GmbH, Germany), penicillin (100 IU/ml), strep-
tomycin (100 ug/ml), and amphotericin B (250 ng/ml) (all from Gibco,
Grand Island, NY). The virus cultures were frozen and thawed twice,
centrifuged, and the supernatants were collected, filtered through
0.22 M filter (Minisart®, Sartorius, France), and kept at —80 °C. The
virus titer was determined by immunoperoxidase monolayer assay,
using primary mouse mAbs specific for PRRSV N proteins of both type 1
and type 2 genotypes (IgG2b, clone 5C61) (Median Diagnostics, South
Korea) and secondary horseradish peroxidase-conjugated goat anti-
mouse IgG antibodies (CiteAB, UK). The virus titer was adjusted to 10°
TCIDso/ml. The passage number of PRRSV used in this study was at
passage ninth in MARC-145 cells.

2.2. Quil A

Quil A (cat# vac-quil, Invivogen, San Diego, CA) was resuspended
with sterile water to 10 mg/ml. The solution was filtered through
0.22 uM filter (Minisart”), aliquoted, kept at —20 °C, and protected
from light until use. The presence of LPS in the resuspended quil A
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solution was less than 0.005 EU/ml as determined by limulus amebo-
cyte lysate assay (Chromo LAL’, Associates of Cape Cod, Inc., East
Falmouth, MA).

2.3. Animals

Four eight-week-old crossbred pigs (Large White/Landrace x Duroc)
were used as sources of PBMC. The animals were seronegative to
PRRSV and M. hyopneumoniae as determined by commercial ELISA test
kits (IDEXX Laboratories, Westbrook, ME). They were reared in the
swine research farm, faculty of animal science and technology, Maejo
university (MJU). The animal experiment was approved by the MJU
animal care and use committee.

2.4. Optimization of real-time PCR condition

2.4.1. PBMC isolation and stimulation

Whole blood was collected from jugular vein of the pigs and was
placed into EDTA-containing tubes. PBMC were isolated by Ficoll-
Hypaque gradient centrifugation (Histopaque’-1077, Sigma, St. Louis,
MO) as described previously (Charerntantanakul et al., 2006). Con-
taminating red blood cells were lysed with a cold hypotonic solution
comprising of 0.156 M ammonium chloride, 10 mM sodium bicarbo-
nate, and 1 mM EDTA. The isotonicity was restored with 3 x PBS. PBMC
were centrifuged at 1250 rpm at 4 °C for 15 min and washed once with
PBS prior to resuspension in RPMI* * (RPMI-1640 with L-glutamine
(Caisson Laboratories, Smithfield, UT), 10% heat-inactivated FBS, pe-
nicillin (100 IU/ml), streptomycin (100 pg/ml) and amphotericin B
(250 ng/ml)) to 5 X 10° cells/ml.

Two hundred microliters of PBMC suspension was pipetted into 96-
well flat-bottom plates (Nunc, Denmark). The cells then received 50 pl
of either poly IC (5 pg/ml final) or LPS from E. coli 0111:B4 (5 ug/ml
final) (all from Sigma, St. Louis, MO) for induction of immune gene
expression. The cultures were incubated at 37 °C in a humidified 5%
CO,, incubator for 18 h. The cells were then harvested and subjected to
RNA isolation.

2.4.2. Generation of cDNA stocks

Isolation of total RNA and elimination of contaminating DNA were
performed using NucleoSpin® Blood kit (Macherey-Nagel, Bethlehem,
PA) according to the manufacturer’s instructions. Complete elimination
of genomic DNA in the total RNA preparation was confirmed by real-
time PCR using total RNA preparation as template and primers for
RPL32 (ribosomal protein L32) (Charerntantanakul et al., 2013). Re-
verse transcription was carried out, using RevertAid™ First Strand cDNA
synthesis kit (Fermentas, Glen Burnie, MD). The concentration and
purity of RNA and the concentration of cDNA were determined by
spectrophotometry (Nanodrop ND-1000; NanoDrop Technologies). All
RNA samples had absorbance values at 260 and 280 nm (A260/280)
and 260 and 230 nm (A260/230) between 2.0-2.2 and 1.8-2.2, re-
spectively.

2.4.3. Real-time PCR

Published primer pairs specific for myxovirus resistance 1 (Mx1),
IRF3, IRF7, 2’-5’-oligoadenylatesynthetase 1 (OAS1), stimulator of in-
terferon genes (STING), OPN, IFNa, IFNp, IFNy, IL-2, IL-10, IL-13,
TNFa, transforming growth factor beta (TGFf), RPL32 and tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, zeta
(YWHAZ) were used (Dobrescu et al., 2014; Dong et al., 2015; Fossum
et al., 2014; Royaee et al., 2004; Wikstrom et al., 2011) (Supplementary
Table 1). All primer pairs were evaluated using primer concentration of
200, 300, 400, and 500 nM with annealing temperatures between 55
and 60 °C.

Real-time PCR was performed on the MJ Research PTC-200 thermal
cycler in a total reaction volume of 20 pl, consisting of 2 pl of serial 4-
fold dilutions of cDNA template (starting at 500 ng of cDNA), and 10 pl
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SYBR® Green real time PCR master mix (Toyobo, Japan). All reactions
were set up in duplicates. The PCR condition was 95 °C (15 min); and
40 cycles of 94 °C (15s), indicated annealing temperature (30s), and
72 °C (30s). Melting curve analysis was conducted following the com-
pletion of PCR cycles for product verification. Agarose gel electro-
phoresis was performed to confirm a single product of the expected size.
In each run, nuclease-free water was included as no template control.
PCR efficiencies between 90 and 103% and r> between 0.990-0.999
were obtained (Supplementary Table 1).

2.5. Determination of optimal concentration of quil a

Two hundred microliters of PBMC suspension was pipetted into 96-
well flat-bottom plates in duplicate settings. The cells then received
50 ul of serial 2-fold dilutions of quil A in RPMI* * (starting at 2000 ug/
ml final). The cultures were incubated at 37 °C in a humidified 5% CO,
incubator for 36 h. Cytotoxicity was determined by trypan blue dye
exclusion and methylthiazolyldiphenyl-tetrazolium bromide (MTT) as-
says. For MTT assay, PBMC suspension were transferred correspond-
ingly to 96-well round-bottom plates, and were centrifuged at 1200 rpm
at 4 °C for 1 min. All supernatants were gently removed and replaced
with 90 ul of RPMI** and 10 ul of MTT solution in PBS (5 mg/ml).
PBMC were incubated in the dark at 37 °C for 4 h, then received 100 pl
of MTT solvent (4 mM HCI, 0.1% NP40 in isopropanol). The cells were
incubated further at 37 °C for 15 min, prior to determination of optical
density at 560 nm. PBMC incubated with only RPMI" * served as
control. The cytotoxicity tests were conducted in three independent
experiments. The highest concentration of quil A (4 pg/ml) that showed
least cytotoxic effects to PBMC, compared to unstimulated PBMC con-
trol, as well as its 10-fold (0.4 ug/ml) and 100-fold (0.04 pg/ml) dilu-
tions were chosen for subsequent studies.

2.6. Optimization of incubation period for quil A-induced immune gene
expression

Two hundred microliters of PBMC suspension was pipetted into 96-
well flat-bottom plates in duplicate settings. The cells then received
50 pl of quil A at indicated concentrations. The cultures were incubated
at 37 °C in a humidified 5% CO, incubator for 12, 24, and 36 h. Then
the cells were harvested and subjected to RNA isolation, cDNA synth-
esis, and real-time PCR as described above. The real-time PCR reaction
comprised 2 pl cDNA template, optimal concentration of each primer
(Supplementary Table 1), and 10 ul SYBR® Green real time PCR master
mix (Toyobo, Japan). All reactions were set up in duplicates. The
threshold cycles (Cr) of all genes were collected and used for calcula-
tion of immune parameter gene expression by 2" (-AACt) method
(Pfaffl, 2001). The RPL32 and YWHAZ mRNA of the same animal was
used for normalization of immune parameter gene expression. The ex-
pression values were transformed into log2 scale in order that the ex-
pression was relative to 0. Melting curve analysis was conducted fol-
lowing the completion of PCR cycles. In each run, nuclease-free water
was included as no template control. PBMC incubated with only
RPMI* * served as unstimulated control, while PBMC incubated with
either poly IC or LPS served as positive control.

2.7. Effects of quil a on immune gene expression in PRRSV-inoculated
PBMC

Two hundred microliters of PBMC suspension was pipetted into 96-
well flat-bottom plates in duplicate settings. The cells then received
100 pl of either RPMI™ * or PRRSV (approximately 10 multiplicity of
infection) and were incubated at 37 °C in a humidified 5% CO, in-
cubator for 48 h. Cell viability was determined by trypan blue dye ex-
clusion. Subsequently, 100 pl of supernatant was gently removed. Cells
that were incubated with RPMI* * then received 50 ul of quil A at 4 pg/
ml final (referred to as quil A-stimulated PBMC). Cells that were
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IFNa Fig. 1. Effects of quil A on immune gene expressions in PRRSV-in-
oculated PBMC (n = 4 pigs). PBMC were incubated with RPMI* * for
48 h, then received quil A at 4 pg/ml (quil A-stimulated; grey bar). In
parallel settings, PBMC were inoculated with PRRSV for 48 h, then
received an equal volume of either RPMI** (PRRSV-inoculated
PBMC; white bar) or quil A at 4 pg/ml (PRRSV-inoculated/quil A-
stimulated PBMC; black bar). The cultures were incubated further for
12 h prior to determination of immune gene expression by real-time
PCR. Uninoculated PBMC receiving only RPMI* * were prepared in

Fold change relative to
uninoculated/unstimulated PBMC

the same fashion and served as uninoculated/unstimulated control.
mRNA expressions of immune genes were normalized with mRNA

b b
-1 b expressions of two housekeeping genes, i.e. RPL32 and YWHAZ of the
same pigs. Expressions of immune genes in all groups were trans-
formed to log2 scale and were presented in fold change, according to
-2 b 2" (-AACt) method, relative to those in uninoculated/unstimulated
PBMC. One-way analysis of variance (ANOVA), followed by Dunnett’s
-3 test was used to determine significant difference of mean fold ex-
mRNA target pressions. Error bar indicates the standard error of the mean (SEM).
Different alphabets represent a significant mean difference among
3 IFNb IFNg -2 IL-10 IL-13 TNFa TGFb groups (p < 0.05).
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3.2. Effects of quil a on immune gene expression in PRRSV-inoculated
PBMC

When evaluated the potential of quil A in response to PRRSV,
PRRSV-inoculated/quil A-stimulated PBMC significantly up-regulated
mRNA expression of Mx1 (1.9 + 0.2vs —0.3 *= 0.1), IRF3 (0.6 + 0.1

vs —0.3 = 0.1),IRF7 (0.8 + 0.1 vs0.1 = 0.1), OAS1 (2.4 *= 0.7 vs
1.4 = 0.3), STING (1.4 = 0.3 vs —1.6 = 0.2), OPN (0.2 = 0.1 vs
—-0.2 = 0.1), IFNa (0.8 = 0.0 vs —0.2 = 0.1), IFNf3 (0.4 *= 0.1 vs

—2.3 = 0.1),IFNy (0.8 = 0.1vs —0.5 * 0.1),and IL-13(1.0 = 0.1
vs 0.3 0.1), and significantly down-regulated mRNA expressions of
IL-2 (1.1 = 0.2vs1l.5 * 0.1)and TGFB (0.3 = 0.1vs1.2 * 0.1), as
compared to PRRSV-inoculated PBMC (Fig. 1). When compared to quil
A-stimulated PBMC, PRRSV-inoculated/quil A-stimulated PBMC sig-
nificantly up-regulated mRNA expression of Mxl (1.9 * 0.2 vs

=+
=+

0.8 + 0.2), IRF7 (0.8 = 0.1 vs 0.4 = 0.1), OAS1 (2.4 = 0.7 vs
1.5 += 0.2), STING (1.4 = 0.3 vs 0.6 = 0.2), IFNa (0.8 = 0.0 vs
0.5 = 0.1), and IL-10 (1.2 = 0.2 vs 0.5 = 0.1). The viability of

PBMC after inoculation with PRRSV for 48 h was greater than 70%.
Majority of cell death belonged to monocytes and some bystander
lymphocytes.

PRRSV has been reported to induce minimal IFNa and IFN3 mRNA
expression following infection both in vitro and in vivo (Albina et al.,
1998; Buddaert et al., 1998). Minimal type I IFN expression facilitates
PRRSV replication as these cytokines potentially suppress PRRSV re-
plication (Albina et al., 1998). In in vivo studies, PRRSV-infected pigs
receiving an injection of recombinant human adenovirus 5 expressing
IFNa showed delayed viremia and reduced viral loads in sera
(Brockmeier et al., 2009; Brockmeier et al., 2012). Possible mechanism
of type I IFN to suppress PRRSV replication might be through induction
of antiviral protein Mx1 and OAS1 (Huang et al., 2012; Zhao et al.,
2016). Poor type I IFN response to PRRSV has been demonstrated to be
attributed, at least in part, to PRRSV interference with immune
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signaling pathway. These include virus suppression of RIG-1 (Luo et al.,
2008), MAVS (Sun et al., 2016), IRF3 (Beura et al., 2010), NFkB (Wang
et al., 2015), STAT1 and STAT2 (Yang and Zhang, 2016), STAT3 (Yang
etal., 2017), TLR3 and TLR7 (Chaung et al., 2010), and CBP (Kim et al.,
2010). Significant up-regulation of IFNa and IFN3 mRNA expression
induced by quil A suggests the potential of quil A to potentiate antiviral
and innate immune response to PRRSV. Mechanisms of quil A involving
in up-regulation of type I IFN expression are not known, but could be
partly through up-regulation of IRF3 and STING expression as expres-
sion of these transcription factors is upstream of type I IFN and is es-
sential for type I IFN expression (Zevini et al., 2017).

The roles of IL-13 and TGFf} in response to PRRSV infection have not
been well studied. Both cytokines possess anti-inflammatory activities
and promote immunoglobulin production (Bauche and Marie, 2017;
Seyfizadeh et al., 2015). Their expression is reportedly up-regulated in
PRRSV-infected cells and in PRRSV-specific CD4*CD8* CD25*FoxP3*
regulatory T cells (Treg), respectively (Silva-Campa et al., 2012;
Wongyanin et al., 2010). In pigs, IL-13 favors Th2 differentiation
(Raymond and Wilkie, 2004). It acts together with GM-CSF to induce
the differentiation of monocytes to dendritic cells (Bautista et al.,
2007). TGEB, on the other hand, favors Treg differentiation (Kaser
et al., 2015). Its expression along with increased Treg response is ob-
served during early PRRSV infection, which correlates positively with
PRRSV viremia but correlates negatively with the presence of PRRSV-
specific CTL and Th1, and pro-inflammatory cytokine expression (Silva-
Campa et al., 2012; Wongyanin et al., 2010). Based on reported evi-
dence, it is likely that TGF(3 might play a role in suppressing innate
immune response to PRRSV (Cecere et al., 2012). In murine experi-
ments, TGF[} reportedly suppresses CTL and Th1 cell proliferation and
activation, induces Th17 and Treg differentiation, and promotes IgA
production (Bauche and Marie, 2017). Further studies regarding the
roles of IL-13 and TGF( in PRRSV infection are required. Whether
significant up-regulation of IL-13 and significant down-regulation of
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Mx1 IRF3 IRF7 OAS1 STING OPN IFNa Fig. 2. Effects of quil A on immune gene expressions in PRRSV-in-
5 a oculated PBMC stimulated with individual inducer, i.e. poly IC or LPS
o 'E 4 c a (n = 4 pigs). Poly IC was used to stimulate Mx1, IRF3, IRF7, OASI,
o2 a a a STING, OPN, IFNa, IFNp, IL-10 and TGFf gene expressions, while LPS
% E 3 a a was used to stimulate IFNy, IL-2, IL-13, and TNFa gene expressions.
E—;g g 5 c a PBMC were incubated with RPMI™ * for 48 h, then received inducer
S B 2 b b€ (inducer-stimulated; grey bar). In parallel settings, PBMC were in-
E '—a" 1 b € b b . |:| bb bb oculated with PRRSV for 48 h, then received an equal volume of either
K é o | . . e inducer (PRRSV-inoculated/inducer-stimulated PBMC; white bar) or
= quil A at 4 pg/ml simultaneously with inducer (PRRSV-inoculated/
-1 - quil A + inducer-stimulated PBMC; black bar). The cultures were
incubated further for 12 h prior to determination of immune gene
5 _ IFNb IFNg -2 IL-10 IL-13 TNFa TGFb expression by real-time PCR. Uninoculated PBMC receiving only
- a RPMI** were prepared in the same fashion and served as unin-
o= 4 b b b oculated/unstimulated control. mRNA expressions of immune genes
é’ E 3 | b b a a.b a aa were normalized with mRNA expressions of two housekeeping genes,
ﬁ g w a a a i.e. RPL32 and YWHAZ of the same pigs. Expressions of immune genes
gﬁ?g 2 C b in inducer-stimulated PBMC, PRRSV-inoculated/inducer-stimulated
= % 1 ¢ bb PBMC, and PRRSV-inoculated/quil A + inducer-stimulated PBMC
2 § b b . were transformed to log2 scale and were presented in fold change,
. = 9 T o0 Py == v according to 2" (-AACy) method, relative to those in uninoculated/
a unstimulated PBMC. Significant difference of mean fold expressions

mRNA target

difference among groups (p < 0.05).

TGFp expressions induced by quil A contribute to immune protection
from PRRSV needs further study.

3.3. Effects of quil a on PRRSV-suppressed immune gene expression in
PBMC stimulated with poly IC or LPS

In order to understand better the potential of quil A on up-regula-
tion of PRRSV-mediated immune suppression, two inducers, i.e. poly IC
and LPS which selectively induce immune gene expression were added
to the cultures. Compared to inducer-stimulated PBMC, PRRSV-in-
oculated/inducer-stimulated PBMC demonstrated significantly reduced
Mx1 (0.8 = 0.1 vs 2.8 * 0.2), IRF3 (0.0 = 0.1 vs 2.6 = 0.1), IRF7

(1.1 = 0.1 vs 2.4 = 0.4), OAS1 (0.6 = 0.1 vs 4.2 = 0.5), STING
(0.0 = 0.1 vs 3.0 = 0.1), OPN (0.0 = 0.0 vs 1.5 = 0.1), IFNa
(0.1 = 0.0 vs 3.8 = 0.0), IFNB (0.0 = 0.0 vs 3.5 = 0.1), IFNy

(=0.2 = 0.1 vs 2.1 = 0.1), and TNFa (0.1 = 0.1 vs 2.4 * 0.2)
expressions (Fig. 2). On the other hand, the virus-inoculated cultures
demonstrated significantly increased IL-2 (2.7 = 0.2 vs 2.2 *= 0.0),
IL-10 (2.9 + 0.2vs 2.1 * 0.2), and IL-13 (29 * 0.2vs 2.5 * 0.1)
expressions. Significant changes of immune gene expressions between
inducer-stimulated PBMC and PRRSV-inoculated/inducer-stimulated
PBMC may be attributed partly to differential viable subpopulations of
PBMC after PRRSV inoculation as PRRSV causes monocyte and by-
stander lymphocyte cell death. Differential survival cell subpopulations
may respond to inducer and later to quil A to different degrees.
Nonetheless, PRRSV suppression of [FNa, IFNf, IFNy, and TNFa gene
expressions has been reported (Charerntantanakul and Kasinrerk,
2012). Stimulation of IL-2 and IL-10 gene expressions following PRRSV
infection in vitro and in vivo also has been evidenced
(Charerntantanakul and Kasinrerk, 2010, 2012; Charerntantanakul
et al.,, 2006). Significant up-regulation of IL-10 gene expression fol-
lowing PRRSV infection has been demonstrated to contribute to sig-
nificant suppression of [IFNy and TNFa production, as knockdown of IL-
10 expression results in significantly increased expression of both cy-
tokines (Charerntantanakul and Kasinrerk, 2012).

When quil A was added to the PRRSV-inoculated/inducer-stimu-
lated cultures, the expressions of Mx1 (2.5 + 0.5 vs 0.8 + 0.1), IRF3

(0.1 = 0.0 vs 0.0 = 0.1), IRF7 (1.3 = 0.1 vs 1.1 = 0.1), OAS1
(32 £ 0.2 vs 0.6 = 0.1), STING (1.3 = 0.1 vs 0.0 = 0.1), IFNf
(0.1 = 0.0vs 0.0 = 0.0), and IFNy (1.1 = 0.1 vs 0.2 = 0.1) mRNA

were significantly up-regulated, while the expression of TGFf
(0.9 = 0.1 vs 1.9 = 0.1) mRNA was significantly down-regulated,
compared to PRRSV-inoculated/inducer-stimulated PBMC (Fig. 2).
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was tested by one-way ANOVA, followed by Dunnett’s test. Error bar
indicates the SEM. Different alphabets represent a significant mean

These findings again indicate that quil A potentially stimulates ex-
pression of type I IFN-regulated gene, and type I and II IFNs and po-
tentially down-regulates expression of TGFP. Mechanisms involving in
quil A alteration of gene expression are not known. However, the
findings that quil A did not affect IL-10 expression suggests that the
increased expressions of type I IFN-regulated gene and type I and II IFNs
were not due to a quil A-mediated reduction of IL-10 expression
(Fig. 2).

It is important to note that in PBMC culture, mixed cell population
exists and cells that respond to quil A may not only be cells that are
infected by PRRSV. Thus, in order to precisely evaluate the ability of
quil A to overcome PRRSV-mediated immune suppression of PRRSV-
infected cells, further study may employ a pure culture system, e.g.
monocytes and alveolar macrophages which are susceptible to PRRSV
infection.

4. Conclusion

The present study evaluates the potential of quil A to enhance innate
immune response to PRRSV, i.e. the expression of type I and II IFNs,
type I IFN-regulated genes, and inflammatory cytokines. Our findings
suggest that quil A is a potent immunostimulator for potentiating ex-
pression of type I IFN-regulated genes, and type I and II IFNs which are
suppressed by PRRSV. It may be exploited as an adjuvant for PRRSV
vaccines to enhance innate immune response.
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Dear Dr. Glass,

We are submitting a revised version of our manuscript ID VETIMM_2018 196. We
found the editor and reviewers’ comments to be quite helpful and have responded to them as
outlined below.

Editor:

1. Information regarding the criteria that the Animal Care and Use Committee considered for
the study and the monitoring of animals during experimentation as well as the method of
euthanasia have been provided as suggested (see page 10, line 231-236).

Reviewer 1:

1. The title has been changed as suggested.

2. We agree with the reviewer’s suggestion on pathological and posttranslational evaluation.
However, according to our resources, we could not conduct those analyses in this study.

3. The day of challenge and the treatment group legend have been added to the figures as
suggested.

4. Individual titles in the result section have been edited as suggested.

Reviewer 2:

1. The title has been changed as suggested.

2. The introduction section has been shortened as suggested.

3. The genus and family names of PRRSV have been edited as suggested.

4. A subtype 4 of PRRSV-1 has been added as suggested (see page 3, line 70-71).

5. The presence of HP-PRRSV within PRRSV-1 has been added to the revised manuscript as



suggested (see page 3, line 71-74).

6. The sentence stating inconsistent cross protective efficacy of commercial PRRSV vaccines
has been removed as suggested.

7. The format of in-text citation has been edited as suggested.
8. The statement has been revised as suggested (see page 5-6, line 122-131).

9. The results regarding the section 2.3.1 of Materials and Methods have been added to the
revised manuscript as suggested (see page 15, line 355-361).

10. The statement “of the same size” has been removed.

11. The concentration of quil A used for in vivo injection was according to manufacturer’s
recommendation.

12. “Day post vaccination” and “Day post inoculation” have been specified as suggested.
13. The approval number of the experiment has been added as suggested.

14. The subsection “Clinical evaluation and growth performance” in Materials and methods
has been moved as suggested (see page 10, line 238-242).

15. A figure describing effect of quil A on PRRSV infectivity and replication has been made
as suggested (see Figure 2).

16. Proportion of viremic pigs has been added to the revised manuscript as suggested (see
page 17-18, line 422-425).

17. Details regarding antibody response following PRRSV challenge have been added to the
revised manuscript as suggested (see page 19-20, line 468-483).

18. Increased IL-10 gene expression in group 1-3 pigs following PRRSV-2 challenge and
possible impact on other immune gene expressions have been discussed as suggested (see
page 22-23, line 543-549).

19. Differential TGFpB gene expressions among tissues in response to PRRSV infection have
been discussed as suggested (see page 23, line 550-557).

We hope that you will find the revised manuscript acceptable for publication. We would be
happy to address any additional concerns or questions that you or the reviewers may have.
Sincerely,

Lddine haren TRWRMEAL

Wasin Charerntantanakul, DVM, PhD



Figure legend

Figure 1. Determination of non-cytotoxic concentration of quil A to MARC-145 cells.
MARC-145 cells were incubated with 2-fold serially diluted quil A starting at a final
concentration of 500 pg/ml for 96 h. Then the cells were fixed with acetone:methanol
solution, and stained with 0.5% crystal violet solution and Sorenson’s buffer. MARC-145
cells incubated with only MEM™™ served as untreated control. The O.D. values obtained from
quil A-treated cells were compared with those from untreated control and expressed as

%viability of MARC-145 cells. Error bar indicates the standard error of the mean (SEM).

Figure 2. Effect of quil A on PRRSV-1 infectivity and replication in vitro. For effect on
PRRSV-1 infectivity, quil A was incubated with serially diluted PRRSV-1 for 1 h prior to
subsequent inoculation onto adherent MARC-145 cells and a further incubation for 96 h (a).
For effect on PRRSV-1 replication, MARC-145 cells were inoculated with serially diluted
PRRSV-1 for 1 h, then the supernatants were discarded, and the cultures were washed and
further incubated with quil A for 96 h (b). PRRSV titers were determined by IPMA test.
MARC-145 cells receiving only serially diluted mock antigens or PRRSV served as mock

and PRRSV controls, respectively. Error bar indicates the SEM.

Figure 3. PRRSV-specific antibody response tested over time by ELISA. Pigs (n=6)
were injected i.m. with Amervac® PRRS MLV (0 dpv) (MLV), Amervac® PRRS MLV (0
dpv) and quil A (-1, 0, 1 dpv) (MLV+Quil A), or vaccine solvent used for resuspension of
lyophilized Amervac® PRRS MLV (0 dpv) (Vaccine solvent). The animals were challenged
i.n. with PRRSV isolate 01NP1 at 28 dpv. Strict control pigs (Strict CTRL) received no
treatment. Sera were collected weekly from all pigs at 0 to 49 dpv. The positive antibody

response was determined at s/p ratio of 0.4 or higher. One-way ANOVA, followed by



Dunnett’s test was used to determine significant difference of mean s/p ratios. Error bar
indicates the SEM. Different alphabets represent a significant mean difference among groups

(p<0.05).

Figure 4. Immune gene expression in PBMC re-stimulated in vitro with PRRSV isolate
0INP1. Pigs (n=6) were injected i.m. with Amervac® PRRS MLV (0 dpv) (MLV),
Amervac® PRRS MLV (0 dpv) and quil A (-1, 0, 1 dpv) (MLV+Quil A), or vaccine solvent
used for resuspension of lyophilized Amervac® PRRS MLV (0 dpv) (Vaccine solvent). The
animals were challenged i.n. with PRRSV isolate 01NP1 at 28 dpv. Strict control pigs (Strict
CTRL) received no treatment. PBMC were collected weekly from all pigs on at 0 to 49 dpv.
Harvested PBMC were incubated with PRRSV isolate 01NP1 for 72 h prior to determination
of immune gene expression by real-time PCR. PBMC receiving mock antigens served as
mock control. PBMC stimulated with poly IC (for induction of Mx1, IRF3, IRF7, OAS1,
STING, OPN, IFNa, IFNB, IL-10 and TGFp gene expressions) or LPS (for induction of
IFNy, IL-2, IL-13, and TNFa gene expressions) served as positive control. mRNA
expressions of immune genes were normalized with mRNA expressions of two housekeeping
genes, i.e. RPL32 and YWHAZ of the same pigs. Expressions of immune genes in all groups
were transformed to log, scale and were presented in fold change, according to 2(-AAC+)
method, relative to those in mock control. One-way ANOVA, followed by Dunnett’s test
was used to determine significant difference of mean fold expressions. Error bar indicates
the SEM. Different alphabets represent a significant mean difference among groups

(p<0.05).

Figure 5. Number of viremic pigs and logio PRRSV ORF7 copy numbers in serum

following PRRSV challenge. Pigs (n=6) were injected i.m. with Amervac® PRRS MLV (0



dpv) (MLV), Amervac® PRRS MLV (0 dpv) and quil A (-1, 0, 1 dpv) (MLV+Quil A), or
vaccine solvent used for resuspension of lyophilized Amervac® PRRS MLV (0 dpv) (Vaccine
solvent). The animals were challenged i.n. with PRRSV isolate 01NP1 at 28 dpv (0 dpi).
Strict control pigs (Strict CTRL) received no treatment. Serum samples were collected
weekly from all pigs at 0 to 21 dpi and were determined for PRRSV ORF7 copy numbers by
real-time PCR. The C+ obtained from each sample was compared with C+ standard curve
generated from 10™-10° copies of recombinant PRRSV ORF7 plasmids. The calculated copy
numbers were transformed to log;o scale. Data were presented per ml of serum sample.
One-way ANOVA, followed by Dunnett’s test was used to determine significant difference
of mean logip PRRSV ORF7 copy numbers. Error bar indicates the SEM. Different

alphabets represent a significant mean difference among groups (p<0.05).

Figure 6. Rectal temperature, clinical score, and average daily weight gain (ADWG) of
pigs following PRRSV challenge. Pigs (n=6) were injected i.m. with Amervac® PRRS MLV
(0 dpv) (MLV), Amervac® PRRS MLV (0 dpv) and quil A (-1, 0, 1 dpv) (MLV+Quil A), or
vaccine solvent used for resuspension of lyophilized Amervac® PRRS MLV (0 dpv) (Vaccine
solvent). The animals were challenged i.n. with PRRSV isolate 01NP1 at 28 dpv (0 dpi).
Strict control pigs (Strict CTRL) received no treatment. Rectal temperature and clinical score
were recorded daily. ADWG was calculated from day O to 21 dpi. One-way ANOVA,
followed by Dunnett’s test was used to determine significant difference of mean rectal
temperature, clinical score, and ADWG. Error bar indicates the SEM. Different alphabets

represent a significant mean difference among groups (p<0.05).
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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is a devastating virus
which suppresses the expression of type | and Il interferons (IFNs) as well as several pro-
inflammatory cytokines. Our previous study reported that saponin quil A had a potential to
up-regulate the expression of type | IFN-regulated genes and type | and Il IFNs in porcine
peripheral blood mononuclear cells (PBMC) inoculated with PRRSV. The present study
evaluated the immunostimulatory effect of quil A on potentiating cross protective immunity
of PRRSV-1 modified-live virus (MLV) vaccine against PRRSV-2 challenge. Twenty-four
4-week-old PRRSV-seronegative pigs were divided into four groups of six pigs. Group 1 and
group 2 pigs were vaccinated with PRRSV-1 MLV vaccine at 0 dpv (day post vaccination),
and additionally group 2 pigs were injected intramuscularly with quil A at -1, 0, 1 dpv.
Group 3 pigs were injected with PRRSV-1 MLV vaccine solvent at 0 dpv and served as
challenge control, while group 4 pigs served as strict control. Group 1-3 pigs were
challenged intranasally with PRRSV-2 at 28 dpv and immune and clinical parameters were
observed from 0 until 49 dpv. Group 1 pigs showed significantly reduced PRRSV viremia,
number of viremic pigs, and clinical scores, and significantly improved average daily weight
gain (ADWG), compared to group 3 pigs. Group 2 pigs showed significantly increased
MRNA expressions of interferon regulatory factor 3, 2'-5'-oligoadenylatesynthetase 1,
osteopontin, IFNa, IFNp, IFNy, interleukin-2 (IL-2), IL-13 and tumor necrosis factor alpha,
compared to group 1 pigs. The animals demonstrated significantly reduced PRRSV viremia
and number of viremic pigs, but did not demonstrate any further improved PRRSV-specific
antibody levels, neutralizing antibody titers, rectal temperature, clinical scores, and ADWG
as compared to group 1 pigs. Our findings suggest that quil A up-regulates type | IFN-
regulated gene, type 1 and Il IFNs, and inflammatory cytokine expressions which may

contribute to further reducing PRRSV viremia and number of viremic pigs which were
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conferred by PRRSV-1 MLV vaccine. Our findings also suggest that quil A may serve as an
effective immunostimulator for potentiating cell-mediated immune defense to PRRSV.
Keywords:  Porcine reproductive and respiratory syndrome virus, Quil A, Modified-live

virus vaccine, Interferon, Cross protection

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most
economically significant pathogens of swine industry worldwide. The virus causes
reproductive failures in breeding swine and respiratory diseases, poor growth performance
and probably death in growing pigs (Lunney et al., 2010a).

PRRSV is an enveloped positive-sense single-stranded RNA virus. According to
recent taxonomy, PRRSV is divided into two species based on its 3'-terminal structural
genes, i.e. PRRSV-1 (formerly known as genotype 1 or European-like PRRSV) and PRRSV-
2 (formerly known as genotype 2 or North American PRRSV) (Adams et al., 2016; Kuhn et
al., 2016). Both species of PRRSV belong to the genus Porarterivirus, family Arteriviridae
and order Nidovirales. The virus genome consists of 10 open-reading frames (ORF), 1.e.
ORFla, 1b, 2a, 2b, 3, 4, 5a, 5, 6, and 7, of which PRRSV ORF1a and ORF1b encode 14
nonstructural proteins (nsp), while the other ORFs encode eight structural proteins (Kappes
and Faaberg, 2015). PRRSV-1 is further divided into three subtypes, i.e. pan-European
subtype 1 and East European subtypes 2 and 3 (Stadejek et al., 2008). However, recent
evidence suggests that an additional subtype 4 may be present (Stadejek et al., 2013). Both
PRRSV-1 and PRRSV-2 comprise recently emerged highly pathogenic strains called “HP-
PRRSV”” which are highly virulent and cause serious devastation of pigs in Europe, China

and Southeast Asian countries (Tian et al., 2007; Canelli et al., 2017; Han et al., 2017). Both
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species of PRRSV share approximately 60% nucleotide sequence homology to each other
(Dokland, 2010).

Modified-live virus (MLV) and killed virus vaccines have been used to reduce clinical
losses caused by PRRSV. Vaccine produced from the same PRRSV species as infecting
PRRSV is recommended for PRRSV control as it confers better clinical protection than
vaccine produced from different PRRSV species (Charerntantanakul, 2012; Nan et al., 2017).
However, in many countries including Thailand, co-infection of both species of PRRSV does
exist. In Thailand, co-infection is present in the same herds, and even in the same pigs
(Amonsin et al., 2009; Nilubol et al., 2012; Nilubol et al., 2013). Therefore, cross protective
efficacy of vaccine from different PRRSV species becomes current major clinical issue.

Vaccine induction of robust immune response is one of the key factors that lead to
effective clinical protection against PRRSV (Charerntantanakul, 2012; Nan et al., 2017).
Currently available commercial PRRSV MLV vaccines elicit delayed and weak immune
response following vaccination (Loving et al., 2015). PRRSV-specific antibody and
neutralizing antibody (Nab) appear approximately two and four weeks after vaccination,
respectively (Charerntantanakul et al., 2006a; Zuckermann et al., 2007). The Nab titer is
relatively low, approximately 22-2° for at least six months after vaccination (Wills et al.,
1997). PRRSV-specific cell-mediated immune (CMI) response appears approximately two to
four weeks after vaccination (Charerntantanakul et al., 2006a; Zuckermann et al., 2007). The
response as determined by lymphocyte proliferation and cytokine expressions, i.e. interferon
gamma (IFNy) and interleukin-2 (IL-2) increases rather slowly as compared to CMI response
to other swine viral pathogens, i.e. pseudorabies virus and swine influenza virus (Thacker,
2001; Meier et al., 2003). Both PRRSV-specific antibodies and CMI responses play
protective role in homologous and heterologous PRRSV challenge (Loving et al., 2015; Nan

etal., 2017).
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Several types of vaccine adjuvants have been evaluated for their potential to enhance
immune response to PRRSV vaccine. These include cytokines, e.g. IL-1, IL-2, and IL-6;
chemical reagents, e.g. polyinosinic:polycytidylic acid (poly IC), poly IC with polylysine and
carboxymethylcellulose (poly ICLC), and poly(lactic-co-glycolic) acid (PLGA); bacterial
products, e.g. CpG oligodeoxynucleotides (ODN), lipopolysaccharide (LPS), and cholera
toxin; immunostimulatory proteins, e.g. C3d, CD40 ligand, and peptide nanofiber hydrogel;
and commercial adjuvants, e.g. Montanide™ Gel 01 ST (Charerntantanakul, 2009; Li et al.,
2013; Binjawadagi et al., 2014; Tabynov et al., 2016). Only a few of these products, i.e.
PLGA, CpG ODN, peptide nanofiber hydrogel, and Montanide™ Gel 01 ST can improve
immune response and protective efficacy of PRRSV vaccine against a challenge by different
PRRSV species (Charerntantanakul, 2009; Li et al., 2013; Binjawadagi et al., 2014; Tabynov
etal., 2016). This small number of potential adjuvants suggests further exploration of other
potential immunostimulator candidates for effective heterologous PRRSV control.

Our previous study on immunostimulatory effects of quil A, a triterpenoid saponin
from South American tree bark, Quillaja saponaria Molina, in PRRSV-inoculated peripheral
blood mononuclear cells (PBMC) demonstrated that quil A significantly enhanced mRNA
expression levels of myxovirus resistance 1 (Mx1), interferon regulatory factor 3 (IRF3),
IRF7, 2'-5'-oligoadenylatesynthetase 1 (OAS1), stimulator of interferon genes (STING),
IFNB, IFNy, and significantly reduced mRNA expression of transforming growth factor beta
(TGFB) in PRRSV-inoculated/quil A-stimulated PBMC, as compared to PRRSV-inoculated
PBMC control (Charerntantanakul and Fabros, 2018). Quil A has been reported to stimulate
cytotoxic T cells, T helper 1 cells, and antibody responses to human and veterinary
experimental vaccines (Sun et al., 2009). In pigs, quil A has been reported to enhance serum
and mucosal IgA production and protective efficacy of Actinobacillus pleuropneumoniae

inactivated and subunit vaccines (Loftager et al., 1993; Loftager et al., 1995; Willson et al.,
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1995); Nab production and protective efficacy of inactivated swine influenza H3N2 virus
vaccine (Bikour et al., 1996); antibody production and protective efficacy of Streptococcus
suis Sao vaccine (Li et al., 2007), Taenia solium TSOL18 vaccine (Assana et al., 2010), and
Toxoplasma gondii crude rhoptry vaccine (da Cunha et al., 2012); antibody production of
foot-and-mouth disease virus (FMDV) vaccine (Xiao et al., 2007) and S. suis recombinant
SsnA vaccine (Gomez-Gascon et al., 2016); and protective efficacy of T. solium TSOL16-
TSOL18 fusion vaccine (Jayashi et al., 2012). Quil A, incombination with phospholipids and
cholesterol to form immunostimulatory complexes (ISCOMs), reportedly induced IFNf,
tumor necrosis factor alpha (TNFa), and osteopontin (OPN) expressions in porcine PBMC
(Fossum et al., 2014), OPN expression in injected muscle of the pig (Ahlberg et al., 2012),
and lymphocyte proliferation, antibody production and/or protective efficacy of several
vaccines, e.g. pseudorabies virus subunit, T. gondii crude rhoptry, FMDV recombinant C-
terminal VVP1, enterotoxigenic Escherichia coli fimbriae, and live Mycoplasma
hyopneumoniae vaccines (Nagy et al., 1990; Tulman and Garmendia, 1994; Bayry et al.,
1999; Garcia et al., 2005; Maes, 2014).

The objective of this study was to evaluate the potential of quil A as an adjuvant for
PRRSV-1 MLV vaccine on improving immune response and protective efficacy of the
vaccine against PRRSV-2 challenge in growing pigs. Our findings suggest that quil A serves
as an effective immunostimulator for potentiating CMI defense against different PRRSV

Species.

2. Materials and methods
2.1 PRRSV
PRRSV-1 VP046 Bis strain (from commercial MLV vaccine) and PRRSV-2 isolate

01NP1 (isolated from lung lavage) (Thanawongnuwech et al., 2004) were cultured in
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confluent MARC-145 cells grown in MEM™ (MEM (Caisson Laboratories, Smithfield, UT),
10% heat-inactivated FBS (Capricorn Scientific GmbH, Germany), penicillin (100 1U/ml),
streptomycin (100 pg/ml), and amphotericin B (250 ng/ml) (all from Gibco, Grand Island,
NY)). The cultures were incubated in a humidified 5% CO, atmosphere at 37°C until 60-
80% of cytopathic effects (CPE) were observed. Infected cultures were frozen and thawed
twice, centrifuged, and the supernatant was collected, filtered through 0.22 uM filter
(Minisart®, Sartorius, France), aliquoted, and stored at -80°C. The virus titers were
determined by immunoperoxidase monolayer assay (IPMA), using primary mouse mAbs
specific for PRRSV nucleocapsid (N) proteins of both PRRSV-1 and PRRSV-2 (1:800
dilution in BSA-PBST, IgG2b, clone 5C61; Median Diagnostics, South Korea) and secondary
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibodies (1:600 dilution in
BSA-PBST:; CiteAB, UK). The virus titers were adjusted to 10° tissue culture infectious dose
50 (TCIDsp)/ml. PRRSV-1 and PRRSV-2 used in this study were at their third and tenth
passage in MARC-145 cells, respectively. Mock antigens were prepared in the same fashion

as virus antigens except that no viruses were inoculated.

2.2 Quil A

Quil A (cat# vac-quil, Invivogen, San Diego, CA) was resuspended with sterile water
to 10 mg/ml. The solution was filtered through 0.22 uM filter (Minisart®), aliquoted, kept at
-20°C, and protected from light until use. The presence of LPS in the resuspended quil A
solution was less than 0.005 EU/mlI as determined by limulus amebocyte lysate assay
(Chromo LAL®, Associates of Cape Cod, Inc., East Falmouth, MA). When used for i.m.

injection, quil A solution was diluted with sterile water to 300 pg/ml.

2.3 Determination of effect of quil A on PRRSV-1 infectivity and replication in vitro



175 2.3.1 Optimization of quil A concentration

176 One hundred microliters of MARC-145 cell suspension (10* cells) were seeded into
177  96-well flat-bottom plates (Nunc, Denmark). The wells then received 100 pl of 2-fold

178  serially diluted quil A in MEM™ in quadruplicate settings. The cultures were incubated at
179  37°C in a humidified 5% CO, atmosphere for 96 h. The media were then removed and the
180  cells were washed three times with PBS and fixed with 100 pl of ice-cold acetone:methanol
181  (60:40) solution for 30 min. Following fixation, the fixing solution was discarded and 20 pl
182  of 0.5% crystal violet solution was added. The plates were incubated at room temperature for
183 5 min, followed by three washes with water. The plates then received 100 ul of Sorenson’s
184  buffer and were incubated at room temperature for 15 min prior to determination of optical
185  density (O.D.) values at 590 nm. MARC-145 cells that received only MEM™™ served as

186  untreated control. The highest concentration of quil A that was not toxic to MARC-145 cells
187  as determined by %viable cells (calculated from O.D. value of quil A-treated cells*100/0.D.
188  value of untreated cells) was used for subsequent anti-PRRSV studies. The cytotoxic assays
189  were performed in three independent studies.

190 2.3.2 Effect of quil A on PRRSV-1 infectivity

191 Fifty microliters of quil A (7.8 pg/ml final) were incubated with 100 pl of 10-fold
192  serially diluted PRRSV-1 VP046 Bis strain starting at a multiplicity of infection (m.o.i.) of 1
193  at 37°C for 1 h. The mixtures were then added into wells containing 100 ul of MARC-145
194 cells (10 cells) at 16-h old in two quadruplicate settings, and were incubated at 37°C in a
195 humidified 5% CO, atmosphere for 1 h. Subsequently the supernatants were removed and
196  replaced with 250 pl of MEM™. The cultures were incubated further for 96 h prior to

197  determination of PRRSV titers by IPMA test. MARC-145 cells that received only serially
198 diluted PRRSV-1 VP046 Bis strain or serially diluted mock antigens served as PRRSV and

199  mock controls, respectively. The assays were performed in three independent studies.
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2.3.3 Effect of quil A on PRRSV-1 replication

One hundred microliters of MARC-145 cells at 16-h old (10* cells) were incubated at
37°C in a humidified 5% CO, atmosphere for 1 h with 100 pl of 10-fold serially diluted
PRRSV-1 VVP046 Bis strain starting at a m.o.i. of 1. The assay was set in two quadruplicate
settings. Subsequently the supernatants were removed, and the cells were washed and
cultured in 200 pl of MEM™ and 50 pl of quil A (7.8 pg/ml final). The cultures were
incubated further for 96 h prior to determination of PRRSV titers by IPMA test. MARC-145
cells that received only serially diluted PRRSV-1 VP046 Bis strain or serially diluted mock
antigens served as PRRSV and mock controls, respectively. The assays were performed in

three independent studies.

2.4 Experimental design

Twenty-four 4-week-old pigs (Large White/Landrace x Duroc) seronegative to
PRRSV and Mycoplasma hyopneumoniae as determined by commercial ELISA test Kits
(IDEXX Laboratories, Westbrook, ME) were randomly divided into 4 groups of 6 pigs (3
castrated male and 3 female). The animals were housed at the swine research extension
facility (Chiang Mai, Thailand). Group 1 pigs received i.m. injection with 2 ml of Amervac®
PRRS MLV (PRRSV-1 VVP046 Bis strain; Batch: 97PT-6; Hipra, Spain) at 0 dpv (day post
vaccination). Group 2 pigs received i.m. injection with 2 ml of Amervac® PRRS MLV at 0
dpv and 1 mL of quil A (300 pg) at approximately 1 inch apart from the vaccination site at -
1,0, 1 dpv. The 300 pg dose of quil A was according to the recommendation by the
manufacturer. Group 3 pigs received i.m. injection with 2 ml of vaccine solvent (Batch:
4C79-1; Hipra, Spain) used for resuspension of lyophilized Amervac® PRRS MLV at 0 dpv

and served as challenge control. Group 4 pigs received no treatment and served as a strict

control. Pigs of all groups except group 4 were challenged i.n. with 1 ml of 10° TCIDs, of
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PRRSV-2 isolate 01NP1 at 28 dpv. The ORF5 nucleotide sequence of PRRSV-2 isolate
01NP1 (NCBI accession #AY297112) shared only 68% homology to the ORF5 of the
vaccine strain (NCBI accession #DQ324668). Blood was collected weekly from jugular vein
of all pigs at 0 until 49 dpv. Experimental schedule is summarized in Table 1. All serum
samples were aliquoted and stored at -20°C until assayed for PRRSV-specific antibodies or at
-70°C until assayed for the presence of PRRSV.

All animals were monitored daily and were fed ad libitum with commercial feed. The
animals were sacrificed by an intravenous injection of sodium pentobarbital at 49 dpv. All
experiments were carried out according to internal guidelines for care and use of
experimental animals, which include the criteria regarding replacement, reduction, and
refinement of experimental animals. The experimental procedure was approved by the

animal care and use committee of Maejo University (Approval number MACUC 004S/2561).

2.5 Clinical evaluation and growth performance

Rectal temperature and clinical signs were recorded daily following PRRSV-2 isolate
01NP1 challenge. Clinical scores were calculated according to the criteria adjusted from
Roca et al. (2012) (Table 2). Average daily weight gain (ADWG) was calculated from 28 to

49 dpv (corresponding to 0 to 21 days post inoculation [dpi]).

2.6 Antibody response

The presence of PRRSV-specific antibodies was determined by commercial ELISA
test kit (IDEXX PRRS X3 Ab Test, IDEXX Laboratories, Westbrook, ME) and serum virus
neutralization (SVN) test. For ELISA test, the antibody response was presented as the
sample to positive (s/p) ratio, where s/p ratio equal to and greater than 0.4 was considered

positive. SVN test was conducted as described previously (Yoon et al., 1995). Briefly,
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serum samples were heat inactivated at 56°C for 40 min, then serially diluted 2-fold in
MEM™. One hundred microliters of diluted serum were mixed with an equal volume of
PRRSV-2 isolate 01NP1 containing 10° TCIDso. The mixtures were incubated at 37°C for 1
h, then 200 ul of which was added to a 96-well flat-bottom plate containing 16-h-old
confluent MARC-145 cells. The cultures were incubated at 37°C for 5 days and observed for
CPE. Each serum sample was run in triplicate. The Nab titers were expressed as the
reciprocal of the highest serum dilution in which no CPE was observed. The Nab titer equal

to or greater than 2% was considered positive.

2.7 Immune parameter gene expression

2.7.1 PBMC isolation and culture

PBMC were isolated from EDTA-anticoagulated blood by Ficoll-Hypaque gradient
centrifugation (Histopaque®-1077, Sigma, St. Louis, MO) as described previously
(Charerntantanakul et al., 2006b). Contaminating erythrocytes were lysed with 6 ml of cold
hypotonic solution comprising of 0.156 M ammonium chloride, 10 mM sodium bicarbonate,
and 1 mM EDTA for 90 seconds. The isotonicity was restored with 3 ml of 3x PBS. PBMC
were centrifuged at 1,250 rpm at 4°C for 15 min and washed once with PBS prior to
resuspension in RPMI™" (RPMI-1640 with L-glutamine (Caisson Laboratories, Smithfield,
UT), 10% heat-inactivated FBS, penicillin (100 1U/ml), streptomycin (100 pg/ml) and
amphotericin B (250 ng/ml)) to 5x10° cells/ml. Cell viability was determined by trypan blue
dye exclusion assay. Greater than 95% viable PBMC were obtained.

Two hundred microliters of PBMC suspension (10° cells) was pipetted into 96-well
flat-bottom plates in duplicate setting. The wells then received 100 pl of PRRSV-2 isolate
01NP1 (10* TCIDs; approximately 1 m.o.i.), mock antigen (mock control), or were left

untreated (to be served as positive control). Plates were incubated in a humidified 5% CO,
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atmosphere at 37°C for 72 h. Eighteen hours prior to the conclusion of incubation period,
wells to be served as positive control received 100 ul of poly IC (5 pg/ml final; Sigma, St.
Louis, MO) or LPS from E. coli O111:B4 (5 pg/ml final; Sigma, St. Louis, MO). Wells
receiving poly IC served as positive control for Mx1, IRF3, IRF7, OAS1, STING, OPN,
IFNa, IFNB, IL-10, and TGFp, and wells receiving LPS served as positive control for IFNy,
IL-2, IL-13, and TNFa.

2.7.2 Real-time PCR

Isolation of total RNA from cultured PBMC and elimination of contaminating DNA
were performed using NucleoSpin® Blood kit (Macherey-Nagel, Bethlehem, PA) according
to the manufacturer’s instructions. Complete elimination of genomic DNA was confirmed by
real-time PCR using total RNA preparation as template and primers for RPL32 (ribosomal
protein L32) (Charerntantanakul et al., 2013). Reverse transcription was carried out, using
RevertAid™ First Strand cDNA synthesis kit (Thermo Fisher Scientific Baltics, Lithuania).
The concentration and purity of RNA and the concentration of cDNA were determined by
spectrophotometry (Nanodrop ND-1000; NanoDrop Technologies). All RNA samples had
absorbance values at 260 and 280 nm (A260/280) and 260 and 230 nm (A260/230) between
2.0-2.2 and 1.8-2.2, respectively.

Real-time PCR was performed on the thermal cycler (Applied Biosystems 7500 Fast
Real-Time PCR system) in a total reaction volume of 20 pl, consisting of 2 pl of cDNA
template, optimal concentration of each primer (Charerntantanakul and Fabros, 2018), and 10
ul SYBR® Green real time PCR master mix (Toyobo, Japan). All reactions were set up in
duplicate. The PCR condition was 95°C (15 min); and 40 cycles of 94°C (15s), optimal
annealing temperature (30s) (Charerntantanakul and Fabros, 2018), and 72°C (30s). The
threshold cycles (C+) of all genes were collected and used for calculation of immune

parameter gene expression by 2*"AAC+ method (Pfaffl, 2001). The RPL32 and tyrosine 3-
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monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (YWHAZ) mRNA of
the same animal were used for normalization of immune parameter gene expression. The
expression values were transformed into log, scale in order that the expression was relative to
0. Melting curve analysis was conducted following the completion of PCR cycles for product
verification. Agarose gel electrophoresis was performed to confirm a single product of the

expected size. In each run, nuclease-free water was included as no template control.

2.8 Viremia

2.8.1 Generation of recombinant PRRSV ORF7 plasmids

The RNA of PRRSV-2 isolate 01NP1 was extracted from virus aliquot using
Nucleospin® RNA virus kit (Macherey-Nagel, Bethlehem, PA) according to the
manufacturer’s instructions. Elimination of contaminating DNA was performed using
rDNase (Macherey-Nagel, Bethlehem, PA). Reverse transcription was carried out using
RevertAid™ First Strand cDNA synthesis kit with 2 pl of total RNA. Amplification of
ORF7 cDNA was performed using Quick Tag HS DyeMix (Toyobo, Japan) and 400 nM each
of primer ORF7 149F (5’CGGAGAAGCCCCATTTTCCT3’) and ORF7 346R
(5’GGATCAGGCGCACAGTATGASZ’) designed according to NCBI accession #DQ056373.
Agarose gel electrophoresis was conducted to confirm a single product of 198 bp. The PCR
products were purified using PureLink ™ PCR purification kit (Invitrogen, Carlbads, CA) and
were sequenced. The PCR amplicons with 100% nucleotide homology to published PRRSV
ORF7 sequence (NCBI accession #DQ056373) were cloned into pGEM-T easy vector
(Promega, Madison, W1) according to manufacturer’s instructions. The resulting
recombinant plasmids were amplified in competent E. coli DH5a in LB medium, and
subsequently the culture was spread onto LB agar supplemented with 40 pg/ml Xgal, 0.1mM

IPTG, and 100 pg/ml ampicillin. The plasmids from white colonies were isolated using
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Tianprep rapid mini plasmid kit (Tiangen, China), and were verified by restriction analysis
with EcoRI (Thermo Fisher Scientific Baltics, Lithuania) and nucleotide sequencing.

2.8.2 Real-time PCR

Real-time PCR was performed with 150 ul of sera samples collected at 0, 28, 35, 42
and 49 dpv. The extraction of viral RNA, elimination of contaminating DNA, and reverse
transcription were conducted as described above. All RNA samples had absorbance values at
A260/280 and A260/230 between 2.0-2.2 and 1.8-2.2, respectively. Real-time PCR was
performed in a total reaction volume of 20 pl, consisting of 2 ul of cDNA, 400 nM each of
primer ORF7 149F and ORF7 346R, and 10 ul SYBR® Green real time PCR master mix
(Toyobo, Japan). All reactions were set up in duplicate. The PCR condition was 95°C (15
min); and 35 cycles of 95°C (15s), 53°C (30s), and 72°C (30s). The Ct were collected and
compared with Ct standard curve generated from 10*-10° copy numbers of recombinant
PRRSV ORF7 plasmids. Melting curve analysis was conducted following the completion of
PCR cycles for product verification. Agarose gel electrophoresis was performed to confirm a
single product of 198 bp. In each run, nuclease-free water was included as no template
control.

2.8.3 Virus isolation

Virus isolation was conducted to confirm the presence of PRRSV. Serum samples
were diluted 1:5 in MEM™", and 200 pl of diluted serum samples were inoculated onto 16-h-
old MARC-145 cells in 96-well flat-bottom plate. The inoculated cells were incubated at

37°C in humidified 5% CO, incubator for 7 days prior to observation of CPE and IPMA test.

2.9 Data analysis
Statistical analyses were performed using the SPSS software version 17 (IBM,

Armonk, NY). Mean fold differences of ELISA s/p ratio, immune parameter gene
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expressions, PRRSV copy numbers, rectal temperature, clinical scores, and ADWG were
tested by one-way analysis of variance (ANOVA), followed by Dunnett’s test. P<0.05 was

set as a statistically significant level throughout this study.

3. Results
3.1 Optimal concentration of quil A for MARC-145 cells

Quil A was determined for its non-cytotoxic concentration to MARC-145 cells. As
shown in Fig. 1, quil A at a final concentration of 15.6 pg/ml or higher was toxic to MARC-
145 cells, yielding %viable cells of 25.40+3.03% to 92.72+2.51%. Quil A at a final
concentration of 7.8 pg/ml was the highest concentration that was not toxic to MARC-145
cells, yielding %viable cells of 100.04+6.91%. Thus this concentration was used for

subsequent studies.

3.2 Quil A did not interfere with PRRSV-1 infectivity and replication in MARC-145 cells
Quil A was evaluated for its anti-PRRSV activity prior to subsequent studies in vivo.
The presence of anti-PRRSV activity of quil A, if any, may adversely affect PRRSV MLV
vaccine immunogenicity and protective efficacy. Incubation of PRRSV-1 with quil A prior
to subsequent inoculation to MARC-145 cells did not reduce PRRSV infectivity as there was
no significant difference between PRRSV titers of quil A-pre-treated cells (3.96+0.43 log1
TCIDso/ml) and PRRSV control (4.04+0.19 logio TCIDse/ml) (Fig. 2a). Moreover, addition
of quil A into PRRSV-1-infected MARC-145 cells did not interfere with PRRSV-1
replication, as there was no significant difference of PRRSV titers between quil A-treated
cells (4.04+0.33 logip TCIDso/ml) and PRRSV control (4.08+0.26 log;o TCIDse/ml) (Fig.

2b). No unspecific binding of mAbs used in IPMA test to MARC-145 cells was detected.
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3.3 Co-administrations of quil A did not improve antibody response compared to MLV
vaccination alone

Both group 1 and group 2 pigs became seropositive for PRRSV at 14 dpv, and their
s/p ratios peaked at 28 dpv. Upon PRRSV-2 challenge, both groups of pigs did not develop
anamnestic antibody response (Fig. 3). No significant difference of s/p ratio between group 1
and group 2 pigs prior to and after PRRSV-2 challenge was detected (Fig. 3). Group 3 pigs
became seropositive for PRRSV at 42 dpv (14 dpi). Group 4 pigs remained seronegative for
PRRSV throughout the experiment. None of the groups had detectable Nab either before or

after challenge (data not shown).

3.4 Immune parameter gene expression
3.4.1 Co-administrations of quil A significantly improved gene expressions of type | IFN-
regulated gene, type I and Il IFN, and inflammatory cytokine compared to MLV vaccination
alone

Group 1 pigs demonstrated significantly increased gene expressions of Mx1, IRF7,
OAS], IFNy, IL-10, and IL-13 at 7 to 28 dpv, and of IRF3, STING, OPN, IFNa, IFNB, IL-2,
and TNFa at 7 to 21 dpv, compared to group 3 pigs (Fig. 4). No significant difference of
TGFp gene expression was observed during 7 to 28 dpv.

When compared to group 1 pigs, group 2 pigs demonstrated significantly increased
gene expressions of IRF3 and IFNa at 7 to 28 dpv, OPN at 7 to 21 dpv, IL-2 and IL-13 at 14
and 21 dpv, IFNP and IFNy at 7 dpv, IRF7 at 14 dpv, and Mx1 at 21 dpv (Fig. 4). However,
they demonstrated significantly decreased gene expression of IL-10 and IL-13 at 28 dpv. No
significant difference of OAS1, STING, TNFa, and TGFp gene expressions was observed

during 7 to 28 dpv.
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3.4.2 Co-administrations of quil A significantly improved gene expressions of type | IFN-
regulated gene, type I and Il IFN, and inflammatory cytokine in MLV-vaccinated pigs after
PRRSV-2 challenge compared to MLV vaccination alone

Pigs were challenged with PRRSV-2 at 28 dpv (0 dpi). Group 3 pigs demonstrated
significantly increased gene expressions of Mx1, IRF7, OAS1, STING, OPN, IFNa, IFNp,
IL-10, IL-13, and TGFp at 35 to 49 dpv, IRF3 and TNFa at 42 to 49 dpv, and IFNy and IL-2
at 42 dpv, compared to group 4 pigs (Fig. 4). The animals, however, demonstrated
significantly decreased TNFa gene expression at 35 dpv.

When compared to group 3 pigs, group 1 pigs showed significantly increased gene
expressions of IL-2 at 35 to 42 dpv, IFNa at 42 to 49 dpv, IRF7 and STING at 35 dpv, IRF3
at 42 dpv, and IL-13 and IFNy at 49 dpv (Fig. 4). On the other hand, the animals
demonstrated significantly decreased gene expressions of TGFp at 35 to 42 dpv, IFN at 42
to 49 dpv, Mx1, OAS1, and OPN at 35 dpv, and IRF3 and STING at 49 dpv. No
significantly different gene expressions of IL-10 and TNFa were observed.

When compared to group 1 pigs, group 2 pigs demonstrated significantly increased
gene expressions of IFN at 42 to 49 dpv, OAS1, OPN, IFNa, IFNy, IL-2, and TNFa at 35
dpv, IL-13 at 42 dpv, and IRF3 at 49 dpv (Fig. 4). However, they demonstrated significantly
decreased TGFp gene expression at 42 dpv. No significant difference of Mx1, IRF7, STING,

and IL-10 gene expressions was observed during 35 to 49 dpv.

3.5 Co-administrations of quil A significantly reduced viremia compared to MLV vaccination
alone

After PRRSV-2 challenge at 28 dpv (0 dpi), all groups except group 4 pigs became
viremic. The presence of PRRSV ORF7 gene and PRRSV was detected in 6/6, 4/6, and 2/6

of group 3 pigs at 7, 14, and 21 dpi, respectively (Fig. 5). The number of viremic pigs was
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decreased to 5/6, 3/6, and 2/6, respectively, in group 1 pigs, and 4/6, 2/6, and 2/6,
respectively, in group 2 pigs (Fig. 5).

The number of PRRSV ORF7 copies was significantly reduced in group 1 and group
2 pigs as compared to that of group 3 pigs at all time points (Fig. 5). The number of PRRSV
ORF7 copies was significantly reduced, by approximately 1 log.o, in group 2 pigs when

compared to that of group 1 pigs at 7 dpi (Fig. 5).

3.6 Co-administrations of quil A did not confer clinical protection nor improve ADWG
compared to MLV vaccination alone

All groups except group 4 pigs developed fever (rectal temperature higher than 40°C)
and clinical signs from 2 dpi onwards (Fig. 6). The fever persisted until 12 dpi in group 3
pigs, but diminished earlier at 10 dpi in group 1 and group 2 pigs (Fig. 6). There was no
significant difference in mean rectal temperature among group 1, 2, and 3 pigs throughout the
experiment except at 11 and 12 dpi.

Group 3 pigs showed clinical signs of difficult breathing, weakness, and reduced
appetite as well as coughing more obvious than group 1 and group 2 pigs (Fig. 6). They had
significantly higher clinical scores from 5 to 13 dpi, compared to group 1 and group 2 pigs.
There was no significant difference between clinical scores of group 1 and group 2 pigs
throughout the experiment. Group 4 pigs remained clinically normal throughout the study.

In addition to clinical signs, group 3 pigs had significantly slower growth rate than the
other three groups. The animals had ADWG from 0 to 21 dpi of 0.32+0.04 kg/day, while

group 1, 2, and 4 pigs had ADWG of 0.46+0.03, 0.47+0.04, and 0.53+0.03, respectively

(Fig. 6).

4. Discussion
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The present study evaluated the potential of saponin quil A on improving immune
response and protective efficacy of PRRSV-1 MLV vaccine against PRRSV-2 challenge in
growing pigs. Robust immune response to PRRSV MLV vaccine is an essential factor that
contributes to increasing levels of cross protection against heterologous PRRSV challenge.
Cross protective immunity is an important clinical issue, particularly in countries where co-
infection of PRRSV-1 and PRRSV-2 exists.

Prior to the injections of quil A in vivo, the anti-PRRSV activity of quil A was
evaluated in MARC-145 cells in vitro. This was to determine the potential that quil A
interfered with PRRSV-1 MLV replication, which may reduce vaccine immunogenicity and
protective efficacy. Results showed that there was no significant difference in PRRSV-1 titer
between quil A-treated and untreated cells, either in the assay that quil A was incubated with
PRRSV-1 prior to subsequent inoculation to the cells or in the assay that quil A was added to
MARC-145 cells that were already infected with PRRSV-1. These results indicated that quil
A neither directly interfered with PRRSV-1 infection nor inhibited PRRSV-1 replication.
Thus injections of quil A should not have adverse effect on PRRSV-1 MLV infection and
replication, and thereby should not have negative effect on PRRSV-1 MLV vaccine
immunogenicity and protective efficacy.

Injections of quil A did not improve antibody response to PRRSV-1 MLV vaccine.
The s/p ratio was not increased in group 2 pigs either before or after PRRSV-2 challenge as
compared to group 1 pigs. In either group, the s/p ratio was detected as early as 14 dpv and
peaked at 28 dpv. Group 3 pigs, on the other hand, had higher s/p ratio at 14 dpi as compared
to 14 dpv of group 1 and group 2 pigs, and their s/p ratio peaked at 21 dpi. Higher total
antibody response in group 3 pigs might not attribute to the vaccine solvent given to the pigs
at 0 dpv, but rather to the virulence of the challenge PRRSV-2 strain. It has been evident that

Kinetics and magnitude of total antibody response to PRRSV correlate directly with PRRSV
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virulence, in which more virulent PRRSV strains elicit stronger antibody response than less
virulent PRRSV strains (Johnson et al., 2004). Similar to the s/p ratio, the Nab titers were not
increased in group 2 pigs either before or after PRRSV-2 challenge as compared to group 1
pigs. The absence or a slight increase, but still below assay cut-off, of Nab titer of group 1
and group 2 pigs has often been reported in several heterologous PRRSV challenge studies
(Rocaetal., 2012; Park et al., 2015; Ko et al., 2016). This was proposedly attributed, at least
in part, to low amino acid sequence identity (approximately 51-55%0) of neutralizing epitopes
between PRRSV-1 and PRRSV-2, glycan shielding of broadly neutralizing epitopes shared
between PRRSV-1 and PRRSV-2, and the existence of decoy neutralizing epitopes
(Murtaugh et al., 1995; Ostrowski et al., 2002; Ansari et al., 2006; Vu et al., 2011). Yet, the
role of Nab in cross protection is not well evident, although some researchers propose its
contribution to PRRSV cross protection (Robinson et al., 2015; Rahe and Murtaugh, 2017).
On the other hand, levels of total antibody response have been reported to correlate positively
with levels of cross protection, though the cross protective role of total antibodies is not well
identified (Charerntantanakul et al., 2006a; Roca et al., 2012; Ko et al., 2016). Majority of
PRRSV-specific antibodies elicited by MLV vaccine is against PRRSV N and matrix (M)
proteins as well as nspl, nsp2, and nsp7, which contain no neutralizing epitope (Molina et al.,
2008; Brown et al., 2009). The amino acid sequence identity of these proteins between
PRRSV-1 and PRRSV-2 varies greatly, ranging from 32% in nsp2 to 79%o in N protein
(Meng et al., 1995; Murtaugh et al., 1995; Allende et al., 1999). Although exact mechanisms
of PRRSV MLV-elicited antibody-mediated cross protection is not known, possible
mechanisms may include antibody-dependent cell-mediated cytotoxicity, antibody-dependent
cellular phagocytosis, antibody-dependent complement-mediated cytotoxicity, and antibody-

dependent complement-mediated virolysis (Rahe and Murtaugh, 2017).
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Immunization with PRRSV-1 MLV vaccine significantly increased gene expressions
of type I IFN-regulated genes, i.e. Mx1, IRF3, IRF7, OAS1, STING, and OPN; type I and Il
IFNSs, i.e. IFNa, IFN, and IFNy; pro-inflammatory cytokines, i.e. IL-2 and TNFa; and anti-
inflammatory cytokines, i.e. IL-10 and IL-13 from 7 dpv to at least 21 dpv, compared with
unvaccinated control pigs (Fig. 4). Injections of quil A further enhanced immune gene
expressions induced by PRRSV-1 MLV vaccine, i.e. Mx1, IRF3, IRF7, OPN, IFNa, IFNp,
IFNy, and IL-2, at least one time point from 7 to 28 dpv, and significantly decreased gene
expressions of 1L-10 and IL-13 at 28 dpv, compared with immunization with PRRSV-1 MLV
vaccine alone (Fig. 4). Our previous study in vitro have demonstrated that quil A potentially
enhanced gene expressions of type | IFN-regulated genes, i.e. Mx1, IRF3, IRF7, OAS1, and
STING,; type I and Il IFNSs, i.e. IFNP, and IFNy, and significantly decreased gene expression
of anti-inflammatory cytokine, i.e. TGFp in PRRSV-inoculated PBMC (Charerntantanakul
and Fabros, 2018). Those in vitro results as well as our present findings together indicated
that injections of quil A significantly improve mRNA expressions of type | IFN-regulated
genes, type | and Il IFNs, and inflammatory cytokines in response to PRRSV MLV vaccine.
It is noteworthy that injections of quil A did not enhance IL-10 gene expression which was
induced by PRRSV MLV vaccination. PRRSV reportedly elicited weak and delayed CMI
response partly by up-regulation of 1L-10 expression in infected myeloid antigen-presenting
cells (APCs) and PBMC (Suradhat and Thanawongnuwech, 2003; Suradhat et al., 2003;
Charerntantanakul et al., 2006b). Such up-regulation of IL-10 expression contributed
significantly to suppressing gene expressions of pro-inflammatory cytokines, e.g. IL-1p, IL-
12p40, and TNFa,; co-stimulatory molecules, i.e. CD80 and CD86, and IFNy in infected
APCs (Charerntantanakul and Kasinrerk, 2010, 2012). Reduced expressions of these immune

parameters contributed to reduced activity of infected myeloid APCs in activation of PRRSV-
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specific T cells, particularly CD8B" T cells (Charerntantanakul et al., 2006b;
Charerntantanakul and Kasinrerk, 2010).

Following PRRSV-2 challenge, challenge control pigs demonstrated significantly
increased gene expressions of Mx1, IRF3, IRF7, OAS1, STING, OPN, IFNa, IFNp, IFNy,
IL-2, IL-10, IL-13, TNFa, and TGFp, at least at one time point from 35 to 49 dpv (7 to 21
dpi), compared with strict control pigs (Fig. 4). PRRSV-1 MLV-vaccinated pigs
demonstrated significantly higher gene expressions of IRF3, IRF7, STING, IFNa, IFNy, IL-2,
and IL-13, and significantly lower gene expressions of Mx1, IRF3, OAS1, STING, OPN,
IFNB, and TGF, at least at one time point from 35 to 49 dpv, than challenge control pigs
(Fig. 4). These findings suggest that priming with PRRSV-1 MLV vaccine helps enhance
gene expressions of some type | IFN-regulated genes and type I and 11 IFNs following
PRRSV-2 challenge, although the expression levels of some genes, i.e. IRF3 and STING
were fluctuated from time to time. Among these up-regulated genes, increased IFNy gene
expression was confirmed by previous reports that PRRSV-1 MLV-vaccinated pigs
demonstrated significantly increased numbers of IFNy-secreting cells and levels of serum
IFNy following PRRSV-2 challenge as compared to unvaccinated challenge control pigs
(Kim et al., 2015; Choi et al., 2016; Ko et al., 2016; Park et al., 2017). Pigs injected with quil
A demonstrated significantly increased immune gene expressions which were induced by
PRRSV-1 MLV vaccine, i.e. IRF3, OAS1, OPN, IFNa, IFNp, IFNy, IL-2, IL-13, and TNFa,
at least at one time point from 35 to 49 dpv, and further decreased TGFp gene expression at
35 to 42 dpv as compared to pigs vaccinated with PRRSV-1 MLV vaccine alone (Fig. 4).
PRRSV-1 MLV-vaccinated pigs either with or without quil A demonstrated lower, but not
significantly, IL-10 gene expression at 35 dpv compared with challenge control pigs. The
lower IL-10 gene expression correlated with higher expressions of some immune genes, e.g.

IRF7, STING, IFNa, IFNy, IL-2, and TNFa in pigs of MLV-vaccinated groups. These
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finding suggests that priming with PRRSV-1 MLV vaccine helps reduce 1L-10 gene
expression following PRRSV-2 challenge, and the reduced IL-10 may attribute to increased
expressions of some type | IFN-regulated genes and type I and Il IFNs. In contrast to IL-10,
exact role of TGFB on PRRSV infection has not yet been elucidated. Its increased expression
has been reported in monocyte-derived macrophages (MDMs) infected with PRRSV in vitro,
and in tonsils, mediastinal lymph nodes and lungs of PRRSV-infected pigs (Gomez-Laguna
etal., 2012; Charerntantanakul et al., 2013). Its decreased expression, on the other hand, has
been reported in PRRSV-infected MDMs that highly expressed IFNy after the cells were
transfected with plasmids expressing porcine IFNy (Charerntantanakul et al., 2013). The in
situ expression of TGFp has been reported to correlate positively with PRRSV antigen loads
in lymphoid tissues and lungs of PRRSV-infected pigs (Gomez-Laguna et al., 2012). The
increased or decreased expression of TGF[3 may be relevant to the activity of PRRSV-
infected MDMs and PRRSV-specific regulatory T cells which, the latter, have been shown to
play a crucial role on reducing CMI response to PRRSV (Wongyanin et al., 2010; Cecere et
al., 2012; Silva-Campa et al., 2012). Further studies are required to investigate precise role of
TGFpB on PRRSV immunology and pathogenicity. These findings altogether suggest that quil
A significantly contributed to enhancing mMRNA expressions of type | IFN-regulated genes,
type I and Il IFNs, and inflammatory cytokines in pigs vaccinated with PRRSV-1 MLV
vaccine and challenged with PRRSV-2.

Immunization with PRRSV-1 MLV vaccine reduced number of viremic pigs and
significantly reduced PRRSV viremia, as compared to challenge control pigs (Fig. 5).
Decreased number of viremic pigs was seen at 7 and 14 dpi, while significant reduction of
viremic PRRSV can be detected as early as 7 dpi and persisted until 21 dpi. Injections of quil
A further decreased number of viremic pigs at 7 and 14 dpi and significantly further reduced

viremic PRRSV at 7 dpi, and reduced but not significantly at 14 and 21 dpi, as compared
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with vaccination with PRRSV-1 MLV vaccine alone (Fig. 5). Significantly reduced viremic
PRRSV copies at 7 dpi, and reduced viremic PRRSV at 14 and 21 dpi in quil A-injected pigs
correlated well with significantly increased gene expressions of IFNa, IFNy, IL-2, and TNFa,
and significantly decreased gene expression of TGFp on those days. These findings suggest
that appropriate alteration of mMRNA expressions of these immune parameters may contribute
to reducing PRRSV-2 viremia. The inhibitory roles of IFNa, IFNy, and TNFa against
PRRSV replication have been reported (Albina et al., 1998; Bautista and Molitor, 1999;
Lopez-Fuertes et al., 2000; Rowland et al., 2001). Increased expressions of IFNa, IFNy, and
TNFa also have been shown to correlate well with clinical and pathological protection in
homologous and heterologous PRRSV challenge studies (Lowe et al., 2005;
Charerntantanakul et al., 2006a; Zuckermann et al., 2007; Lunney et al., 2010b). In contrast
to viremia, benefits of quil A injections were not detected in reducing fever days and clinical
scores, and increasing ADWG, as compared to pigs vaccinated with PRRSV-1 MLV vaccine
alone. Nonetheleses, pigs vaccinated with PRRSV-1 MLV either with or without quil A
showed significantly less fever days and clinical scores, and significantly higher ADWG than
challenge control pigs. Benefits of PRRSV-1 MLV vaccine on improving these parameters
against PRRSV-2 challenge have been reported (Roca et al., 2012; Ko et al., 2016).

In conclusion, injections of quil A significantly enhanced mRNA expressions of type
I IFN-regulated genes, type I and 11 IFNs, and inflammatory cytokines, but did not enhance
antibody response to PRRSV-1 MLV vaccine and PRRSV-2 challenge. Increased
expressions of these immune genes may potentially contribute to reducing viremia upon
PRRSV-2 challenge. Our findings suggest that effective cross protection may be achieved by
robust expression of type | IFN-regulated genes, type | and Il IFNs, and pro-inflammatory
cytokines. Our findings also suggest that quil A has a potential to serve as immunostimulator

for enhancing CMI defense to PRRSV-1 MLV vaccine against PRRSV-2 challenge.

24



597

598

599

600

601

602

603

604

605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

Acknowledgement

This work is supported by the Thailand Research Fund (TRF) (grant #RSA5880053).
The authors thank Dr.Phongsakorn Chuammitri from Faculty of Veterinary Medicine, Chiang
Mai University, Thailand for some chemical supports. The authors also thank Dr.Varaporn

Sangtong, Dante Fabros Jr. and Wilawan Ruansit for excellent technical assistance.

References

Adams, M.J., Lefkowitz, E.J., King, A.M., Harrach, B., Harrison, R.L., Knowles, N.J.,
Kropinski, A.M., Krupovic, M., Kuhn, J.H., Mushegian, A.R., Nibert, M.,
Sabanadzovic, S., Sanfacon, H., Siddell, S.G., Simmonds, P., Varsani, A., Zerbini,
F.M., Gorbalenya, A.E., Davison, A.J., 2016, Ratification vote on taxonomic
proposals to the International Committee on Taxonomy of Viruses (2016). Arch Virol
161, 2921-2949.

Ahlberg, V., Lovgren Bengtsson, K., Wallgren, P., Fossum, C., 2012, Global transcriptional
response to ISCOM-Matrix adjuvant at the site of administration and in the draining
lymph node early after intramuscular injection in pigs. Dev Comp Immunol 38, 17-
26.

Albina, E., Carrat, C., Charley, B., 1998, Interferon-alpha response to swine arterivirus
(PoAV), the porcine reproductive and respiratory syndrome virus. J Interferon
Cytokine Res 18, 485-490.

Allende, R., Lewis, T.L., Lu, Z., Rock, D.L., Kutish, G.F., Ali, A., Doster, A.R., Osorio,
F.A., 1999, North American and European porcine reproductive and respiratory
syndrome viruses differ in non-structural protein coding regions. J Gen Virol 80 ( Pt
2), 307-315.

Amonsin, A., Kedkovid, R., Puranaveja, S., Wongyanin, P., Suradhat, S.,
Thanawongnuwech, R., 2009, Comparative analysis of complete nucleotide sequence
of porcine reproductive and respiratory syndrome virus (PRRSV) isolates in Thailand
(US and EU genotypes). Virol J 6, 143.

Ansari, I.H., Kwon, B., Osorio, F.A., Pattnaik, A.K., 2006, Influence of N-linked
glycosylation of porcine reproductive and respiratory syndrome virus GP5 on virus
infectivity, antigenicity, and ability to induce neutralizing antibodies. J Virol 80,
3994-4004.

Assana, E., Kyngdon, C.T., Gauci, C.G., Geerts, S., Dorny, P., De Deken, R., Anderson,
G.A., Zoli, A.P., Lightowlers, M.W., 2010, Elimination of Taenia solium transmission
to pigs in a field trial of the TSOL18 vaccine in Cameroon. Int J Parasitol 40, 515-
519.

Bautista, E.M., Molitor, T.W., 1999, IFN gamma inhibits porcine reproductive and
respiratory syndrome virus replication in macrophages. Arch Virol 144, 1191-1200.

Bayry, J., Prabhudas, K., Gopalakrishna, S., Patil, P.K., Ramakrishna, C., Misra, L.D.,
Suryanarayana, V.V., 1999, Protective immune response to 16 kDa immunoreactive

25



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

recombinant protein encoding the C-terminal VVP1 portion of Foot and Mouth Disease
Virus type Asia 1. Microbiol Immunol 43, 765-771.

Bikour, M.H., Cornaglia, E., Elazhary, Y., 1996, Evaluation of a protective immunity
induced by an inactivated influenza H3N2 vaccine after an intratracheal challenge of
pigs. Can J Vet Res 60, 312-314.

Binjawadagi, B., Dwivedi, V., Manickam, C., Ouyang, K., Wu, Y., Lee, L.J., Torrelles, J.B.,
Renukaradhya, G.J., 2014, Adjuvanted poly(lactic-co-glycolic) acid nanoparticle-
entrapped inactivated porcine reproductive and respiratory syndrome virus vaccine
elicits cross-protective immune response in pigs. Int J Nanomedicine 9, 679-694.

Brown, E., Lawson, S., Welbon, C., Gnanandarajah, J., Li, J., Murtaugh, M.P., Nelson, E.A.,,
Molina, R.M., Zimmerman, J.J., Rowland, R.R., Fang, Y., 2009, Antibody response
to porcine reproductive and respiratory syndrome virus (PRRSV) nonstructural
proteins and implications for diagnostic detection and differentiation of PRRSV types
I and Il. Clin Vaccine Immunol 16, 628-635.

Canelli, E., Catella, A., Borghetti, P., Ferrari, L., Ogno, G., De Angelis, E., Corradi, A.,
Passeri, B., Bertani, V., Sandri, G., Bonilauri, P., Leung, F.C., Guazzetti, S., Martelli,
P., 2017, Phenotypic characterization of a highly pathogenic Italian porcine
reproductive and respiratory syndrome virus (PRRSV) type 1 subtype 1 isolate in
experimentally infected pigs. Vet Microbiol 210, 124-133.

Cecere, T.E., Todd, S.M., Leroith, T., 2012, Regulatory T cells in arterivirus and coronavirus
infections: do they protect against disease or enhance it? Viruses 4, 833-846.

Charerntantanakul, W., 2009, Adjuvants for porcine reproductive and respiratory syndrome
virus vaccines. Vet Immunol Immunopathol 129, 1-13.

Charerntantanakul, W., 2012, Porcine reproductive and respiratory syndrome virus vaccines:
Immunogenicity, efficacy and safety aspects. World J Virol 1, 23-30.

Charerntantanakul, W., Fabros, D., Jr., 2018, Saponin Quil A up-regulates type I interferon-
regulated gene and type | and Il interferon expressions which are suppressed by
porcine reproductive and respiratory syndrome virus. Vet Immunol Immunopathol
195, 76-83.

Charerntantanakul, W., Kasinrerk, W., 2010, Interleukin-10 antisense oligodeoxynucleotide
suppresses 1L-10 expression and effects on proinflammatory cytokine responses to
porcine reproductive and respiratory syndrome virus. Viral Immunol 23, 425-435.

Charerntantanakul, W., Kasinrerk, W., 2012, Plasmids expressing interleukin-10 short hairpin
RNA mediate IL-10 knockdown and enhance tumor necrosis factor alpha and
interferon gamma expressions in response to porcine reproductive and respiratory
syndrome virus. Vet Immunol Immunopathol 146, 159-168.

Charerntantanakul, W., Platt, R., Johnson, W., Roof, M., Vaughn, E., Roth, J.A., 2006a,
Immune responses and protection by vaccine and various vaccine adjuvant candidates
to virulent porcine reproductive and respiratory syndrome virus. Vet Immunol
Immunopathol 109, 99-115.

Charerntantanakul, W., Platt, R., Roth, J.A., 2006b, Effects of porcine reproductive and
respiratory syndrome virus-infected antigen-presenting cells on T cell activation and
antiviral cytokine production. Viral Immunol 19, 646-661.

Charerntantanakul, W., Yamkanchoo, S., Kasinrerk, W., 2013, Plasmids expressing porcine
interferon gamma up-regulate pro-inflammatory cytokine and co-stimulatory
molecule expression which are suppressed by porcine reproductive and respiratory
syndrome virus. Vet Immunol Immunopathol 153, 107-117.

Choi, K., Park, C., Jeong, J., Chae, C., 2016, Comparison of protection provided by type 1
and type 2 porcine reproductive and respiratory syndrome field viruses against
homologous and heterologous challenge. Vet Microbiol 191, 72-81.

26



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

da Cunha, I.A., Zulpo, D.L., Bogado, A.L., de Barros, L.D., Taroda, A., lgarashi, M.,
Navarro, I.T., Garcia, J.L., 2012, Humoral and cellular immune responses in pigs
immunized intranasally with crude rhoptry proteins of Toxoplasma gondii plus Quil-
A. Vet Parasitol 186, 216-221.

Dokland, T., 2010, The structural biology of PRRSV. Virus Res 154, 86-97.

Fossum, C., Hjertner, B., Ahlberg, V., Charerntantanakul, W., Mclintosh, K., Fuxler, L.,
Balagunaseelan, N., Wallgren, P., Lovgren Bengtsson, K., 2014, Early inflammatory
response to the saponin adjuvant Matrix-M in the pig. Vet Immunol Immunopathol
158, 53-61.

Garcia, J.L., Gennari, S.M., Navarro, I.T., Machado, R.Z., Sinhorini, I.L., Freire, R.L.,
Marana, E.R., Tsutsui, V., Contente, A.P., Begale, L.P., 2005, Partial protection
against tissue cysts formation in pigs vaccinated with crude rhoptry proteins of
Toxoplasma gondii. Vet Parasitol 129, 209-217.

Gomez-Gascon, L., Cardoso-Toset, F., Tarradas, C., Gomez-Laguna, J., Maldonado, A.,
Nielsen, J., Olaya-Abril, A., Rodriguez-Ortega, M.J., Luque, 1., 2016,
Characterization of the immune response and evaluation of the protective capacity of
rSsnA against Streptococcus suis infection in pigs. Comp Immunol Microbiol Infect
Dis 47, 52-59.

Gomez-Laguna, J., Rodriguez-Gomez, .M., Barranco, I., Pallares, F.J., Salguero, F.J.,
Carrasco, L., 2012, Enhanced expression of TGFbeta protein in lymphoid organs and
lung, but not in serum, of pigs infected with a European field isolate of porcine
reproductive and respiratory syndrome virus. Vet Microbiol.

Han, J., Zhou, L., Ge, X., Guo, X., Yang, H., 2017, Pathogenesis and control of the Chinese
highly pathogenic porcine reproductive and respiratory syndrome virus. Vet
Microbiol 209, 30-47.

Jayashi, C.M., Gonzalez, A.E., Castillo Neyra, R., Kyngdon, C.T., Gauci, C.G., Lightowlers,
M.W., 2012, Characterisation of antibody responses in pigs induced by recombinant
oncosphere antigens from Taenia solium. Vaccine 30, 7475-7480.

Johnson, W., Roof, M., Vaughn, E., Christopher-Hennings, J., Johnson, C.R., Murtaugh,
M.P., 2004, Pathogenic and humoral immune responses to porcine reproductive and
respiratory syndrome virus (PRRSV) are related to viral load in acute infection. Vet
Immunol Immunopathol 102, 233-247.

Kappes, M.A., Faaberg, K.S., 2015, PRRSV structure, replication and recombination: Origin
of phenotype and genotype diversity. Virology 479-480, 475-486.

Kim, T., Park, C., Choi, K., Jeong, J., Kang, I., Park, S.J., Chae, C., 2015, Comparison of
Two Commercial Type 1 Porcine Reproductive and Respiratory Syndrome Virus
(PRRSV) Modified Live Vaccines against Heterologous Type 1 and Type 2 PRRSV
Challenge in Growing Pigs. Clin Vaccine Immunol 22, 631-640.

Ko, S.S., Seo, S.W., Sunwoo, S.Y., Yoo, S.J., Kim, M.H., Lyoo, Y.S., 2016, Efficacy of
commercial genotype 1 porcine reproductive and respiratory syndrome virus
(PRRSV) vaccine against field isolate of genotype 2 PRRSV. Vet Immunol
Immunopathol 172, 43-49.

Kuhn, J.H., Lauck, M., Bailey, A.L., Shchetinin, A.M., Vishnevskaya, T.V., Bao, Y., Ng,
T.F., LeBreton, M., Schneider, B.S., Gillis, A., Tamoufe, U., Diffo Jle, D., Takuo,
J.M., Kondov, N.O., Coffey, L.L., Wolfe, N.D., Delwart, E., Clawson, A.N.,
Postnikova, E., Bollinger, L., Lackemeyer, M.G., Radoshitzky, S.R., Palacios, G.,
Wada, J., Shevtsova, Z.V., Jahrling, P.B., Lapin, B.A., Deriabin, P.G., Dunowska, M.,
Alkhovsky, S.V., Rogers, J., Friedrich, T.C., O'Connor, D.H., Goldberg, T.L., 2016,
Reorganization and expansion of the nidoviral family Arteriviridae. Arch Virol 161,
755-768.

27



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785

Li, X., Galliher-Beckley, A., Huang, H., Sun, X., Shi, J., 2013, Peptide nanofiber hydrogel
adjuvanted live virus vaccine enhances cross-protective immunity to porcine
reproductive and respiratory syndrome virus. Vaccine 31, 4508-4515.

Li, Y., Gottschalk, M., Esgleas, M., Lacouture, S., Dubreuil, J.D., Willson, P., Harel, J.,
2007, Immunization with recombinant Sao protein confers protection against
Streptococcus suis infection. Clin Vaccine Immunol 14, 937-943.

Loftager, M.K., Eriksen, L., Aasted, B., Nielsen, R., 1993, Protective immunity following
immunisation of pigs with aerosol of Actinobacillus pleuropneumoniae serotype 2.
Res Vet Sci 55, 281-286.

Loftager, M.K., Eriksen, L., Nielsen, R., 1995, Aerosol treatment of pigs with Actinobacillus
pleuropneumoniae serotype 2: mucosal immunity and resistance against challenge.
Adv Exp Med Biol 371B, 1611-1614.

Lopez-Fuertes, L., Campos, E., Domenech, N., Ezquerra, A., Castro, J.M., Dominguez, J.,
Alonso, F., 2000, Porcine reproductive and respiratory syndrome (PRRS) virus down-
modulates TNF-alpha production in infected macrophages. Virus Res 69, 41-46.

Loving, C.L., Osorio, F.A., Murtaugh, M.P., Zuckermann, F.A., 2015, Innate and adaptive
immunity against Porcine Reproductive and Respiratory Syndrome Virus. Vet
Immunol Immunopathol 167, 1-14.

Lowe, J.E., Husmann, R., Firkins, L.D., Zuckermann, F.A., Goldberg, T.L., 2005, Correlation
of cell-mediated immunity against porcine reproductive and respiratory syndrome
virus with protection against reproductive failure in sows during outbreaks of porcine
reproductive and respiratory syndrome in commercial herds. J Am Vet Med Assoc
226, 1707-1711.

Lunney, J.K., Benfield, D.A., Rowland, R.R., 2010a, Porcine reproductive and respiratory
syndrome virus: an update on an emerging and re-emerging viral disease of swine.
Virus Res 154, 1-6.

Lunney, J.K., Fritz, E.R., Reecy, J.M., Kuhar, D., Prucnal, E., Molina, R., Christopher-
Hennings, J., Zimmerman, J., Rowland, R.R., 2010b, Interleukin-8, interleukin-1beta,
and interferon-gamma levels are linked to PRRS virus clearance. Viral Immunol 23,
127-134.

Maes, D., 2014, Vaccination against Mycoplasma hyopneumoniae infection in pigs: room for
improvement. Vet J 200, 214-215.

Meier, W.A., Galeota, J., Osorio, F.A., Husmann, R.J., Schnitzlein, W.M., Zuckermann, F.A.,
2003, Gradual development of the interferon-gamma response of swine to porcine
reproductive and respiratory syndrome virus infection or vaccination. Virology 3009,
18-31.

Meng, X.J., Paul, P.S., Halbur, P.G., Lum, M.A., 1995, Phylogenetic analyses of the putative
M (ORF 6) and N (ORF 7) genes of porcine reproductive and respiratory syndrome
virus (PRRSV): implication for the existence of two genotypes of PRRSV in the
U.S.A. and Europe. Arch Virol 140, 745-755.

Molina, R.M., Cha, S.H., Chittick, W., Lawson, S., Murtaugh, M.P., Nelson, E.A.,
Christopher-Hennings, J., Yoon, K.J., Evans, R., Rowland, R.R., Wu, W.,
Zimmerman, J.J., 2008, Immune response against porcine reproductive and
respiratory syndrome virus during acute and chronic infection. Vet Immunol
Immunopathol 126, 283-292.

Murtaugh, M.P., Elam, M.R., Kakach, L.T., 1995, Comparison of the structural protein
coding sequences of the VR-2332 and Lelystad virus strains of the PRRS virus. Arch
Virol 140, 1451-1460.

28



786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833

Nagy, B., Hoglund, S., Morein, B., 1990, Iscom (immunostimulating complex) vaccines
containing mono- or polyvalent pili of enterotoxigenic E. coli; immune response of
rabbit and swine. Zentralbl Veterinarmed B 37, 728-738.

Nan, Y., Wu, C., Gu, G., Sun, W., Zhang, Y.J., Zhou, E.M., 2017, Improved Vaccine against
PRRSV: Current Progress and Future Perspective. Front Microbiol 8, 1635.

Nilubol, D., Tripipat, T., Hoonsuwan, T., Kortheerakul, K., 2012, Porcine reproductive and
respiratory syndrome virus, Thailand, 2010-2011. Emerg Infect Dis 18, 2039-2043.

Nilubol, D., Tripipat, T., Hoonsuwan, T., Tipsombatboon, P., Piriyapongsa, J., 2013, Genetic
diversity of the ORF5 gene of porcine reproductive and respiratory syndrome virus
(PRRSV) genotypes I and Il in Thailand. Arch Virol 158, 943-953.

Ostrowski, M., Galeota, J.A., Jar, A.M., Platt, K.B., Osorio, F.A., Lopez, O.J., 2002,
Identification of neutralizing and nonneutralizing epitopes in the porcine reproductive
and respiratory syndrome virus GP5 ectodomain. J Virol 76, 4241-4250.

Park, C., Choi, K., Jeong, J., Kang, 1., Park, S.J., Chae, C., 2015, Concurrent vaccination of
pigs with type 1 and type 2 porcine reproductive and respiratory syndrome virus
(PRRSV) protects against type 1 PRRSV but not against type 2 PRRSV on dually
challenged pigs. Res Vet Sci 103, 193-200.

Park, C., Kim, T., Choi, K., Jeong, J., Kang, I., Park, S.J., Chae, C., 2017, Two Commercial
Type 1 Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)-Modified
Live Vaccines Reduce Seminal Shedding of Type 1 PRRSV but not Type 2 PRRSV
in Infected Boars. Transbound Emerg Dis 64, 194-203.

Pfaffl, M.W., 2001, A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res 29, e45.

Rahe, M.C., Murtaugh, M.P., 2017, Effector mechanisms of humoral immunity to porcine
reproductive and respiratory syndrome virus. Vet Immunol Immunopathol 186, 15-18.

Robinson, S.R., Li, J., Nelson, E.A., Murtaugh, M.P., 2015, Broadly neutralizing antibodies
against the rapidly evolving porcine reproductive and respiratory syndrome virus.
Virus Res 203, 56-65.

Roca, M., Gimeno, M., Bruguera, S., Segales, J., Diaz, I., Galindo-Cardiel, 1.J., Martinez, E.,
Darwich, L., Fang, Y., Maldonado, J., March, R., Mateu, E., 2012, Effects of
challenge with a virulent genotype 11 strain of porcine reproductive and respiratory
syndrome virus on piglets vaccinated with an attenuated genotype | strain vaccine.
Vet J 193, 92-96.

Rowland, R.R., Robinson, B., Stefanick, J., Kim, T.S., Guanghua, L., Lawson, S.R.,
Benfield, D.A., 2001, Inhibition of porcine reproductive and respiratory syndrome
virus by interferon-gamma and recovery of virus replication with 2-aminopurine.
Arch Virol 146, 539-555.

Silva-Campa, E., Mata-Haro, V., Mateu, E., Hernandez, J., 2012, Porcine reproductive and
respiratory syndrome virus induces CD4+CD8+CD25+Foxp3+ regulatory T cells
(Tregs). Virology 430, 73-80.

Stadejek, T., Oleksiewicz, M.B., Scherbakov, A.V., Timina, A.M., Krabbe, J.S., Chabros, K.,
Potapchuk, D., 2008, Definition of subtypes in the European genotype of porcine
reproductive and respiratory syndrome virus: nucleocapsid characteristics and
geographical distribution in Europe. Arch Virol 153, 1479-1488.

Stadejek, T., Stankevicius, A., Murtaugh, M.P., Oleksiewicz, M.B., 2013, Molecular
evolution of PRRSV in Europe: current state of play. Vet Microbiol 165, 21-28.

Sun, H.X., Xie, Y., Ye, Y.P., 2009, Advances in saponin-based adjuvants. Vaccine 27, 1787-
1796.

29



834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883

Suradhat, S., Thanawongnuwech, R., 2003, Upregulation of interleukin-10 gene expression in
the leukocytes of pigs infected with porcine reproductive and respiratory syndrome
virus. J Gen Virol 84, 2755-2760.

Suradhat, S., Thanawongnuwech, R., Poovorawan, Y., 2003, Upregulation of IL-10 gene
expression in porcine peripheral blood mononuclear cells by porcine reproductive and
respiratory syndrome virus. J Gen Virol 84, 453-459.

Tabynov, K., Sansyzbay, A., Tulemissova, Z., Dhakal, S., Samoltyrova, A., Renukaradhya,
G.J., Mambetaliyev, M., 2016, Inactivated porcine reproductive and respiratory
syndrome virus vaccine adjuvanted with Montanide Gel 01 ST elicits virus-specific
cross-protective inter-genotypic response in piglets. Vet Microbiol 192, 81-89.

Thacker, E.L., 2001, Immunology of the porcine respiratory disease complex. Vet Clin North
Am Food Anim Pract 17, 551-565.

Thanawongnuwech, R., Amonsin, A., Tatsanakit, A., Damrongwatanapokin, S., 2004,
Genetics and geographical variation of porcine reproductive and respiratory syndrome
virus (PRRSV) in Thailand. Vet Microbiol 101, 9-21.

Tian, K., Yu, X,, Zhao, T., Feng, Y., Cao, Z., Wang, C., Hu, Y., Chen, X., Hu, D., Tian, X.,
Liu, D., Zhang, S., Deng, X., Ding, Y., Yang, L., Zhang, Y., Xiao, H., Qiao, M.,
Wang, B., Hou, L., Wang, X., Yang, X., Kang, L., Sun, M., Jin, P., Wang, S.,
Kitamura, Y., Yan, J., Gao, G.F., 2007, Emergence of fatal PRRSV variants:
unparalleled outbreaks of atypical PRRS in China and molecular dissection of the
unique hallmark. PLoS One 2, e526.

Tulman, E.R., Garmendia, A.E., 1994, Delivery of pseudorabies virus envelope antigens
enclosed in immunostimulating complexes (ISCOMs); elicitation of neutralizing
antibody and lymphoproliferative responses in swine and protection in mice. Vaccine
12, 1349-1354,

Vu, H.L., Kwon, B., Yoon, K.J., Laegreid, W.W., Pattnaik, A.K., Osorio, F.A., 2011,
Immune evasion of porcine reproductive and respiratory syndrome virus through
glycan shielding involves both glycoprotein 5 as well as glycoprotein 3. J Virol 85,
5555-5564.

Wills, R.W., Zimmerman, J.J., Yoon, K.J., Swenson, S.L., McGinley, M.J., Hill, H.T., Platt,
K.B., Christopher-Hennings, J., Nelson, E.A., 1997, Porcine reproductive and
respiratory syndrome virus: a persistent infection. Vet Microbiol 55, 231-240.

Willson, P.J., Rossi-Campos, A., Potter, A.A., 1995, Tissue reaction and immunity in swine
immunized with Actinobacillus pleuropneumoniae vaccines. Can J Vet Res 59, 299-
305.

Wongyanin, P., Buranapraditkun, S., Chokeshai-Usaha, K., Thanawonguwech, R., Suradhat,
S., 2010, Induction of inducible CD4+CD25+Foxp3+ regulatory T lymphocytes by
porcine reproductive and respiratory syndrome virus (PRRSV). Vet Immunol
Immunopathol 133, 170-182.

Xiao, C., Rajput, Z.1., Hu, S., 2007, Improvement of a commercial foot-and-mouth disease
vaccine by supplement of Quil A. Vaccine 25, 4795-4800.

Yoon, K.J., Zimmerman, J.J., Swenson, S.L., McGinley, M.J., Eernisse, K.A., Brevik, A.,
Rhinehart, L.L., Frey, M.L., Hill, H.T., Platt, K.B., 1995, Characterization of the
humoral immune response to porcine reproductive and respiratory syndrome (PRRS)
virus infection. J Vet Diagn Invest 7, 305-312.

Zuckermann, F.A., Garcia, E.A., Luque, 1.D., Christopher-Hennings, J., Doster, A., Brito, M.,
Osorio, F., 2007, Assessment of the efficacy of commercial porcine reproductive and
respiratory syndrome virus (PRRSV) vaccines based on measurement of serologic
response, frequency of gamma-IFN-producing cells and virological parameters of
protection upon challenge. Vet Microbiol 123, 69-85.

30



Table 1 Summary of experimental schedule
Group N Treatment Vaccine Quil A Challenge Antibody detection; Viremia Rectal temperature, Clinical score Body weight
Immune gene expression
1 6 MLV 0 dpv 28 dpv 0,7,14,21, 28, 35, 42, 49dpv 0, 28, 35, 42, 49 dpv 2849 dpv 0, 28, 49 dpv
2 6 MLV-Quil A 0 dpv -1,0,1 dpv 28 dpv 0,7,14,21, 28, 35, 42, 49dpv 0, 28, 35, 42, 49 dpv 28-49 dpv 0, 28, 49 dpv
3 6 Vaccine solvent 0 dpv 28 dpv 0,7,14, 21, 28, 35, 42, 49dpv 0, 28, 35, 42, 49 dpv 28-49 dpv 0, 28, 49 dpv
4 6 None 0,7,14,21, 28, 35, 42, 49dpv 0, 28, 35, 42, 49 dpv 28-49 dpv 0, 28, 49 dpv

dpv - Day post vaccination



Table 2 Criteria for evaluation of clinical signs following PRRSV-2 challenge
Parameters Score
0 1 2 3
Breathing None Dyspnea Dyspnea+ Dyspnea+
tachypnea tachypnea:cyanosis
Behavior Active Less active but Less active Inactive
responding to even when
stimulation stimulated
Appetite Normal Reduced No -
Other None One sign Two signs Three or more
(conjunctivitis, presented presented signs presented
coughing,
sneezing,
vomiting,

diarrhea)
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