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(partial protection) siemsanlasaiensensied Sen1saniadudiléRam (D) eradunidimadenlunisdniadulosiu
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CHAPTER 1
IMPORTANT AND RATIONALE

Porcine reproductive and respiratory syndrome (PRRS) is one of important
diseases that cause economic losses in swine production worldwide. PRRS caused by
PRRS virus (PRRSV) and have two major clinical forms of disease in pigs, including
reproductive failure in pregnant sows (Karniychuk et al, 2012) and respiratory
problems in all ages of pigs. PRRSV is enveloped single-stranded positive-sense RNA
virus of the family Arteriviridae, genus Porarterivirus (Adams et al.,, 2016). PRRSV is
classified into two distinct species, PRRSV-1 (formerly European or genotype 1) and
PRRSV-2 (formerly North American or genotype Il). PRRSV-1 was restricted to Europe,
while PRRSV-2 presented in the North American continents (Collins et al., 1992,
Wensvoort et al., 1991). In 2006, highly pathogenic PRRSV (HP-PRRSV-2) was emerged
and caused huge impact losses in swine production in China (Tian et al., 2007). Since
then, HP-PRRSV-2 is distributed and endemic in several regions especially in the
South East Asia countries including Korea, Vietnam, and Thailand (Kim et al.,, 2011,
Nilubol et al., 2012).

In Thailand, PRRSV has been detected since 1989 which both species can be
isolated from swine herds. In the previous study demonstrated that 66.42% of PRRSV
isolated from Thai swine herds was PRRSV-1. Meanwhile, 33.58% of PRRSV isolates
was PRRSV-2 (Thanawongnuwech et al., 2004). In the present, PRRSV in Thai swine
herds showed higher genetically variations and increasing of PRRSV-2 because PRRSV-
2 modified-live vaccines (MLV) had been progressively used in swine herds (Nilubol
et al,, 2012). In the previous study of genetic diversity of Thai field PRRSV isolates
demonstrated that both PRRSV species have evolved separately. In addition, Thai
PRRSV isolates, either PRRSV-1 or PRRSV-2, develop their own clusters without
geographical influence. Interestingly, both PRRSV-1 and PRRSV-2 had major dominant
cluster which always detectable regardless to the new PRRSV introduction. Moreover,
the majority of Thai swine herds were concurrently infected with both PRRSV species
without any specie being dominant (Nilubol et al., 2013).

To control PRRSV, various types of vaccines had been used. Especially, the
used of attenuated or modified-lived vaccines, either PRRSV-1 or PRRSV-2, showed
promise efficacious against PRRSV infection as demonstrated by the reduction of

disease severities, clinical sings and lung lesion as well as viremic phase (Labarque et



al.,, 2003; Labarque et al,, 2000). However, these vaccines shared various efficacies
against the disease form partial to none against heterologous protection (Martinez-
Lobo et al., 2013; Mengeling et al., 2003; Park et al., 2014). In addition, the problems
of PRRSV MLV used are reported including return to virulent of vaccine virus (Botner
et al,, 1997), increasing of genetic mutation (Nilubol et al., 2014), immune suppressive
effect (Bassaganya-Riera et al, 2004). It has been already reported that the
commercial PRRSV MLV is more effective in controlling homologous rather than
heterologous infection (Kimman et al., 2009; Murtaugh and Genzow, 2011) and the
used of PRRSV MLV depends on circulating PRRSV in the fields. However, in the
presence of both PRRSV-1 and PRRSV-2, what PRRSV MLV should be use. Especially,
in the regions which high genetic diversities of PRRSV isolates had been reported.
Therefore, in the present study had the following four aims; 1) to investigate
the genetic diversity of Thai field PRRSV isolates using phylogenetic analysis; 2) to
evaluate the pathogenicity of Thai field PRRSV isolates in experimental animal; 3) to
test the efficacy of PRRSV MLV against Thai field PRRSV infection in experimental
animal , and 4) to evaluate the alternative route of PRRSV MLV vaccination in

experimental animals.



CHAPTER 2
OBJECTIVES, HYPOTHESES AND CONCEPTUAL FRAMEWORK

2.1 Objectives of study

1.

To evaluate the genetic diversity and strain domination of porcine
reproductive and respiratory syndrome virus in Thai swine herds based on
ORF5 gene

To study the pathogenicity of Thai field porcine reproductive and
respiratory syndrome virus in experimental pigs

To evaluate the efficacy of commercial porcine reproductive and
respiratory syndrome virus modified-live vaccines against Thai filed
porcine reproductive and respiratory syndrome virus isolates in
experimental pigs

To investigate the alternative route of porcine reproductive and

respiratory syndrome virus modified-live vaccine administration

2.2 Hypotheses

1.

Genetic variation and dominant strain of porcine reproductive and
respiratory syndrome virus (PRRSV) will be observed in Thai swine herds
Co-infection of porcine reproductive and respiratory syndrome virus-1
(PRRSV-1) and porcine reproductive and respiratory syndrome virus-2
(PRRSV-2) shows more severity compared to that of single infection with
either porcine reproductive and respiratory syndrome virus-1 (PRRSV-1) or
porcine reproductive and respiratory syndrome virus-2 (PRRSV-2) alone
Porcine reproductive and respiratory syndrome virus modified-live
vaccines that commercially available in Thailand will be provided
protection against Thai filed PRRSV infection

Intradermal vaccination can improve efficacy of porcine reproductive and

respiratory syndrome virus modified-live vaccine



2.3 Keywords (Thai):
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2.4 Keywords (English):

Porcine reproductive and respiratory syndrome virus, Genetic diversity,

Pathogenesis, Modified-live virus vaccine

2.5 Conceptual framework

1. Genetic diversity and strain domination of * PRRSV-1
porcine reproductive and respiratory syndrome » * PRRSV-2
virus (PRRSV) in Thailand * Co-infection

2. Pathogenicity of Thai PRRSV isolates in
experimental pigs

» * Co-infection model

3. Efficacy of commercial PRRSV vaccines * Immune response
against Thai PRRSV isolates in experimental * Cross-protection
pigs * Partial protection

\ 4

4. Alternative route of PRRSV vaccine
administration

2.6 Place of study

1. Department of Veterinary Microbiology, Faculty of Veterinary Science,
Chulalongkorn University, Bangkok, Thailand.

2. Private commercial swine farms in Ratchaburi province, Thailand.



2.7 Advantage of study

1. Genetic diversity of Thai porcine reproductive and respiratory syndrome virus

2. Pathogenicity of Thai porcine reproductive and respiratory syndrome virus
isolates

3. Efficacy of commercial porcine reproductive and respiratory syndrome virus
modified-live vaccines against Thai field porcine reproductive and respiratory
syndrome virus isolates

4. Alternative route of porcine reproductive and respiratory syndrome virus

vaccine administration



CHAPTER 3
LITERATURE REVIEW

3.1 Porcine reproductive and respiratory syndrome virus (PRRSV)

Porcine reproductive and respiratory syndrome (PRRS) has been one of the
most economically swine diseases worldwide. The etiological agent, porcine
reproductive and respiratory syndrome virus (PRRSV), is an enveloped single-stranded
positive-sense RNA genome (Rossow et al,, 1995). PRRSV virion shows a roughly
spherical- or oval-shaped particle of 50-69 nm in diameter with relatively smooth
external surface PRRSV is member of the Order Nidovialase, family Arteriviridae,
Genus Porarterivirus according to the International Committee of Taxonomy of
Viruses (Adams et al,, 2016). Presently, there are four distinct species including in
these genus (Porarterivirus), PRRSV-1 and PRRSV-2 (with 30-45% variation in
nucleotide sequences), along with other two virus does not affect pigs, including
Lactate dehydrogenase-elevating virus (LDEV) and Rat Arterivirus 1 (RA1) (Lunney et
al., 2016).

Initially, PRRS was referred to as mystery swine disease and mystery
reproductive syndrome and was characterized as “Blue-Ear Pig” disease which is
primarily transmitted via aerosol and affects mostly young boars and sows in the US
swine farms (Rossow, 1998). Generally, the clinical symptoms of PRRS can be divided
into two major forms including respiratory failure and reproductive disorder. The virus
induces respiratory symptoms in nursery to finishing pigs, such as respiratory distress,
viral pneumonia, and increased susceptibility to secondary infections associated with
porcine respiratory disease complex (PRDC) (Beyer et al., 1998). PRRSV also induces
reproductive disorder in breeding herds, which is characterized by late-term abortion,
mummification, stillborn piglets, weakening newborn piglets, and affect semen
quality (Christopher-Hennings et al., 1998; Rossow, 1998).

In China 2006, highly pathogenic PRRSV-2 (HP-PRRSV-2), with deletion of 30
amino acids in the non-structural protein 2 (nsp2) gene, emerged and reported to
associated with porcine high fever disease, resulting in high mortality in both young
and old pigs along with severe respiratory pathology (Tian et al., 2007). Then, HP-
PRRSV-2 subsequently extended to Southeast Asia countries. In 2010, the first
outbreak of HP-PRRSV-2 in Thailand was reported (Nilubol et al., 2012). HP-PRRSV-2 is

characterized as a variant specie of PRRSV, which shares genetically background with



either PRRSV-1 or PRRSV-2 (Zhou et al., 2011), and shows different clinical disease
outcomes from typical PRRSV. HP-PRRSV-2 causes fatal disease and associated with
high morbidity and mortality rate in infected pigs (Gao et al,, 2015; Li et al,, 2015).
Since then, HP-PRRSV-2 become and endemic strain in Thai swine herds and other
neighboring countries (Nilubol et al., 2012; Nilubol et al., 2013).

3.2 PRRSV genome characterization

PRRSV genome is packed by nucleocapsid proteins surrounding by surface
glycoproteins and membrane proteins. The genome size of PRRSV is approximately
15 kb with at least 11 known open reading frames (ORFs) as show in Table 1, with
replicase genes located at the 5’-end followed by the genes encoding structural
proteins toward the 3’-end (Pasternak et al., 2006). The majority of the genome,
approximately 60%-70%, encodes non-structural proteins (nsps) involved in
replication (ORFla and ORF1b), whereas ORFs 2-7 encodes structural proteins (N, M,
GP2-GP5, E) (Dokland, 2010) (Figure 1). Using ORF5 gene in molecular epidemiological
studies, genetic variability has been described (Shi et al., 2010a; Stadejek et al., 2013).
PRRSV replicase genes compose of two ORFs, ORFla and ORF1b, which occupy the
5'—proximal three-quarters of the genomes. Both genes are expressed from the viral
genome, with expression of ORFlb depending on a conserved ribosomal
frameshifting mechanism. Subsequently, extensive proteolytic cleaving of the
resulting ppla and pplab polyproteins yields at least 14 functional nsps, most of
which assemble into a membrane-associated replication and transcription complex
(RTC) (Li et al,, 2012). PRRSV also have a set of eight structural proteins, including a
small non-glycosylated protein and a set of glycosylated ones: GP2a-b, GP3, GP4,
GP5, and GP5a, M and N proteins (Meulenberg et al., 1995).
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genomic RNA (gRNA)

subgenomic RNA (seRNA)

Figure 1 PRRSV genome characterization.

Table 1 Characteristics and functions of PRRSV genes and proteins [adapted from

(Lunney et al., 2016)]

Genes Proteins Known or predicted properties/functions
ORF1la Nsplol Protease PLP(I*; zinc-finger protein; interferon
(IFN) antagonist
NsplB Protease PLPB; IFN antagonist
Nsp2 Protease PLP2; deubiquitinating enzyme; IFN
antagonist; transmembrane protein involved in
membrane modification  forming replication
complex
ORF1a’-TF Nsp2TF~ Contain PLP2 domain
Nsp2N Contain PLP2 domain
ORF1la Nsp3 Transmembrane (TM) domain protein involved in
membrane modification; forming replication
complex
Nspd Main protease SP’; apoptosis inducer; IFN-
antagonist
Nsp5 TM protein
Nsp6 N/A
Nsp70l Recombinant nsp7 is highly antigenic
Nsp7B
Nsp8 N-terminal domain of nsp9
ORF1b Nsp9 RNA-dependent RNA polymerase
NSP10 RNA NTPase/helicase, zinc-binding domain

Nspll

Uridylate-specific endoribonuclease (NendoU)
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Nsp12

ORF2a GP2a Minor glycosylated structural protein;

ORF2b E Minor glycosylated structural protein; envelop

ORF3 GP3 Minor glycosylated structural protein

ORF4 GP4 Minor glycosylated structural protein

ORF5 GP5 Major glycosylated structural protein; most
variable structure protein

ORF5a ORF5a Minor unglycosylated, hydrophobic structural
protein

ORF6 M Major glycosylated structural protein; highly
conserved

ORF7 N Unglycosylated and phosphorylated structural
protein; highly antigenic; IFN antagonist

'PLP; papain-like cysteine protease; SP; serine protease

“NspTF is expressed though an alternative transframe (TF) open reading frame (ORF)
underlying the nsp2-coding region by -2 ribosomal frameshifting (Fang et al., 2012),
whereas the -1 ribosomal frameshift at the same position yields a truncated nsp2
variant, nsp2N (Li et al., 2014b).

3.3 PRRSV cell tropism and replication

PRRSV has very narrow cell tropism which is restricted for curtain
subpopulation of swine monocyte/macrophage or myeloid lineages, notably
pulmonary intravascular macrophages, subsets of macrophages in lymph nodes and
spleen, and intravascular macrophages of the placenta and umbilical cord (Duan et
al.,, 1997; Lawson et al.,, 1997). Despite its restricted cell tropism, PRRSV is able to
replicate in several non-permissive cell lines by transfection of these cells with the
viral genomic RNA. This finding suggests that the cell tropism is depending on specific
entry of mediators in the target cells (Delputte et al.,, 2004; Meulenberg et al., 1998),
mostly heparin sulphate and sialoadhesin (Delputte et al., 2002) as well as scavenger
receptor CD163 (Van Gorp et al.,, 2010). PRRSV can be replicated in porcine alveolar
macrophage (PAM) culture (Wensvoort et al., 1991) and swine testis (ST) cells (Plana
et al,, 1992). Although, among many different cell line tested, only the African green
monkey kidney cell line, MA-104, and its derivatives such as MARC-145, CL-2621, and
CRL11171, are fully permissive to PRRSV replication in vitro (Kim et al., 1993).
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Viral replication starts by interaction of viral glycoproteins with different
cellular receptors (Shi et al.,, 2015). CD163 and CD169 play an important role during
PRRSV infections, uncoating of the viral particle, activation of clathrin-mediated
endocytosis and release of viral genome into the cytoplasm (Yun and Lee, 2013).
After cell entry, PRRSV caused a series of intracellular modifications to complete its
replication cycle. At latter stages of viral replication, the mature virions accumulate in
the intracellular membrane compartments and then released into the extracellular
space through exocytosis pathway (Thanawongnuwech et al., 1997).

PRRSV infection can be divided into 3 major phases, including acute infection,
persistence, and extinction. The acute infection shows PRRSV replicate in lung,
mainly in the pulmonary alveolar macrophages (PAM) or intravascular macrophages
(PIM), resulting in viremia by 6-12 hours post-infection (pi) which can be detected
several weeks without antibody detection. Second phase is persistence which the
viremia is not detected in blood. At this stage, PRRSV replicates mainly in lymphoid
organs and potential transmit virus to naive pigs (Allende et al., 2000). Afterward,
virus replication continually decreases and become disappeared in the host. PRRSV
replication dose not establish a steady-state equilibrium but continuously declines
over time which lymphoid organs served as virus replication site before viral
extinction (Allende et al., 2000).

3.4 Humoral immune response against PRRSV infection

PRRSV infection induces an antibody response within 7-9 days pi (dpi) without
the presence of neutralizing antibodies (NAbs) which play an important role in PRRSV
protection. The NAbs appear only later, typically more than 28 dpi (Loving et al,,
2015). In contrast to NAbs, early detection of PRRSV-specific antibodies are non-
neutralizing and do not correlated with PRRSV protection (Lopez et al., 2007; Lopez
and Osorio, 2004). The earliest antibodies are directed against nucleocapsid (N)
protein which appear around first week pi and remain constant in blood for several
months (Horter et al., 2002).

The NAbs titers against PRRSV are relatively low and do not confer cross-
protection against other PRRSV isolates. These NAbs are usually specific for the
vaccine (homologous), with lower or no titers of heterologous viruses (Vu et al., 2011,
Zhou et al,, 2012). The NAbs are consistently detected by day 28 dpi or later for

both PRRSV species and directed against GP5, that contains the major neutralizing
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epitopes (Gonin et al,, 1999; Nelson et al, 1993), leading to polygonal B-cell
activation (Mulupuri et al.,, 2008). Due to slow response, irregular appearance of
PRRSV-NAbs after PRRSV infection was unable to prevent the appearance of viremia.
The potential mechanisms responsible for delayed NAbs include glycan shielding
effects of N-linked g¢lycosylation in GPs (Ansari et al, 2006), presences of
immunodominant decoy epitope in GP5 upstream of the neutralizing epitopes
(Ostrowski et al., 2002), antibody-dependent enhancement of viral entry (Cancel-
Tirado et al.,, 2004), suppression of immune responses and prevent of normal B-cell

repertoire development (Butler et al., 2014).

3.5 Cell-mediated immune response against PRRSV infection

Cell-mediated immunity (CMI) is crucial important in intracellular microbe
infections. The CMI is mediated by T lymphocytes, through helper T cells (Th, CD4")
and cytotoxic T cells (CTL, CD8") functions. Th cells recognize peptide fragment
derived from protein antigens bound to the MHC class Il molecules. After recognition,
the naive T cell may differentiate into different T cell subsets depend on the
cytokines in the microenvironment (Abbas and Janeway, 2000; Shevach, 2006). The
cytotoxic T cells recognize class | MHC-associated peptide. After recognition process,
the cytotoxic T cells can kill infected cells expressing antigens (Abbas and Janeway,
2000).

Several studies indicate that PRRSV can suppress production of type | IFN,
both IFN-OL and IFN—B (Beura et al, 2010; Loving et al,, 2015; Miller et al., 2004). The
Type I IFN plays role in the inhibition of viral replication, increase natural killer cell
(NK cells) function, and MHC class | molecules on virus-infected cells, and enhance
Th cells development (Abbas and Janeway, 2000). In addition, PRRSV can suppress
TNFQL and IL-1 productions. In contrast, induction of IL-10 production had been
reported (Lopez-Fuertes et al, 2000; Suradhat and Thanawongnuwech, 2003;
Suradhat et al., 2003).

Development of PRRSV-specific CMI response can be detected after 4 weeks
pi, corresponded with the NAbs response (Bautista and Molitor, 1997). Cytokine
response are mainly interferon (IFN)-Y and interleukin (IL)-12 (Lopez Fuertes et al,,
1999). The IFN-Y activates macrophages, NK cells and T lymphocytes which involved
in both innate and adaptive immune response (Abbas and Janeway, 2000). Using
ELISPOT IFN-Y assay demonstrated that PRRSV-specific T cell response was detected
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(Shevach, 2006)as early as 2 weeks pi without alternation of T cell in lymphoid
tissues during or post PRRSV infections (Xiao et al., 2004). PRRSV-specific IFN-Y
secreting cells firstly detected at 3 weeks post pi or vaccination and gradually
increased and reached the highest numbers at 10 weeks post pi or vaccination. IFN-Y
secreting cells were mainly double positive cells (CD4*CD8"), with a small portion of
CD4/CD8AP* cytotoxic T-cells (Meier et al,, 2003). However, the increased IFN-Y
secreting cells are very late compared to the other viral infections, such as
pseudorabies (within 6 days pi) or classical swine fever (within 1 week pi) (Hoegen et
al., 2004; Suradhat et al., 2001).

Cross-reactivity against divergent of PRRSV can show different intensity and be
differently immune reactivity was evident upon stimulation with various virus isolates
in terms of frequency and CD8 phenotype of PRRSV-specific IFN-Y-secreting cells. The
modulation of cytokines in vaccinated pigs appeared to be more dependent on
vaccination or infection condition than on stimulation by different isolates; change in
IL-10 appear to be more relevant than those of TNFOL at gene and protein levels
(Costers et al., 2009; Ferrari et al,, 2013; Xiao et al., 2004).

3.6 Genetic diversity and evolution of PRRSV

PRRSV is genetically heterogenous by its nature (Meng, 2000) and emerged
almost simultaneously in the North America and Western Europe in the late 1980
and early 1990, respectively (Stevenson et al., 1993; Wensvoort et al, 1991).
Presently, PRRSV is classified into two distinct species, PRRSV-1 (formerly called
genotype | or EU genotype) and PRRSV-2 (formerly called genotype Il or US
genotype) (Adams et al., 2016). The two species of the virus resemble 60% of
nucleotide homology to each other although their biological characteristics are very
similar (Kim and Yoon, 2008).

The relative nucleotide sequence identity between PRRSV-1 isolates and
PRRSV-2 isolates is approximately 97.8-99.7% in the ORF1, 81.1-98.3% in the ORF2,
81.0-98.0% in the ORF3, 85.2-98.3% in the ORF4, and 82.7-88.8% in the ORF5,
respectively (Dortmans et al.,, 2019; Meng et al., 1995a; Meng et al., 1995b; Nelsen et
al.,, 1999). The ORF6 and ORF7 genes are relatively conserved among both PRRSV-1
and PRRSV-2 isolates, but genetic variation was observed in these genes (Meng et al,,
1995¢). The ORF5 gene encodes glycoprotein 5 (GP5), major glycosylated structural
protein, is highly variable
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In Thailand, PRRSV has been detected since 1989 which both PRRSV species
can be isolated from swine herds. In the previous study demonstrated that 66.42%
of PRRSV isolated from Thai swine herds was PRRSV-1. Meanwhile, 33.58% was
PRRSV-2 (Thanawongnuwech et al., 2004). In the present, PRRSV in Thai swine herds
shows higher genetically variations and increasing of PRRSV-2 in Thai swine herds
because of the increasingly used of PRRSV-2 modified-live vaccines (MLV) to control
and prevent the disease (Nilubol et al., 2012). In the previous study of genetic
diversity of Thai PRRSV isolates based on ORF5 gene, demonstrated that Thai PRRSV-
1 isolates were divided into 3 clusters (Cluster |, Il, and II) which showed nucleotide
similarity ranged from 84.7% to 99.8% and amino acid similarity ranged from 84.2%
to 95.5%, respectively. Meanwhile, Thai PRRSV-2 isolates were grouped into 4
clusters (Cluster 1, II, lll, and IV) and had nucleotide similarity ranged from 83.4% to
99.8% and amino acid similarity ranged from 80.8% to 99.5%, respectively (Nilubol et
al., 2013).

In the previous study of genetic diversity of Thai field PRRSV isolates based on
ORF5 gene demonstrated that both PRRSV species have evolved separately with a
temporal influent on strain development. In addition, Thai PRRSV isolates, either
PRRSV-1 or PRRSV-2, develop their own clusters without geographical influence.
Interestingly, from the results of Thai PRRSV evolution study, both PRRSV-1 and
PRRSV-2 had major dominant cluster which always detectable regardless to the new
PRRSV introduction (Nilubol et al., 2013). However, in the presence of both PRRSV-1
and PRRSV-2, what PRRSV MLV should be use. Especially, in the regions which high

genetic diversities of PRRSV isolates had been reported.

3.7 vaccine against PRRSV

Since the discovery of PRRSV, multiple vaccines against PRRSV are
commercially available, especially modified-live vaccines, that have been launched
against both PRRSV-1 and PRRSV-2; including Porcilis® PRRS (PRRSV-1 MLV, MSD
Animal Health, The Netherlands), Amervac® PRRS and UNISTRAIN® PRRS (PRRSV-1
MLV, Hipra Laboratorios S.A., Spain), Prysvac-183 (PRRSV-1 MLV, Syva Laboratorios,
Spain), Fostera™ PRRS (PRRSV-2 MLV, Zoetis, USA), Ingelvac® PRRS MLV and Ingelvac®
PRRS ATP (PRRSV-2 MLV, Boehringer Ingelheim, Germany), and Prime Pac® PRRS
(PRRSV-2 MLV, MSD Animal Health, The Netherlands). However, existing evidence
suggests that all commercially available PRRSV MLV elicit only relatively weak
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humoral and cell-mediated immune response (Diaz et al., 2006; Zuckermann et al,,
2007). Based on challenge experiments to evaluate vaccine efficacy, it appears that
PRRSV MLV do confer late but effectively protection, against genetically homologous
PRRSV isolates, but provides only partial or no protection heterologous PRRSV
infections (Murtaugh et al., 2002; Roca et al,, 2012). Safety of PRRSV MLV is concern
as shedding and persistence of vaccine viruses have been reported. Vaccinated pigs
with PRRSV MLV can develop viremia up to 4 weeks post vaccination, and shedding
to naive animals (Martinez-Lobo et al., 2013). Consequently, reversion to virulence of
vaccine viruses and recombination between vaccine virus and wild type PRRSV are
serious concerns as showed in several studies (Botner et al., 1997; Madsen et al.,
1998).
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CHAPTER 4

Genetic diversity of porcine reproductive and respiratory syndrome virus in

Thailand during 2001-2017

Manuscript in preparation
Genetic diversity of porcine reproductive and respiratory syndrome virus in
Thailand during 2001-2017
Adthakorn Madapong, Kepalee Saeng-chuto, Chirstopher James Stott, Angkana

Tantituvanont and Dachrit Nilubol

In this chapter, we investigated the genetic diversity of porcine reproductive
and respiratory syndrome virus (PRRSV) based on the ORF5 gene of serum samples
collected from Thai swine herds during 2001-2017. Our findings showed that all Thai
PRRSV-1 isolates are grouped in subtype 1 which clade A was a dominant strain of
PRRSV-1. Meanwhile, Thai PRRSV-2 isolates are
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4.1 Abstract

The objective of the present study was to investigate the genetic diversity of
porcine reproductive and respiratory syndrome virus (PRRSV) based on the ORF5
gene from serum samples collected from Thai swine herds during 2001-2017. The co-
existence of PRRSV-1 and PRRSV-2 was observed in 75% of investigated herds.
According to the international systematic classification, all Thai PRRSV-1 isolates
belonged to Subtype 1 that were grouped into 3 clades; A, D and H, respectively.
Meanwhile, Thai PRRSV-2 isolates were grouped into 3 lineages; lineages 1, 5 and 8§,
respectively, which lineage 8 can be divided into 2 sublineages; sublineage
8.7/Classical and 8.7/HP-PRRSV-2, respectively. PRRSV-1 and PRRSV-2 isolates in Clade
A and sublineage 8.7/HP-PRRSV-2 were dominant strain in Thai swine herds,
respectively. Both PRRSV species have evolved separately with a temporal influence

on strain development and are separate from those of other countries.

Keywords: Porcine reproductive and respiratory syndrome virus; Genetic diversity;

Phylogenetic tree; ORF5
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4.2 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is one of the most
devastating diseases in swine production worldwide (Wensvoort et al., 1991). PRRS is
caused by PRRS virus (PRRSV), an enveloped, positive single-stranded RNA virus,
belongs to order Nidoviralase, family Arterivirus, genus Porarterivirus (Adams et al.,
2016). PRRSV genome is approximately 15 kbp in length contains at least 11 known
open reading frames (ORF); two large ORFs (ORFla and b) and eight small ORFs
(ORF2-7) (Cavanagh, 1997). ORFla and ORF1b are encoded into replicase and non-
structural proteins, while ORF2 to 7 encodes structural proteins (Conzelmann et al,,
1993). Glycoprotein (GP5) is the most variable regions and associated with the
neutralizing epitopes (Wissink et al., 2005), and has been used in phylogenetic
analyses and studies on PRRSV genetic diversity (Meng, 2000)

Currently, PRRSV is divided into two distinct species, PRRSV-1 and PRRSV-2
(Adams et al., 2016) and circulating in swine production areas worldwide (Kimman et
al., 2009) which had been evolving independently on each continent (Nelson et al,,
1993). However, the co-existence of both PRRSV species has been increasingly
evident in several countries, including Korea, China, and Thailand (Kim et al., 2008;
Nilubol et al., 2012; Nilubol et al., 2013; Yoon et al.,, 2008). These concurrent
infection of both PRRSV species leads to the necessity for further investigations to
better understand the genetic diversity of the Thai PRRSV isolates and to improve
the current control program.

Recently, systematic classification of PRRSV, either PRRSV-1 or PRRSV-2, was
conducted based on comprehensive phylogenetic analyses (Shi et al., 2010b;
Stadejek et al., 2008). However, the international systematic classification had less
applied in several studies of PRRSV genetic diversity. Therefore, the objectives of this
study were to investicate the genetic diversity of Thai field PRRSV isolates by
phylogenetic analysis of the complete ORF5 sequences during 2001-2018. In addition,
previously reported Thai PRRSV isolates and global PRRSV were included in this
study.
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4.3 Materials and Methods

4.3.1 Sample collection

Blood samples were collected from 5 major swine producing regions in
Thailand during 2001-2018 including North, Northeast, Central, East and South. Herd
selection in each region was based on the permission of the owner. One thousand,
five hundred and forty-two samples from 102 swine herds were collected in this
study. Of the 102 herds, 10, 12, and 10 herds are in the provinces in the North,
Northeast, and South regions of Thailand, respectively. Seventy herds are in the
Central and East regions that have the highest pig densities.

The provinces in the North region of Thailand were included Chiang Man,
Chiang Rai, Uttaradit, Nakhon Sawan and Phichit, respectively. The provinces in the
Northeast region of Thailand wer Ubon Ratchathani, Nakhon Ratchasima,
Chaiyaphum, Burirum, Khon Kean and Nakhon Phanom, respectively. The provinces
in the Central region of Thailand were Nakhon Pathom, Ratchaburi, Kanchanaburi,
Saraburi, Lopburi, Phetchaburi, Suphanburi and Ang Thong, respectively. Two
provinces are in the East region of Thailand, Chon Buri and Chachoengsao., and

Nakhon Sri Thammarat, which in the South region of Thailand respectively.

4.3.2 PCR and sequence determination

Total RNA was extracted from sera using NucleoSpin® RNA Virus (Macherey-Nagel,
Duren, Germany) in accordance with the manufacturer’s instructions. The extracted
RNA was converted to cDNA using M-MulLV Reverse Transcriptase (New England
BioLabs Inc., MA, USA). ORF5 was amplified using previously reported primers (Nilubol
et al,, 2014), and PCR amplification was performed using Tag high-fidelity DNA
polymerase (Invitrogenw, Carlsbad, CA, USA). The amplified PCR products were
purified using a PCR purification kit (Macherey-Nagel, Duren, Germany) and cloned
into plasmid vector for the subsequent transformation of Escherichia coli cells using
commercial kit (pGEM-T® Easy Vector, Promega, WI, USA) according to manufacturer’s

instructions. Plasmid was extracted using NucleoSpin® Plasmid Extraction (Macherey-
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Nagel, Duren, Germany) and sequencing was performed at Biobasic Inc. (Markham,

Ontario, Canada) using an ABI Prism 3730XL DNA sequencer.

4.3.3 Sequence analysis

Three datasets of complete ORF5 genes were used to perform the genetic
analysis. The first dataset included the complete ORF5 genes of the Thai PRRSV
isolates that collected during 2001-2018. The second dataset was reference PRRSV
isolates that included PRRSV-1 and PRRSV-2 prototypes (Lelestad virus and VR-2332),
PRRSV-1 modified-live vaccines (Porcilis® PRRS, MSD Animal Health, The Netherlands;
Prysvac-183, Laboratorios Syva, Spain; Amervac® PRRS, Laboratorios Hipra, Spain), and
PRRSV-2 modified-live vaccines (Fostera™ PRRS, Zoetis, USA; Ingelvac® PRRS MLV and
ATP, Boehringer Ingelheim, Germany; Prime Pac® PRRS, MSD Animal Health, The
Netherlands) and sequences from China. The third dataset consisted of complete
ORF5 gene that represented global PRRSV-1 and PRRSV-2 isolates that were available
in GenBank.

The ORF5 sequences were aligned using the CLUSTALW method (Thompson et
al,, 1994). The phylogenetic trees of the PRRSV-1 and PRRSV-2 isolates were
constructed separately to investigate the genetic relationship. Each phylogenetic tree
was constructed based on non-redundant ORF5 sequences of PRRSV. Neighbor-
joining trees with 1,000 bootstrap replicates were also constructed from the aligned
nucleotide sequences using MEGA6 (Nilubol et al., 2013).

To analyze the genetic diversity of the PRRSV-1 and PRRSV-2, the percentages
of identity at the nucleotide and amino acid levels between the isolates was

calculated as previously described (Forsberg et al., 2002)
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4.4 Results

4.4.1 PRRSV detection by PCR

PRRSV detection by PCR was showed in Table 2. Sera was positive for PRRSV
in 1,432 out of 1,542 samples and was divided into 3 groups: PRRSV-1, PRRSV-2, and
co-infection, respectively. Sera was positive for either PRRSV-1 or PRRSV-2 only in 62
out of 1,432 (4%), and 298 out of 1,432 (21%) samples, respectively. Meanwhile, the
co-infection of both PRRSV-1 and PRRSV-2 in sera was in 1,072 out of 1,432 (75%)
samples. The nucleotide sequences revealed that both PRRSV-1 and PRRSV-2 co-
existed in 100 of 102 swine herds which mostly located in the central region of
Thailand.

Table 2 PRRSV detection in Thailand during 2001-2018. From 1,542 samples, 1,432

sera were positive for PRRSV.

PRRSV detection No. of positive samples Percentages (%)
PRRSV-1 62 il

PRRSV-2 298 21

Co-infection 1,072 75

4.4.2 Phylogenetic analysis of Thai PRRSV isolates

The nucleotide and amino acid divergence of the Thai PRRSV-1 isolates
ranged from 84.4 to 99.8% and 84.5 to 99.6%, respectively. All Thai PRRSV-1 isolates
were grouped into Subtype 1 which were further divided into 3 clades; clade A, D
and H (Figure 2). Four hundred and ninety-three PRRSV-1 isolates were grouped in
clade A (82.44%) along with PRRSV-1 prototype (Lelystad virus) and PRRSV-1 MLV
(Porcilis® PRRS, MSD Animal Health, The Netherlands). In subtype 1, clade D
consisted of 14 PRRSV-1 isolates (2.34%). Meanwhile, subtype 1, clade H consisted of
91 isolates (15.22%) (Figure 2).

For the PRRSV-2, the nucleotide and amino acid sequence divergence ranged
from 82.4 to 99.8% and 80.5 to 99.5%, respectively. Thai PRRSV-2 isolates were
grouped into 4 major groups; lineage 1, lineage 5, sublineage 8.7/Classical and
sublineage 8.7/HP-PRRSV-2 (Figure 3). Two hundred and ninety-six PRRSV-2 isolates
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were grouped in lineage 1 (35.49%). In lineage 5 consisted of 22 Thai PRRSV-2 isolates
(2.64%). Meanwhile Thai PRRSV-2 in lineage 8 were further divided into 2 sublineags:
8.7/Classical consisted of 143 isolates (17.15%), and 8.7/HP-PRRSV-2 consisted of 373

PRRSV-2 isolates (44.72%) (Figure 3), respectively.
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Figure 2 Phylogenetic analysis of Thai PRRSV-1 isolates based on the ORF5 gene
during 2001-2018. Total 598 complete sequences of the ORF5 gene were analyzed.

The color of the node markers indicates the year of sample collection.
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Figure 3 Phylogenetic analysis of Thai PRRSV-2 isolates based on the ORF5 gene
during 2001-2018. Total 834 complete sequences of the ORF5 gene were analyzed.

The color of the node markers indicates the year of sample collection.
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4.5 Discussion and Conclusion

The genetic diversity based on the ORF5 gene of Thai PRRSV isolates during
2001-2017 was investigated in the present study. Our finding showed that both
PRRSV species, PRRSV-1 and PRRSV-2, were detected and none of 102 swine herds
were infected with only PRRSV-2. Most Thai swine herds were concurrently infected
with both PRRSV species without any specie being dominant. Moreover, the
detection of PRRSV-1 and PRRSV-2 in the present study were represented to be
coinfected in the same pig from the herds that were co-infected with both PRRSV
species. Based on the phylogenetic analysis of Thai PRRSV isolates in 2001-2018
demonstrated that Thai PRRSV isolates, both PRRSV-1 and PRRSV-2, develop their
own clusters. The subtype 1, clad A was a dominant strain of Thai PRRSV-1.
Meanwhile, the sublineage 8.7/HP-PRRSV-2 was a dominant strain of Thai PRRSV-2.

In Thailand, a retrospective serological study found that PRRSV had been
circulating in Thai swine herds as early as 1989 and both PRRSV species showed co-
circulate in Thai swine herds since 2001 (Thanawongnuwech et al., 2004). According
to previous study, Thai PRRSV-1 isolates in clade A were closely related to each
other and had more highly homologous to the Lelystad virus and PRRSV-1 MLV-like
virus (Porcilis® PRRS) with nucleotide and amino acid sequence similarities of 97.8-
98.5% and 96.5-99.0%, respectively (Nilubol et al,, 2013; Stadejek et al,, 2008). The
Thai PRRSV-1 isolates in clade D were closely related to PRRSV-1 MLV-like virus
(Amervac® PRRS) that were first detected in 2008 even though this vaccine has been
available in 2004. The Thai PRRSV-1 isolates in clade H were closely related to
Spanish PRRSV-like and Belgium PRRSV-like, which were detected in 2010-2013.

The Thai PRRSV-2 isolates are grouped into 3 lineages: 1, 5 and 8. The Thai
PRRSV-2 isolates in lineage 1 were closely related to the Canadian isolates that might
be introduced into Thai swine herds around 1990s (Tun et al,, 2011). The Thai PRRSV-
2 isolates in lineage 5 were closely related to PRRSV-2 MLV-like virus (Ingelvac® PRRS
MLV). Meanwhile, the Thai PRRSV-2 isolates in the lineage 8 are divided into 2 huge
groups: Classical and HP-PRRSV-2 (Shi et al., 2010b). The HP-PRRSV-2, in particular

JXA-1 like viruses, was emerged in China in 2006 and subsequently spread to
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neighboring countries including Vietnam, Cambodia and Laos (Tian et al., 2007). Then,
the HP-PRRSV-2 was detected in swine herds in Thailand, Myanmar, Philippines and
Singapore, and caused an outbreak in these countries (An et al,, 2011; Feng et al,,
2008; Nilubol et al., 2012). In Thailand, the first epidemic outbreak of HP-PRRSV-2
initiated in August 2010 and may have been introduced through the illegal transport
of infected materials from bordering countries, especially form Vietnam to Thailand
thorough Laos (Nilubol et al.,, 2012). Our results demonstrate that HP-PRRSV-2 are
circulated and endemic in those regions of Thailand since its emergence. Almost all
HP-PRRSV-2 isolates were in sublineage 8.7/HP-PRRSV-2 and closely related to the
JXA1-like and 09HEN1-like viruses that are predominantly circulated in Southeast Asia
(Nilubol et al., 2012; Shi et al., 2010b).

In conclusion, both PRRSV species have evolved continuously and developed
clusters that are genetically separated form that of the other countries. The
introduction of new isolates could be diverse the genetic variation of PRRSV,
especially for the PRRSV-2. However, the mechanisms of genetic diversity and

evolution analyses of both PRRSV species in Thailand are under investigation.
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CHAPTER 5

Pathogenesis of Thai field porcine reproductive and respiratory syndrome virus

Manuscript in preparation
Pathogenesis of Thai field porcine reproductive and respiratory syndrome virus
isolates in experimental pigs
Adthakorn Madapong, Kepalee Saeng-chuto, Puwich Chaikhumwang, Angkana

Tantituvanont and Dachrit Nilubol

In this chapter, we investigated the pathogenicity of two different Thai field
PRRSV isolates, including PRRSV-1 (subtype 1, clade A) and HP-PRRSV-2 (sublineage
8.7/HP-PRRSV-2), either alone or in combination conditions in experimental pigs. Our
findings revealed different pathological outcomes between single infection with each
PRRSV isolate and co-challenge with Thai field PRRSV isolates. Especially for the co-

challenged pigs, that showed prominent clinical severity and lung lesions.
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5.1 Abstract

The objective of the present study was to evaluate the pathogenesis of
experimental infection with Thai porcine reproductive and respiratory syndrome virus
(PRRSV) isolates, either alone or co-infection conditions in term of virus distribution,
viremia, macroscopic- and microscopic lung lesions and PRRSV-antigens in lung
tissues. Thirty-six, PRRSV-free, 3-week-old pigs were allocated into 4 groups with 9
pigs each: G1 (PRRSV-1), G2 (HP-PRRSV-2), G3 (Co-challenge) and G4 (Non-challenge).
Pigs in the Gl and G2 were intranasally inoculated with Thai PRRSV-1 isolate
(ANO1EU4204) and PRRSV-2 (FDT10US23, HP-PRRSV-2). Pigs in G3 was intranasally co-
inoculated with both Thai PRRSV-1 (ANO1EU4204) and PRRSV-2 (FDT10US23, HP-
PRRSV-2). Pigs in G4 served as control. Following challenge, pigs in the G3 showed
severe clinical signs and had significantly (p < 0.05) higher viremia and lung lesions
than those of the other challenged groups as well as PRRSV-antigens and virus
distribution in tissues. Our results demonstrated a marked difference in pathogenicity
of PRRSV isolates. The co-infection of both Thai PRRSV species induce more severity

of the disease than those of single infection with either PRRSV-1 or PRRSV-2.

Keywords: Porcine reproductive and respiratory syndrome virus; Pathogenesis, Co-

challenge, HP-PRRSV-2, Experimental pig
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5.2 Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is a causative
agent of PRRS disease, that affect swine production worldwide. The major clinical
symptoms of the disease are reproductive failure in sows and mild- to severe
respiratory diseases, leading to impaired growth in weaning pigs and secondary
infection with other pathogens (Horter et al,, 2001; Rossow et al., 1995). PRRSV is
small enveloped, positive single-stranded RNA virus belonging to the family
Arteriviridae in the order Nidoviralase (Snijder and Meulenberg, 1998). Two distinct
species of PRRSV have been identified; PRRSV-1 and PRRSV-2 (Adams et al., 2016).

In Thailand, PRRSV had been detected in swine herds since 1989 which was
PRRSV-2. Then, subsequent survey study of PRRSV diversity demonstrated that both
PRRSV species was co-existed in Thai swine herds, and the PRRSV-1 isolates was
more dominant than that of PRRSV-2 isolates (Thanawongnuwech et al., 2004). In
addition, the previous study of genetic diversity of Thai PRRSV isolates in 2010-2011
showed that both PRRSV species have evolved separately and developed their own
clusters without geographical influence on strain development within Thailand
(Nilubol et al., 2013).

The severity and duration of PRRSV outbreak is variable, some swine farms
may be devastated by high production losses, whereas other herds may have
subclinical of the disease without losses (Rossow et al., 1999). Moreover, differences
in severity of the disease depending on viral strain and immune status of pigs in the
swine unit (Lunney et al.,, 2016). However, the data of pathogenesis of Thai field
PRRSV isolates is not available. Therefore, the aims of the present study was to
compared the pathogenicity of both Thai field PRRSV species, either alone or in co-
infection in experimental pigs by defining the virus distribution, humoral immune

response, lung lesions, and virus antigens in lung tissues.
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5.3 Materials and Methods

5.3.1 PRRSV isolates

PRRSV isolates used in the present study refer to the AN06EU4204 and
FDT10US23 which were Thai PRRSV-1 and PRRSV-2 (HP-PRRSV-2), respectively (Nilubol
et al,, 2013). The PRRSV isolates ANO6EU4204 and FDT10US23 are in clade A, subtype
1 and sublineage 8.7/HP-PRRSV-2, based on international systematic classification
according to previously described (Shi et al., 2010b; Stadejek et al., 2008). The ORF5
sequences of these PRRSV isolates are available in GenBank under accession number
JQ04075 and JN255836, respectively. These PRRSV isolates were obtained from
weaned pigs from two different herds experiencing PRRS outbreaks during 2010-2011
(Nilubol et al.,, 2012). Both swine herds are in the western region of Thailand. Based
on the ORF5 gene, both Thai PRRSV isolates are phylogenetically clustered in
endemic clades of which that could represent PRRSV isolates endemically infection
in swine herds in this region. PRRSV isolates were propagated and plaque purified in
MARC-145 cells as previously described methods (Geldhof et al., 2012; Nilubol et al.,
2004). The virus titer was determined based on a procedure described previously
(Nilubol et al., 2004). PRRSV genome was sequenced as previously described (Delrue
et al.,, 2010; Nilubol et al., 2013).

5.3.2 Experimental design

All animal procedures in this study was conducted in accordance with the
Guide for the Care and Used of Laboratory Animal of the National Research Council
of Thailand according to protocols approved by The Chulalongkorn University Animal
Care and Use Committee, protocol number 1731047.

Thirty-six, 3-week-old, PRRSV-free piglets were purchased form PRRSV-free
herds and randomly allocated based on the stratification weighs onto 4 treatment
groups of 9 pigs each (Table 3); G1 (PRRSV-1), G2 (HP-PRRSV-2), G3 (Co-challenge) and
G4 (Non-challenge). At 0 days post-challenge (DPC), pigs in the G1 and G2 groups
were intranasally inoculated with 4 ml of tissue culture inoculum of PRRSV-1

(ANO6EU4204 isolate, third passage of porcine alveolar macrophage, 10>% TCIDsy/ml)
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and HP-PRRSV-2 (FDT10US23 isolate, fifth passage of MARC-145 cells, 10°* TCIDs,/ml),
2 mU/nostril, respectively. Pigs in the G3 group was intranasally co-challenged with 4
ml of tissue culture inoculum of PRRSV-1 (ANO6EU4204, 10°* TCIDsy/ml) and HP-
PRRSV-2 (FDT10US23, 10>* TCIDsy/ml) isolates, at 2 ml of each isolate/nostril. Pigs in
the G4 group was served as negative control. Each group was housed in separated
room with separated air spaces and monitored daily for physical condition and
clinical respiratory disease throughout the experiment.

Blood samples were collected at 0, 3, 5, 7, 10, 14, 21, and 28 DPC. Sera were
separated and analyzed for PRRSV-specific antibody response using ELISA (IDEXX,
USA) and serum neutralization (SN) assay. PRRSV RNA in sera was analyzed using real
time quantitative reverse transcriptase PCR (RT-qPCR) as previously described
(Madapong et al., 2017).

Rectal temperature was daily recorded throughout the experiment. The
severity of clinical score were daily evaluated in accordance with previously
described (Halbur et al,, 1995a). In brief, a score of 0 = normal; 1 = mild dyspnea
and/or tachypnea when stressed; 2 = mild dyspnea and/or tachypnea when at rest; 3
= moderate dyspnea and/or tachypnea when stressed; 4 = moderate dyspnea
and/or tachypnea when at rest; 5 = severe dyspnea and/or tachypnea when stressed
and at rest.

At 7 DPC, three pigs of each group were necropsied, and lung lesion will be
evaluated. Sera and tissue samples will be collected to perform virus isolation in cell

culture, detection of PRRSV using PCR, and immunohistochemistry (IHC).

5.3.3 Serological analysis

Sera were separated and analyzed for PRRSV-specific antibodies using ELISA
(IDEXX, USA) in accordance with manufacturer’s instructions. The PRRSV-specific
antibody titers were reported as an S/P ratio, and the serum samples will be
considered positive if the S/P ratio was greater than 0.4.

Serum neutralization (SN) assay was conducted using either PRRSV-1

(ANO6EU4204) and PRRSV-2 (FDT10US23, HP-PRRSV-2) as previously described
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(Madapong et al., 2017). The SN titers were reported as the highest dilution resulting

in @ 90% reduction in the number of fluorescent units per well.

5.3.4 PRRSV detection and quantification

Total RNA was extracted from sera and tissue samples using NucleoSpin®
Virus RNA extraction kit (Macherey-Nagel, Germany) and converted into cDNA. Copy
number of PRRSV was quantified using previously published TagMan® probe-baseed
real-time RT-PCR (Egli et al,, 2001; Madapong et al., 2020). The ORF5 sequence of the
PRRSV isolated from tissue samples was analyzed by PRRSV-specific primers as

previously described (Nilubol et al., 2013).

5.3.5 Pathological examination and immunohistochemistry (IHC)

PRRSV-induced macroscopic- and microscopic lung lesion scores were
evaluated as previously described (Halbur et al., 1995b). For macroscopic lung lesion,
the lungs were given a score to estimate the percentage of the lung affected by
pneumonia. Each lobe was assigned a number to reflex the approximate percentage
of the volume of the entire lung and the percentage volume from each lobe added
to obtain the entire lung score (range from 0 to 100% of affected lung). Sections
were collected from all lung lobes as previously described (Halbur et al., 1995a).
Lung tissues were fixed with 10% neutral buffered formalin for 7 days and routinely
processed and embedded in paraffin in an automated tissue processor. Section were
cut at 5 pm and stained with hematoxylin and eosin (H&E). For microscopic lung
lesion analysis, the lung sections were examined in a blinded manner and given an
estimated score of the severity of the interstitial pneumonia. Briefly, 0 = normal; 1 =
mild interstitial pneumonia; 2 = moderate multifocal interstitial pneumonia; 3 =
moderate diffuse interstitial pneumonia, and 4 = severe diffuse interstitial
pneumonia. The mean values of microscopic score of each group were calculated.

Immunohistochemistry was performed using monoclonal antibodies which
recognized PRRSV-1 and PRRSV-2 antigens, respectively (Madapong et al,, 2020). To

obtain quantitative data, slides were analyzed with the NIH Image J 1.50i Program
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(http://rsb.info.nih.gov/ij). In each slide, 10 fields were randomly selected, and the
number of positive cells per unit area (0.95 mm2) was determined as previously

described (Halbur et al., 1996a; Park et al., 2014). The mean values were calculated.

5.3.6 Statistical analysis

The data from repeated measurements were analyzed using one-way analysis
of variance (ANOVA) to determine the presence of significant differences between
treatment groups for each day. p-value < 0.05 was considered as statistically

significant difference.

Table 3 Experimental design

Treatment No. of Details PRRSV isolates

groups pigs

G1 9 Sigle PRRSV-1 challenge ANO6EU4204

G2 9 Single HP-PRRSV-2 challenge FDT10US23

G3 9 Co-challenged with PRRSV-1 and  ANO6EU4204 +
HP-PRRSV-2 FDT10US23

G4 9 No-challenge -
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5.4 Results

5.4.1 Clinical signs and rectal temperature

Pigs in the G4 group remained in normal conditions and rectal temperatures
were in physiological range throughout the experiment. Pigs in the G3 group had
moderately labored abdominal respiration between 3-7 DPC. While, pigs in the G2
showed mild transient dyspnea. In contrast, pigs in the G1 group did not showed
PRRSV-related clinical signs such as increased respiration rate and coughing. The
rectal temperature was increased in the at 3 DPC and 5 DPC in the G3 and G2 groups,
respectively. Meanwhile, the rectal temperature of pigs in the G1 group remained in

physiological range throughout the experiment.

5.4.2 PRRSV-specific antibody response

No PRRSV-specific antibody response detected in the G4 groups throughout
the experiment. The PRRSV-specific antibody titers were first detected in all
challenged groups at 3 DPC and reached above cut-off levels (S/P > 0.4) at 7 DPC.
Then, the antibody titers were continually increased at 10 DPC and remained at
plateau levels until the end of the experiment (Figure 4). The antibody titers of pigs
in the G1 group had significantly (p < 0.05) lower than that of the other challenged
groups at 7 and 10 DPC. There were no statistical differences in the antibody titers
among challenged groups at 14-28 DPC. No PRRSV-specific neutralizing antibodies

detected in any of pigs throughout the experiment.
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PRR SV -specific antibody response as measured by IDEX X ELISA
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Figure 4 PRRSV-specific antibody response as measured by IDEXX ELISA following

challenge.

5.4.3 Quantification of PRRSV in blood

The mean genomic copies of PRRSV RNA in blood was showed in Figure 5.
Pigs in the G4 group had no PRRSV viremia until the end of experiment. PRRSV
viremia was first detected in all challenged groups at 3 DPC, continually increased
and reached peak at 7 DPC. Then, PRRSV RNA was slightly decreased and dropped to
basal levels at 14-28 DPC, respectively. At 3 DPC, PRRSV RNA of all challenged groups
had significantly (p < 0.05) higher levels than that of the G4 group. Pigs in the G3
group had significantly higher (p < 0.05) PRRSV RNA than that of the other challenged
groups at 5-10 DPC. However, there was no difference in PRRSV RNA among the G1
and G2 groups at 5-10 DPC (Figure 5).



36

PRRSV RNA in blood sam ples
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Figure 5 The mean genomic copies of PRRSV RNA in blood samples following

challenge.

5.4.4 Macroscopic lung lesions

Macroscopic lesions were present predominantly in the middle, caudal lobes.
The pneumonia was characterized by multifocal, mottled tan-colored areas, with
irregular and indistinct borders. No macroscopic lung lesions were detected in any of
pigs in the G4 groups. Pigs in the G3 group was the highest and had significantly (p >
0.05) higher macroscopic lung lesion scores than those of the G1 and G2 groups at 7
DPC. Meanwhile, pigs inoculated with PRRSV-1 (G1) had relatively lower macroscopic
lung lesion scores than those of the G2 groups but showed no statistical differences

among groups (Table 4).

5.4.5 Microscopic lesions

Microscopic lesions were characterized by thickened alveolar septa with
increased numbers of interstitial macrophages and lymphocytes. Like macroscopic
lesion score, the lungs of G4 group were normal. Among challenged groups, the co-

challenged pigs of the G3 group had significantly (p < 0.05) higher microscopic lung
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lesion scores than that of the other challenged groups. Microscopic lung lesion

scores of the G1 group had relatively lower compared to that of the G2 group

without statistical difference (Table 4).

5.4.6 Immunohistochemistry

The mean number of PRRSV-positive cells was significantly higher (p < 0.05) in

the co-challenged group compared to that of the other groups. Meanwhile, the G1

group had relatively lower PRRSV-positive cells than in the G2 group. There was no

difference in the PRRSV-positive cells between the G1 and G2 groups (Table 4).

Table 4 Macroscopic- and microscopic lung lesion scores, and PRRSV-positive cells in

lung tissues. Values are displayed in mean+SEM. The different lowercase letters

represent differences between treatment groups (p < 0.05)

Treatment groups Macroscopic Microscopic PRRSV-antigen
scores scores scores

G1 (PRRSV-1) 54.86 + 1.28° 1.76 + 0.11° 5.4 +0.4°

G2 (HP-PRRSV-2) 57.84 + 1.48° 1.83 + 0.14° 6.3 +0.2°

G3 (Co-challenge) 76.67 + 7.697 2.37 +0.17° 174 +1.2°

G4 (Non-challenge)  0.00 + 0.00° 0.00 + 0.00° 0.0 + 0.0
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5.5 Discussion and Conclusion

The present study demonstrates differences in pathogenicity following
infection with single Thai PRRSV-1 and PRRSV-2 (HP-PRRSV-2) isolates or in co-
challenge with both PRRSV species in experimental pigs. The infection of Thai PRRSV-
1, ANO6EUA4204, induce relatively lower respiratory clinical disease, viremia and lung
lesions than that of the FDT10US23 isolate inoculation. In addition, the co-infection
of both Thai PRRSV specie, ANO6EU4204 and FDT10US23, induce more severity in
terms of respiratory clinical sings, viral load in blood, increased of the lung lesion
scores and viral antigen in tissues, than that of the infection with either PRRSV-1 or
PRRSV-2 alone.

Intranasal inoculation with Thai field PRRSV isolates, either PRRSV-1 or PRRSV-
2, rapidly resulted in viremia and virus distribution in several tissues. Viremia was
initially detected at 3 DPC, peaked at 7 DPC and continually decreased at 10 to 28
DPC. These results agree with previous reports of viremia caused by PRRSV-1 and
PRRSV-2 (HP-PRRSV-2) (Karniychuk et al., 2010; Zuckermann et al., 2007)

The more virulent PRRSV isolate replicates faster and able to induce more
severe interstitial pneumonia than less virulent isolate regardless of its species
(Halbur et al., 1995a; Halbur et al., 1996b). Therefore, microscopic pulmonary lesion
scores and virus distribution in the lungs are the most important criteria for
determining the virulence of PRRSV isolate. In the present study showed that pigs
infected with Thai field HP-PRRSV-2, FDT10US23 isolate, had more higher lung lesions
and PRRSV-antigens than did the pigs infected with PRRSV-1, ANO6EU4204. These
results suggest that Thai PRRSV isolates have different virulence based on the macro-
and microscopic lung lesion scores and PRRSV-antigen in lung tissues, and the
FDT10US23 isolate may be more virulent than the ANO6EU4204 isolate.

PRRSV replicate extensively in pulmonary alveolar macrophage (Van Breedam
et al,, 2010; Van Gorp et al.,, 2010) and severe lung pathological lesions are main
symptom of HP-PRRSV infection (Zhou et al., 2011). We found that the co-inoculated
pigs showed a complete disappearance of lung structure, histiocytic interstitial

pneumonia with increased of macrophages, and thickening of interlobular septal.
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According to previous report suggested that the lack of immune response activated
by HP-PRRSV infection are closely related with to acute lung injury (Han et al., 2014;
Han et al., 2013).

PRRSV-specific antibodies were first detected at 3 DPC, reached above the
cut-off level at 7 DPC and remained constant until the end of the experiments as
measured by ELISA. Our results of antibody response are in agreement with previous
studies that PRRSV-specific antibody response was initially detected at 7 DPC as
measured by ELISA (Diaz et al.,, 2005; Yoon et al,, 1992). However, the SN titers
against PRRSV is usually detected at 28-35 DPC, the absence of SN titers in the
present study was probably due to the short period of the experiment (Labarque et
al., 2000).

Since the co-existence of both PRRSV species is endemic in several swine
producing regions including Thailand. The results of the present study provide the
pathogenicity of either single PRRSV infection or concurrent infection of both PRRSV
species. The co-infection caused more severe clinical sings, increased viremia, and
induction of lung lesions rather by single infection with either PRRSV-1 or PRRSV-2
(HP-PRRS) alone. The difference of these pathogenicity with different PRRSV isolates

could help to explain the variability observed in the field outbreaks of PRRS.
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CHAPTER 6
Humoral immune responses and viral shedding following vaccination with

modified live porcine reproductive and respiratory syndrome virus vaccines
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Dachrit Nilubol

In this chapter, we investigated the induction of antibody response of pigs
following vaccination with six different commercially available PRRSV MLV and
evaluated the shedding pattern of vaccine viruses in sentinel pigs. Our finding
provided criterions for PRRSV MLV selection based on antibody responses and safety

concern based on the shedding and persistence of vaccine viruses.
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6.1 Abstract

The antibody response and pattern of shedding of vaccine virus following
vaccination with modified live genotype | and Il porcine reproductive and respiratory
syndrome virus (PRRSV) vaccines (MLVs) were investigated. Ninety PRRSV-free pigs
were divided randomly seven groups including the NEG, EU1, EU2, US1, US2, US3 and
US4 groups. The NEG group was unvaccinated. The EU1, EU2, US1, US2, US3 and US4
groups were vaccinated with the following MLVs: Amervac® PRRS, Porcilis® PRRS,
Fostera™ PRRS, Ingelvac® PRRS MLV, Ingelvac® PRRS ATP, and PrimePac™ PRRS+,
respectively. Sera were quantitatively assayed for viral RNA using gPCR. Antibody
responses were measured using Idexx ELISA and serum neutralization (SN). Shedding
of vaccine virus was investigated using sentinel pigs and by detection of viral RNA in
tonsil scrapings. Antibody responses were detected by ELISA at 7-14 days post-
vaccination (DPV) and persisted at high titers until 84 DPV in all MLV groups. The SN
titers were delayed and isolate specific. SN titers were higher for the homologous
virus than for heterologous viruses. Age-matched sentinel pigs introduced into the
EU2, US2 and US3 groups at 60 DPV seroconverted. In contrast, sentinel pigs
introduced at 84 DPV remained negative in all the MLV groups. Vaccine viral RNA was
detected in tonsil scrapings from the EU2, US2 and US3 groups at 84-90 DPV. No viral
RNA was detected beyond 70 DPV in the EU1, US1 and US4 groups. In conclusion, all
MLV genotypes induced rapid antibody responses, which were measured using ELISA.
The development of SN antibodies was delayed and isolate specific. However, the
shedding pattern was variable and depend on the by virus isolate used to

manufacture the vaccines.

Keywords: Porcine reproductive and respiratory syndrome virus, Modified live

vaccine, Antibody response, Shedding, Sentinel pig
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6.2 Introduction

Porcine reproductive and respiratory syndrome (PRRS) has caused severe
economic damage to the swine industry worldwide since its emergence in the late
1980s (Done et al., 1996). This syndrome is characterized by reproductive disorders in
sows, including abortion, reduced numbers of weaned pigs due to an increase in the
number of stillborn pigs, mummified fetuses, and weakness, and respiratory disorders
in pigs from nursery to finishing.

Because of the economic losses caused by PRRSV outbreaks, various types of
PRRSV vaccines have been developed and implemented on pig farms with varying
degree of success. Several vaccination trials have shown the replication of live
immunogen in pigs to be a crucial requirement for generating robust protective
immunity against PRRSV infection (Murtaugh and Genzow, 2011; Plana-Duran et al,,
1997). Therefore, a modified-live vaccine (MLV) rather than a killed or subunit vaccine
has been deemed to be the most efficacious type of vaccine against PRRSV infection
to date and has been employed regularly in both experimental and field-scale trials
since its first introduction in 1994.

Currently, various types of MLV vaccines, including genotypes | and I, are
commercially available. In regions where a single infection with either genotype | or |l
has been reported, MLV targeting the circulating genotype should be used. However,
in co-infected herds, which genotype of PRRSV MLV should be used to successfully
control the disease is less obvious. Criteria for vaccine selection could be the
induction of immune responses and the shedding patter of the vaccine virus. The
induction of immune responses following MLV administration may vary according to
the virus isolate used to produce the vaccine (Ferrari et al,, 2013; Murtaugh and
Genzow, 2011). Occasionally, vaccination with genotype Il MLV can yield undesired
outcomes, such as delayed immune responses, low potency of humoral or cell-
mediated immune activation, the induction of regulatory IL-10 and/or T-cells (Treg),

the suppression of pro-inflammatory cytokine production, and a reduced level of

type | (0/f) and type Il (Y) interferon. These undesired outcomes could potentially

lead to reduced protective efficacy of a vaccine or, in the worst case, to increased



a3

susceptibility to infection by other pathogens (LeRoith et al., 2011). In addition, the
safety of MLV of all genotypes remains doubtful because the persistence of MLV, the
development of viremia, transmission of a vaccine to non-vaccinated pigs, and
clinical signs in vaccinated pigs have been documented following vaccination
(Mengeling et al.,, 1999). Therefore, this study aimed to evaluate the induction of
humoral immune responses and viral vaccine shedding following vaccination with
either genotype | or Il MLV. In the present study, the induction of antibody responses

and shedding patterns of six different MLVs were compared.
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6.3 Materials and Methods

6.3.1 Ethics statement

AWl animal procedures were conducted in accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Research Council of Thailand according to protocols approved by the

Chulalongkorn University IACUC.

6.3.2 Experimental design

A cohort of 90 seven- to eight-week-old castrated male PRRSV-free pigs were
randomly assigned based on a stratification by weight into the following seven
treatment groups: NEG, EU1, EU2, US1, US2, US3 and US4. Groups of pigs were
housed in separated rooms with separated air spaces (Table 5). The NEG group
included 30 pigs that were left unvaccinated. Pigs in the EU1 and EU2 groups were
vaccinated intramuscularly with Amervac® PRRS and Porcilis® PRRS, respectively,
which are both PRRSV genotype | MLVs. The US1, US2, US3 and US4 groups were
vaccinated intramuscularly with Fostera™ PRRS, Ingelvac® PRRS MLV, Ingelvac® PRRS
ATP and PrimePac™ PRRS+, respectively, which are all PRRSV genotype II MLVs. The
dosage and route of administration were in accordance with the respective
manufacturer’s directions.

Following vaccination, all groups were monitored for changes in physical
condition and were scored for clinical respiratory disease. Blood samples were
collected at 0, 3, 5, 7, 14, 21, 28, 35, 42, and 84 days post-vaccination (DPV). Sera
were separated from blood samples and assayed for the presence of antibody using
ELISA and a serum neutralization (SN) assay against homologous and heterologous
isolates. The viral load in serum was measured using real-time quantitative PCR
(gPCR). Tonsil scraping samples were collected at 60, 70, 84 and 90 DPV and assayed
for the presence of viral RNA by RT-PCR. Individual pigs were restrained using a snare,
and samples were then collected by scraping the palatine tonsil with an elongated

spoon. Scrapings were mixed with 1 ml of DMEM supplemented with 50 pg of
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gentamicin/ml and filtered through a 0.22 pm nitrocellulose membrane. Filtrates

were then stored at -80°C for later use.

Table 5 Experimental design

Treatment No. of Vaccination Vaccines Manufacturer

groups pigs

NEG 30 No

EU1 10 Yes Porcilis® PRRS MSD Animal Health, The
Netherlands

EU2 10 Yes Amervac® PRRS Hipra, Spain

us1 10 Yes Fostera™ PRRS Zoetis, USA

us2 10 Yes Ingelvac® PRRS MLV Boehringer Ingelheim, USA

us3 10 Yes Ingelvac® PRRS ATP Boehringer Ingelheim, USA

us4 10 Yes PrimePac™ PRRS MSD Animal Health, The
Netherlands

6.3.3 Vaccines and viruses

Homologous and heterologous viruses were used to perform a serum
neutralization (SN) assay. Homologous virus refers to a vaccine isolate. To retrieve
homologous virus, each vaccine (except Fostera™ PRRS) was re-constituted in DMEM
media. Then, the virus was propagated in MARC-145 cells using a previously
described method (Park et al., 2014). Virus was harvested by a cycle of freezing and
thawing. Supernatant containing the virus was stored at -80°C before subsequent use.
Because of the inability of the Fostera™ PRRS vaccine virus to be generated using
MARC-145 cells, the homologous virus used to generate to Fostera™ PRRS was a virus
that was isolated from pigs that were previously vaccinated with Fostera™ PRRS.
Heterologous viruses refer to the SB_EU02 and ST USO02 isolates, which are Thai
PRRSV genotype | and Il field isolates. The SB_EU02 and ST _US02 were isolated from

farms experiencing PRRS outbreaks.
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6.3.4 Clinical evaluation

Rectal temperature was recorded daily for two consecutive weeks by the
same personnel at the same time. The severity of clinical respiratory disease was
evaluated daily for two consecutive weeks following vaccination, and on a weekly
basis for 2 more weeks using a scoring system for each pig following stress induction
as described previously (Halbur et al,, 1995¢). In brief, a score of 0 is normal. Pigs
with scores of 1 and 2 display mild dyspnea and/or tachypnea when stressed and
when at rest, respectively. Scores of 3 and 4 indicate moderate dyspnea and/or
tachypnea when stressed and when at rest, respectively. Pigs with a score of 5

displayed severe dyspnea and/or tachypnea when stressed or at rest.

6.3.5 Quantification of PRRSV RNA in serum and RT-PCR in tonsil scraping
samples

Total RNA was extracted from serum and tonsil scarping samples using
NucleoSpin® RNA Virus (Macherey-Nagel, Germany) according to the instructions
provided by the manufacture. The RNA quality was measured using a NanoDrop
Spectrophotometer (Colibri spectrometer, Titertek Berthold, Germany). cDNA was
synthesized from viral RNA immediately after the extraction process. The reaction
contained 1X M-MuLV reverse transcriptase reaction buffer, 0.5 mM each dNTP, 2.5
UM random hexamers, 13.2 U of RNase inhibitor (RiboLock™, Fermentas, Vilnius,
Lithuania), 6.6 U of M-MuLV reverse transcriptase (New England Biolabs, Ipswich, UK),
0.5 pg of viral RNA, and RNase-free water up to 25 pl. The reaction was carried out at
42°C for 60 min, followed by the inactivation of reverse transcriptase at 95°C for 10
min. Al cDNA samples were kept at -20°C until used for quantitative PCR (gPCR).

gPCR assays for determination of genomic copy number of PRRSV RNA in
serum samples were conducted using an ABI PRISM 7500° Real-Time PCR platform
(Applied Biosystem, USA). Primers specific for the ORF5 EU and US strains were used
for gPCR (Nilubol et al., 2014). Each gPCR reaction contained 0.1 ug of cDNA, 0.2 uM
ORF5EU or ORF5US primers (as appropriate for each sample), 1X EvaGreen real-time

PCR master mix E4® (GeneOn, Germany), and deionized water to vield a 20-pl final
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volume. pGEM®-T Easy Vector (Promega, WI, USA) containing an insert of 704 bp from
ORF5EU or 780 bp from ORF5US were used to construct standard curves in these
gPCR assays. Thermocycling conditions for gPCR started with an initial denaturation
step at 94°C for 4 min, followed by 35 cycles of denaturation at 94°C for 45 s,
annealing at 55°C for 45 s, and extension with fluorescence acquisition at 72°C for 45
s. A standard curve was made for each pair of primers.

To detect the presence of virus in tonsil scrapings, RT-PCR and PCR
amplification were performed using GoTag® Green Master Mix (Promega, WI, USA). All
reactions were performed as described above for gPCR. PCR amplicons were

visualized by agarose gel electrophoresis.

6.3.6 Antibody detection

Sera were assayed for the presence of PRRSV-specific antibody by ELISA and
serum neutralization (SN) assay. PRRSV Idexx ELISA (HeardCheck PRRS X3, Idexx
Laboratories Inc., Wesbrook, Maines, USA) was used in accordance with the
manufacturer’s instructions. The presence or absence of antibody was determined
by calculating the sample-to-positive control (S/P) ratio of the test. Serum samples
were considered positive for PRRSV antibody if the S/P ratio was greater than 0.4.

SN assays were performed using the homologous isolate along with two
different heterologous PRRSV isolates, SB_EU02 and ST_US02 as described previously
(Nilubol et al., 2004). The SN antibody titers were reported as the highest serum
dilution that resulted in a 90% reduction in the number of fluorescent focus units

per well. Geometric mean titers were calculated.

6.3.7 Sentinel pigs

Viral shedding patterns were monitored by placing two groups of two age-
matched sentinel pigs in contact with the principal pigs at 60 and 84 DPV for 7 days.
Subsequently, sentinel pigs were removed and housed in a separate unit for an

additional 2 weeks to monitor them for seroconversion, using ELISA.
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6.3.8 Statistical analysis

Data from repeated measurements were analyzed using multivariate analysis
of variance (ANOVA). Continuous variables were analyzed for each day by ANOVA to
determine whether there were significant differences between treatment groups. If
the p-value in the ANOVA table was < 0.05, differences between treatment groups
were evaluated by pairwise comparisons using least significant differences at the p <

0.05 rejection level.
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6.4 Results

6.4.1 Rectal temperature and clinical observations

The rectal temperatures of the pigs in the control group and all vaccinated
groups were within normal physiological ranges throughout the experimental period.
None of the pigs in any of the groups displayed any clinical respiratory disease
throughout the study except for those in the EU2 and US3 groups. There were 5/10,
3/10 and 6/10 of pigs in the EU2, US2, and US3 groups, respectively, that showed
respiratory signs at 20 DPV. At 21 DPV, all pigs in the EU2 group were injected once
intramuscularly with tulathromycin. At 28 DPV, all pigs in the EU2, US1 and US2
groups were in-feed medicated with amoxycillin at 300 ppm for 7 consecutive days.
There was one pig in the US3 group that died at 35 DPV, and the necropsy revealed
paleness of skin and gastric ulceration. PCR results from organ sample, including lung,
bronchial and mesenteric lymph nodes, were positive for PRRSV. At 35 DPV, two pigs
from the EU2 and US3 groups were euthanized because of the severity of clinical

disease.

6.4.2 Quantification of PRRSV RNA in serum

PRRSV RNA was not detectable in the NEG and EU1 groups throughout the
study (Figure 6). In the US2 and US3 groups, the viral RNA copy numbers were
highest at 3 DPV and then slowly decline until they were below the limit of
detection at 21 and 28 DPV, respectively. In the EU2 group, the viral RNA copy
number peaked at 3 DPV and decreased until it was below the limit of detection at 7
DPV. In the US1 group, the viral RNA copy number was detectable after 3 DPV and
peaked at 7 DPV. Then, the viral RNA copy number level gradually declined until it
could not be detected at 28 DPV.

The viral RNA copy number of the EUl group was significantly lower
compared with the other vaccinated groups at 3 DPV. At 7 DPV, the viral RNA copy
number in the US1 group was not different from those of the other genotype Il MLV
groups but was significantly higher than those of the genotype | MLV groups.
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Figure 6 Mean values of the genomic copy number of PRRSV RNA in serum of the
NEG (black square), EU1 (yellow circle), EU2 (blue circle), US1 (red triangle), US2
(purple triangle), US3 (gray triangle) and US4 (green triangle) groups. Variation is
expressed as the standard deviation. Different letters in superscript indicate a

statistically significant difference (p < 0.05) between groups.
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6.4.3 RT-PCR in tonsil scrapings

Viral RNA was not detected in any pigs in the EU1 group. In contrast, viral RNA
in the EU2 group was detected in 3 of 9, 2 of 9 and 1 of 9 pigs at 60, 70 and 90 DPV,
respectively (Table 6). For genotype Il MLVs, viral RNA was detected in 1 of 10 and 2
of 10 pigs in the US1 and US4 groups, respectively, at 60 DPV. In the US2 group, viral
RNA was detected on all sampling days and was still detectable in 2 of 10, 3 of 10, 1
of 10 and 1 of 10 of pigs at 60, 70, 84 and 90 DPV, respectively. In the US3 group,
viral RNA remained detectable in 1 of 8, 2 of 8 and 1 of 8 of pigs at 60, 70 and 84

DPV, respectively.

Table 6 Detection of viral RNA in tonsil scrapings from vaccinated pigs and sentinel

pigs
Treatment Vaccines Tonsil scraping samples Sentinel pigs
groups
Days post-vaccination Days post-vaccination
60 70 80 90 60 84
NEG - 0/10° 0/10 0/10 0/10 Negative Negative
EU1 Porcilis® PRRS 0/10 0/10 0/10 0/10 Negative Negative
EU2 Amervac® PRRS  3/9 2/9 0/9 1/9 Positive Negative
us1 Fostera™ PRRS 1/10 0/10 0/10 0/10 Negative Negative
us2 Ingelvac® PRRS 1/10 2/10 1/10 1/10 Positive Negative
MLV
us3 Ingelvac® PRRS 1/8 2/8 1/8 0/8 Positive Negative
ATP
us4 PrimePac™ 1/10 2/10 0/10 0/10 Negative Negative
PRRS

*The number of positive pigs by PCR/total number of pigs in the groups
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6.4.4 Antibody responses as measured by ELISA

Pigs in the NEG group remained serologically negative throughout the
experiment (Figure 7). Our findings revealed a similar pattern in all vaccinated group.
Antibody responses were first detected at 7 DPV at the earliest in some pigs of the
vaccinated groups, but the average antibody level was below the cutoff level (S/P
ratio at 0.4). At 14 DPV, the average antibody responses of the EU2, US1, US2 and
US4 groups were significantly higher than those of the EU1 and US4 groups, in which
the average antibody levels were below the cutoff level. At 21 DPV, the average
antibody responses of all vaccinated groups were above the cutoff level and
remained constant until the end of the experiment. There were no differences

between any of the vaccinated groups from 21 to 84 DPV.

Mean values of PRRSV-specific antibodies as measured by ELISA
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Figure 7 Mean values of PRRSV-specific antibodies as measured by ELISA of the NEG
(black square), EU1 (yellow circle), EU2 (blue circle), US1 (red triangle), US2 (purple
triangle), US3 (gray triangle) and US4 (green triangle) groups. Variation is expressed as
the standard deviation. Different letters in superscript indicate a statistically
significant difference (p < 0.05) between groups. A dashed line indicates the cutoff

level (S/P ratio of 0.4).
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6.4.5 Antibody responses as measured by serum neutralization (SN) assay

Pigs in the NEG group remained serologically negative throughout the
experiment. In all vaccinated groups, the SN assay against homologous virus in all
vaccinated groups showed a similar pattern of SN titers that could be detected as
early as 28 DPV (Figure 8A). Titers reached a peak level at 35 or 42 DPV and then
declined by 84 DPV. At 28 DPV, the EU2 group had significantly higher SN titers
against the homologous virus compared with the other vaccinated groups. In
contrast, the US4 group had significantly lower SN titers compared with the other
vaccinated groups. At 35 DPV, the EU2 and US2 groups had significantly higher SN
titers compared with the other vaccinated groups. At 42 DPV, the EU2, US1, US2 and
US4 groups had significantly higher SN titers compared with the EU1 and US3 groups.

For the heterologous genotype | virus (SB EU02), the kinetics of the SN
response differed in a manner that was dependent on the MLV (Figure 8B).
Compared with homologous virus, the SN titers were relatively low. The SN titers
remained at a similar level from 28 to 42 DPV and then declined by 84 DPV.
However, the SN titers in the US1 group were significantly higher than in the other
vaccinated groups from 28 to 84 DPV and were significantly higher than those for the
homologous virus.

In the case of heterologous genotype Il virus (ST_US02), the kinetics of the SN
response were like those evoked using heterologous genotype | virus (SB_EU02)
(Figure 8C). SN titers were lower than with heterologous genotype | virus in all
groups, except for the EU2 group. The SN titers of the EU2 group were significantly
higher on 35 and 42 DPV compared with the other vaccinated groups.
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Figure 8 Antibody responses as measured by serum neutralizing (SN) assay using (A)
homologous virus, (B) heterologous genotype | virus (SB_EU02), and (C) heterologous
genotype Il virus (ST_US02) of the NEG (black square), EU1 (yellow circle), EU2 (blue
circle), US1 (red triangle), US2 (purple triangle), US3 (gray triangle) and US4 (green
triangle) groups. Variation is expressed as the standard deviation. Different letters in

superscript indicate a statistically significant difference (p <0.05) between groups.



55

6.4.6 Sentinel pigs

Sentinel pigs introduced to the EU2, US2 and US3 groups at 60 DPV
seroconverted, but those in the EU1, US1 and US4 groups did not. Sentinel pigs that
were placed in contact with pigs of all groups on 84 DPV did not seroconvert over a

7- or 14-day period of observation.
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6.5 Discussion and Conclusion

We compared the efficacy of six different PRRSV MLVs in the induction of
antibody responses in PRRSV-free pigs. All six MLVs rapidly induced antibody
responses as measured by ELISA. The antibody responses were detected as early as
7-14 DPV in all MLV-genotype-dependent manner. The antibody levels in all
vaccinated groups were similar at 21 DPV. It was notable that there was a difference
in early antibody detection between two genotype | MLVs. The EU1 group had a
significantly lower S/P ratio than the EU2 group at 14 DPV, and the S/P ratio was
below 0.4, the cutoff level. Surprisingly, the EU2 group produced an antibody
response at a similar level when compared with the genotype Il MLVs. In summary,
there was no difference in the antibody responses as measured by ELISA for any of
the MLV genotypes. The results of the present study suggest that the MLV genotype
is not the key factor in the induction of immunity, but the specific virus isolate used
for the vaccines might play an important role. Moreover, it is notable that the
antibody detection in the present study was performed using Idexx ELISA, which can
simultaneously detect specific antibodies against PRRSV genotype | and Il infections.
However, these findings may not be applicable when using other diagnostic kits.

Following MLV vaccination, antibody responses measured by the SN assay
were delayed regardless of the MLV genotype and isolate in the vaccines. The
responses were detected as early as 28 DPV. In addition, the response was isolate-
specific. Homologous responses generated using a homologous virus induced a
higher, although delayed response compared with the heterologous responses
generated using either heterologous genotype | or Il viruses. Heterologous responses
were lower and shorter in duration. Our finding of differences in responses was not
surprising. PRRSV isolates differed in their susceptibility to neutralization (Martinez-
Lobo et al,, 2011), and the mechanisms associated with this susceptibility remain
poorly characterized, although the influence of N-linked glycosylation in decoy
epitope regions could be one key factor (Nilubol et al., 2013, 2014; Plagemann et al,,
2002). A previous study demonstrated that a heterologous response could be higher

or lower (Ferrari et al,, 2013), depending on the isolates that were used in the assay.
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In addition to their ability to induce an immune response, the shedding
patterns of the vaccine viruses were investigated using three different measurements,
including the duration of viremia, the detection of viral RNA in tonsils, and infection
of sentinel pigs. After vaccination, we detected a difference in the shedding patterns
between MLVs. The two genotype | MLVs had a shorter viremic phase compared with
genotype Il MLVs. However, the magnitude of viral titers was not different. In
addition, there was a difference in the shedding pattern of genotype | MLV, although
one genotype | MLV had a shedding pattern that resembled that of a genotype I
MLV. This finding could indicate the absence of viremia or that the quantity of virus
in the serum was lower than the limit of detection of the real-time PCR assay. Within
genotype Il MLVs, all three MLVs caused viremia as early as 3 DPV, and it then
declined thereafter. In contrast, the titers of one genotype II MLV continued to
increase until 7 DPV and then declined. These findings suggested that the viremic
phase of MLV was associated with the virus isolate used in the vaccine, not the virus
genotype.

To further evaluate the viral shedding pattern, sentinel pigs were used.
Sentinel pigs were housed along with principal pigs of the EU2, US2 and US3 groups
in the same pen beginning on day 60, and they were found to undergo
seroconversion. However, sentinel pigs introduced at 84 DPV remained uninfected, as
indicated by their failure to seroconvert. The shedding patterns of vaccine viruses
over this long period of time have not yet been investigated. Compared to wild-type
PRRSV, vaccine viruses should be shed to sentinel pigs over a shorter time. Previous
studies conducted by several investigators to characterize several wild-type field
isolates of PRRSV and the duration of PRRSV shedding to sentinel pigs have suggested
that virus shedding to sentinel pigs occurred on average 60 to 70 days after exposure
(Wills et al., 2003). Although vaccine viruses were not transmitted to sentinel pigs at
84 DPV, the detection of viral-RNA-positive samples in the tonsil scraping samples
might represent a risk factor for the shedding of vaccine viruses.

The PCR results from tonsil scrapings at 84 DPV indicated that vaccinated pigs
still harbored viral RNA. However, whether the RNA-positive samples represented

infectious viruses was not determined. The detection of viral RNA does not
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necessarily indicate the isolation of infectious virus. Any viral genomic material needs
to be tested further to determine whether the pigs may still be infectious and
contagious. Using a swine bioassay, it was demonstrated that homogenates from
tonsils collected from pigs infected with the PRRSV strain VR-2332 at 105 days post-
exposure remained infectious (Horter et al., 2001). Viral RNA was detected in the
tonsils, suggesting that viruses remained present in both groups of pigs but were not
transmitted to contact sentinel pigs. Determining whether virus shedding can be
reinitiated will require further study.

In conclusion, based on the induction of immune responses, all MLV
genotypes yield a similar immune response pattern. Measurement of antibody
response by ELISA is quick, but the response measured using SN assay is delayed and
isolate specific. However, the shedding pattern of a vaccine virus is influenced by the
isolate that is used to manufacture the vaccine. The criteria for MLV selection should
be based on the shorter duration of vaccine virus shedding and the broader response

against heterologous virus.
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CHAPTER 7
Cell-mediated immune response and protective efficacy of porcine

reproductive and respiratory syndrome virus modified-live vaccines against co-

challenge with PRRSV-1 and PRRSV-2
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In this chapter, we investigated the cell-mediated immune (CMI) response of
six different commercially available PRRSV MLV and protective efficacy against PRRSV
infection in the experimental condition. Our findings reveal the pattern of CMI

response of PRRSV MLV following vaccination and showed reliable protective efficacy

against heterologous PRRSV infections.
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7.1 Abstract

Cell-mediated immunity (CMI), IL-10, and the protective efficacy of modified-
live porcine reproductive and respiratory syndrome virus (PRRSV) vaccines (MLV)
against co-challenge with PRRSV-1 and PRRSV-2 (HP-PRRSV) were investigated.
Seventy, PRRSV-free, 3-week-old, pigs were allocated into 7 groups. Six groups were
intramuscularly vaccinated with MLV, including Porcilis (PRRSV-1 MLV, MSD Animal
Health, The Netherlands), Amervac (PRRSV-1 MLV, Laboratorios Hipra, Spain), Fostera
(PRRSV-2 MLV, Zoetis, USA), Ingelvac PRRSV MLV and Ingelvac PRRS ATP (PRRSV-2
MLV, Boehringer Ingelheim, USA), and Prime Pac PRRS (PRRSV-2 MLV, MSD Animal

Health, The Netherlands). Unvaccinated pigs were left as control. Lymphocyte

proliferative response, IL-10 and IFN-Y production were determined. At 35 days post-
vaccination (DPV), all pigs were inoculated intranasally with 2 ml of each PRRSV-1
(10°* TCIDsy/ml) and PRRSV-2 (10> TCIDsy/ml, HP-PRRSV). Following challenge, sera
were quantitatively assayed for PRRSV RNA. Pigs were necropsied at 7 days post-
challenge. Viremia, macro- and microscopic lung lesion together with PRRSV antigen
presence were evaluated in lung tissues. The results demonstrated that, regardless of
vaccine genotype, CMI induced by all MLVs was relatively slow. Increased production
of IL-10 in all vaccinated groups was observed at 7 and 14 DPV. Pigs in Amervac,
Ingelvac MLV and Ingelvac ATP groups had significantly higher levels of IL-10
compared to Porcilis, Fostera and Prime Pac groups at 7 and 14 DPV. Following
challenge, regardless to vaccine genotype, vaccinated pigs had significantly lower
lung lesion scores and PRRSV antigens than those in the control group. Both PRRSV-1
and PRRSV-2 RNA were significantly reduced. Prime Pac pigs had lowest PRRSV-1 and
PRRSV-2 RNA in serum, and micro- and macroscopic lung lesion scores (p < 0.05)
compared to other vaccinated groups. In conclusion, PRRSV MLVs, regardless of
vaccine genotype, can reduce viremia and lung lesions following co-challenge with
PRRSV-1 and PRRSV-2 (HP-PRRSV). The main difference between PRRSV MLV is the

production of IL-10 following vaccination.
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7.2 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a devastating disease
in pigs characterized by reproductive and respiratory failures. PRRS virus (PRRSV), an
enveloped, positive-sense single-stranded RNA virus belonging to the Arteriviridae
family, order Nidovirales, is the causative agent (Cavanagh, 1997). Two antigenically
distinct genotypes of PRRSV, PRRSV-1 and PRRSV-2, have been recognized. The
genomes of both genotypes are 15 kb in length and consist of 10 open reading
frames (ORFs). The genotypes of PRRSV-1 and PRRSV-2 are markedly different based
on the full-length genomes, which share only approximately 60% similarity at the
nucleotide level (Nelson et al., 1993).

PRRSV is recognized for its high genetic variation. Presently, PRRSV-1 and
PRRSV-2 have continuously evolved into 3 subtypes and 9 lineages, respectively (Shi
et al,, 2010b; Stadejek et al,, 2008). PRRSV-1 and PRRSV-2 have independently
evolved in the European and North American (NA) continents. However, in Asia, the
co-existence of both types has been increasingly evident in several countries,
including Thailand, China, and Korea (Chen et al.,, 2017; Kim et al,, 2011; Nilubol et
al,, 2013). Additionally, variants of PRRSV-2 endemically present in Asia are
genetically related to HP-PRRSV lineage 8.7/HP-PRRSV (Do et al.,, 2016; Nilubol et al,,
2012; Zhou et al., 2011).

Several PRRSV modified-live vaccines (MLV) against PRRSV-1 and PRRSV-2
have been commercially available and licensed in several countries worldwide
depending on circulating virus genotypes. The use of PRRSV MLV depends on PRRSV
genotype circulating in that region. However, questions have been raised as to what
types of MLV should be used in the co-presence of PRRSV-1 and PRRSV-2. The
criteria for vaccine selection should include the induction of the cell-mediated
immunity (CMI) and the protection against PRRSV infection, especially against
genotypes and isolates that are circulating in the affected region. Therefore, the
present study was conducted to investigate CMI, IL-10, and protective efficacy of
commercial PRRSV-1 and PRRSV-2 MLVs against co-challenge with PRRSV-1 and
PRRSV-2 (HP-PRRSV). Our results revealed that vaccination with PRRSV MLVs,



63

recardless of vaccine genotype, provide partial cross-protection against PRRSV
infection. Additionally, this approach provided novel information regarding the

vaccine selection for use in the presence of co-existence of both PRRSV genotypes.
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7.3 Materials and Methods

7.3.1 Ethical statement for experimental procedures

All animal procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Research Council of Thailand
according to protocols reviewed and approved by the Chulalongkorn University
Animal Care and Use Committee (protocol number 1731047).

Seventy, 21-day-old pigs were procured from a PRRS-free herd. Upon arrival,
pigs were randomly allocated based on the stratification of weight into 7 treatment
groups consisting of NonVac, Porcilis, Amervac, Fostera, Ingelvac MLV, Ingelvac ATP
and Prime Pac (Table 7). Following a week of acclimatization, pigs were vaccinated
with  PRRS MLVs. NonVac was left unvaccinated. Porcilis and Amervac were
vaccinated with Porcilis PRRS (PRRSV-1, MSD Animal Health, Boxmeer, the
Netherlands) and Amervac PRRS (PRRSV-1, Laboratorios Hipra, Girona, Spain),
respectively. Fostera, Ingelvac MLV, Ingelvac ATP and Prime Pac were vaccinated with
Fostera PRRS (PRRSV-2, Zoetis, Troy Hills, USA), Ingelvac PRRS MLV (PRRSV-2,
Boehringer Ingelheim, Rhein, Germany), Ingelvac PRRS ATP (PRRSV-2, Boehringer
Ingelheim, Rhein, Germany) and Prime Pac PRRS (PRRSV-2, MSD Animal Health,
Boxmeer, the Netherlands), respectively. Dosages and routes of administration were
in accordance with manufacturers’ instructions. Blood samples were collected at 0,
7, 14, 21, 28, 35 days post-vaccination (DPV). Peripheral blood mononuclear cells
(PBMC) were isolated and assayed for lymphocyte proliferative response. IFN-Y and
IL-10 were measured using flowcytometry, and ELISPOT or ELISA. At 35 DPV, all pigs
were inoculated intranasally with PRRSV. Each pig received 2 ml (1 ml/nostril) of each
PRRSV-1 (ANO6EUA204) and PRRSV-2 (FDT10US23) at 10°* TCIDsy/ml and 10°?
TCIDso/ml, respectively. Sera were collected at 0, 3, 5, and 7 days post-challenge
(DPC) and quantitatively assayed for PRRSV RNA using gPCR. All pigs were necropsied
at 7 DPC. The severity of PRRSV-induced pneumonic lung lesion was scored (Halbur
et al,, 1995a). Lung tissues were collected for histopathological examination and

immunohistochemistry (IHC).
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Table 7 Experimental design. The pigs were allocated into seven treatment groups
and vaccinated with six different PRRSV MLVs. The NonVac group was kept as

unvaccinated control group.

No. Vaccine Dosage and route of
Treatment
of Vaccination Vaccines genotype administration Manufacturers
groups
pigs
NonVac 10 No
Porcilis PRRSV-1 2 ml, intramuscular MSD Animal Health,
Porcilis 10 Yes
PRRS The Netherlands
Amervac PRRSV-1 2 ml, intramuscular Laboratorios Hipra,
Amervac 10 Yes
PRRS Spain
Fostera PRRSV-2 2 ml, intramuscular Zoetis, USA
Fostera 10 Yes
PRRS
Ingelvac PRRSV-2 2 ml, intramuscular Boehringer Ingelheim,
Ingelvac MLV~ 10 Yes
PRRS MLV Germany
Ingelvac PRRSV-2 2 ml, intramuscular Boehringer Ingelheim,
Ingelvac ATP 10 Yes
PRRS ATP Germany
Prime Pac PRRSV-2 1 ml, intramuscular MSD Animal Health,
Prime Pac 10 Yes
PRRS The Netherlands

7.3.2 Virus isolates

Homologous and heterologous viruses were used as recall antigens in in vitro
CMI and IL-10 assays. Homologous viruses refer to vaccine strains as previously
described (Madapong et al., 2016). Heterologous viruses refer to ANO6EU4204 and
FDT10US23, which were Thai PRRSV-1 and PRRSV-2 (HP-PRRSV) isolates, respectively.
AN06EU4204 and FDT10US23 are in Clade A, Subtype 1 and Lineage 8.7/HP-PRRSV,
respectively, based on systematic classification previously described (Shi et al,
2010b; Stadejek et al., 2008). ORF5 gene sequences of ANO6EU4204 and FDT10US23
are available in GenBank under accession numbers JQ040750 and JN255836,
respectively. The nucleotide and amino acid similarities based on the ORF5 gene

between these two isolates and PRRSV MLVs were summarized in Table 8.
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Table 8 Nucleotide and amino acid similarities based on ORF5 gene between

vaccine strains and Thai PRRSV isolates.

PRRSV Classification*  Nucleotide and amino acid similarities
(isolates) Level of Porcilis® Amervac® Fostera” Ingelvac® Ingelvac®  Prime
similarity PRRSV PRRSV PRRS PRRS PRRS Pac®
MLV ATP PRRS
PRRSV-1 Subtype | Nucleotide  95.8% 92.7% 68.5% 68.3% 68.2% 67.9%
(ANO6EU4204)  (Clade A)
Amino 92.0% 89.1% 60.9% 58.2% 55.5% 55.7%
acid
PRRSV-2 Lineage Nucleotide  68.8% 69.9% 94.0% 88.8% 90.2% 90.5%
(FDT10US23) 8.7/HP-PRRSV
Amino 58.7% 59.8% 91.5% 87.5% 89.5% 91.8%
acid

*International systematic classification was based on previously described, including

PRRSV-1 (Stadejek et al., 2008) and PRRSV-2 (Shi et al., 2010b), respectively.

7.3.3 Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMC) were isolated from blood
samples using gradient density centrifugation (Lymphosep, Biowest, Riverside, MO,
USA) as previously described (Ferrari et al., 2013). Isolated PBMC were resuspended in
1 ml complete media (RPMI-1640 media supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, and 50 pg/ml gentamicin). The viability of PBMC were
determined by Trypan blue (Sigma-Aldrich, St. Louis, MO, USA) staining and more
than 90% viability was used for lymphocyte proliferation assay, lymphocytes
producing either IL-10 or IFN-Y, IFN-Y ELISPOT assay, and in vitro stimulation for IL-10

detection as described below.

7.3.4 Lymphocyte proliferation assay
The lymphocyte proliferation assay assesses cell proliferation using
membrane-bound 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE,

Molecular Probes, Eugene, OR, USA) and cell surface markers using flow cytometry.
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Briefly, 1 x 10" cells/ml PBMC were incubated with CFSE at 37°C for 10 min.
After washing, CFSE-stained PBMC at 1 x 10° cells were seeded into 96-well plate and
co-cultured with MARC-145 cell lysate (mock suspension), PHA (10 pg/ml, Sigma-
Aldrich, St. Louis, MO, USA), homologous and heterologous PRRSV at 0.01 multiplicity
of infection (MOQI). Following 5-day incubation, PBMC were stained with mouse anti-
porcine CD4-FITC antibody (clone 74-12-14, SouthernBiotech, Birmingham, AL, USA)
and mouse anti-porcine CD8-SPRD antibody (clone 76-2-11, SouthernBiotech,
Birmingham, AL, USA). After washing, PBMC were suspended in 2% paraformaldehyde.
The proliferation of T lymphocyte populations was measured using flow cytometry
analysis (Beckman FC550, Beckman Coulter, Brea, CA, USA) with CXP software. The
relative proliferative indices (Pl) were calculated by using the percentage of
proliferating cells in the virus stimulated well divided by the percentage of

proliferating cells in the mock suspension well.

7.3.5 Lymphocytes producing either IL-10 or IFN-Y

The percentage of PRRSV-specific lymphocytes producing either IL-10 or IFN-Y
after in vitro stimulation with homologous or heterologous PRRSV were evaluated
using a method previously described (Ferrari et al., 2013). Briefly, 1 x 10° PBMC were
seeded into a 96-well plate containing mock suspension, PMA (25 ng/ml) /ionomycin
(1 uM) (Sigma-Aldrich, St. Louis, MO, USA), and homologous and heterologous PRRSV
at 0.01 MOI, and incubated for 96 hours. Following incubation, protein transport
inhibitor (BD GolgiStop, BD Biosciences, San Jose, CA, USA) was added 12 hours prior
to cell harvesting and labeled PBMC were stained with mouse anti-porcine CD4-FITC
antibody (clone 74-12-4, SouthernBiotech, Birmingham, AL, USA) and mouse anti-
porcine CD8-SPRD antibody (clone 76-2-11, SouthemBiotech, Birmingham, AL, USA).
Cells were subsequently fixed with fixation buffer (Leucoperm reagent A, Bio-Rad

Laboratories, Hercules, CA, USA) for 15 min, washed and then separately incubated

with either mouse anti-porcine IFN-Y-biotin antibody (clone P2C11, BD Pharmingen,
San Jose, CA, USA) or mouse anti-porcine IL-10-biotin antibody (clone 945A 1A9 26C2,

Invitrogen, Carlsbad, CA, USA) in Leucoperm reagent B (Bio-rad Laboratories, Hercules,
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CA, USA). Subsequently, streptavidin-PE-Cy7 (Thermo Fisher Scientific, Waltham, MA,
USA) were added and incubated for 30 min at 4°C. After washing, stained cells were
suspended in 2% paraformaldehyde and analyzed by flow cytometer (Beckman
FC550, Beckman Coulter, Brea, CA, USA) with CXP software. The results are based on
lymphocyte gating on a forward scatter versus side scatter graph after acquiring at

least 20,000 cell events.

7.3.6 Enzyme-linked immunospot (ELISPOT) assay

The numbers of PRRSV-specific interferon-y-producing cells (IFN-Y-PC) were
determined using ELISPOT kit (R&D Systems, Minneapolis, MN, USA). Briefly, 2 x 10°
PBMC were stimulated with either homologous or heterologous PRRSV at 0.01 MOI or
PHA (10 pg/ml, Sigma-Aldrich, St. Louis, MO, USA) for 20 hours at 37°C in 5% CO,,.
Spots were counted by an automated ELISPOT Reader (AID ELISPOT Reader, AID
GmbH, Strassberg, Germany). PRRSV-specific IFN-Y-PC was expressed as spot forming

colonies per million of PBMCs in each well.

7.3.7 Quantification of porcine interleukin-10

Porcine interleukin-10 (IL-10) concentration was quantified in the supernatant
of stimulated PBMC (2 x 10° cells/well) cultured in vitro for 20 hours with
homologous and heterologous PRRSV (0.01 of MOI) or PHA (10 ug/ml, Sigma-Aldrich,
St. Louis, MO, USA) using the porcine ELISA IL-10 kit (R&D Systems, Minneapolis, MN,

USA) according to manufacturer’s instruction.

7.3.8 Quantification of PRRSV RNA

The PRRSV RNA in serum was evaluated by quantitative PCR (gPCR) after
PRRSV challenge. The primers specific for the ORF5 gene of either PRRSV-1 or PRRSV-
2 and detection conditions were described previously (Madapong et al., 2016). In
brief, total RNA was extracted using NucleoSpin RNA Virus extraction kit (Macherey-
Nagel, Duren, Germany) in accordance with manufacturer’s instructions. The quality

of RNA was measured using spectrophotometer (Colibri, Titertek-Berthold, Pforzheim,
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Germany), and converted to cDNA. All cDNA was used for quantitative PCR (gPCR).
PRRSV RNA was quantified using ABI PRISM 7500 Real time PCR platform (Applied
Biosystem, CA, USA). Primers specific for the ORF5 gene of either PRRSV-1 or PRRSV 2
were used. Each gPCR reaction contained 0.1 pg of cDNA, 0.2 uM of each primer, 1x
Eva Green real-time-PCR master mix E4 (GeneOn GmbH, Ludwigshafen, Germany),
and deionized water to yield a 20 ul final volume. The thermal profile for gPCR was
94°C for 4 min, followed by 35 cycles of 94°C for 45 s, 55°C for 45 s, and
fluorescence acquisition at 72°C for 45 s. pGEM-T Easy Vector (Promega, WI, USA)
containing an inserted ORF5 gene of each PRRSV was used to construct plasmid
standards. A standard curve was generated using serial diluted plasmid standards of
10%10" copies/ul. Copy number of the PRRSV RNA was calculated using standard

curve method.

7.3.9 Pathological examination and immunohistochemistry

All pigs were necropsied at 7 DPC. PRRSV-induced pneumonic lung lesions
were macroscopically and microscopically evaluated as previously described (Halbur
et al,, 1995a). For the macroscopic lung lesion score, each lung lobe was assigned a
number to reflex the approximate percentage of the volume of the entire lung and
the percentage volume form each lobe added to the entire lung score (ranged from
0 to 100% of the affected lung). For the microscopic lung lesion score, lung sections
were blind. Histopathological changed were examined and an estimated score of the
severity of the interstitial pneumonia was given as follows: 0 = no microscopic
lesions; 1 = mild interstitial pneumonia; 2 = moderate multifocal interstitial
pneumonia; 3 = moderate diffuse interstitial pneumonia; and 4 = severe interstitial
pneumonia. The mean values of microscopic score of each group were calculated.

Immunohistochemistry was performed using monoclonal antibodies (MAbs)
A35 and JP24, which recognized PRRSV-1 and PRRSV-2 antigens, respectively (kindly
provided by Dr. Erwin van den Born, the Netherlands). Tissues were processed and
placed on Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA, USA).

Sections were deparaffinized, rehydrated using an alcohol gradient and air-dried. All
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slides were treated with proteinase K (Thermo Fisher Scientific, Waltham, MA, USA) in
PBS for 30 min. Endogenous alkaline phosphatase was quenched with 0.3% hydrogen

peroxide for 5 min. All slides were then incubated with BSA for 30 min. The slides

were separately incubated with monoclonal antibodies overnight at 4°C in a
humidified chamber. After washing, PRRSV antigen was visualized by binding with
secondary antibody conjugated with horseradish peroxidase conjugated (HRP)-labeled
polymer followed by immersion in peroxidase (Agilent, Santa Clara, CA, USA). Slides
were counterstained with Meyer’s hematoxylin, dehydrated through g¢raded
concentrations of ethanol and xylene, and then mounted. Lung tissues from pigs in
the unvaccinated unchallenged group served as negative controls. To obtain

quantitative data, slides were analyzed with the NIH Image J 1.50i Program

(http://rsb.info.nih.gov/ij). In each slide, 10 fields were randomly selected, and the number
of positive cells per unit area (0.95 mm?) was determined as previously described

(Halbur et al,, 1996a; Park et al., 2014). The mean values were calculated.

7.3.10 Statistical analysis

The data from repeated measurements were analyzed using multivariate
analysis of variance (ANOVA). Continuous variables were analyzed by ANOVA to
determine the presence of significant differences between treatment groups for each
day. If the p-value for the ANOVA was < 0.05, the differences between treatment
groups were evaluated by pairwise comparisons using least significant differences at

the p <0.05 significance level.
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7.4 Results

7.4.1 Lymphocyte proliferation response using CFSE

Upon in vitro stimulation with either homologous or heterologous PRRSV, all
vaccination groups, regardless of vaccine genotype, had relatively low lymphocyte
proliferative indices following vaccination. A significantly increased response was not
observed in any vaccination group, and the responses were not different among all

of the vaccination groups (Figure 9).
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Figure 9 Lymphocyte proliferative index (PI) following vaccination. (A-C) homologous
virus (vaccine strain), (D-F) heterologous PRRSV-1 (ANO6EU4204), and (G-I)
heterologous PRRSV-2 (FDT10US23), respectively. The lymphocyte populations were
identified by flow cytometry using CFSE and cell surfaces staining, including CD4"
cells (A, D and G), CD8" cells (B, E and H), and CD4"CD8" cells (C, F and 1),
respectively. Values are expressed as mean + SEM. Dash lines indicate the cut-off

level.
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7.4.2 Lymphocyte populations producing IL-10

Following vaccination, lymphocyte populations producing IL-10 (L-IL-10) were
detected in all vaccination groups at 7 and 14 DPV, regardless of vaccine genotype
(Figure 10). The percentage of L-IL-10 declined to a nondetectable level from 21 to
35 DPV. L-IL-10 was mainly produced by CD4" cells. At 7 DPV, the Ingelvac MLV group
had the highest amount of CD4"IL-10" cells as compared to the PRRSV-1 or PRRSV-2
MLV vaccination and NonVac groups (Figure 10A). CD4IL-10" cells in the Amervac,
Ingelvac MLV and Ingelvac ATP groups were significantly higher than those in the
other vaccination groups at 14 DPV. The Porcilis, Fostera and Prime Pac groups had
the lowest amount of CD4"IL-10" cells as compared to other PRRSV-1 and PRRSV-2
MLV vaccination groups (p <0.05) at both 7 and 14 DPV.

Similar to CD4'IL-10" cells, all vaccination groups had significantly more
CD8'IL-10" cells as compared to the NonVac group (Figure 10B). Although there was
no difference in CD8'IL-10" cells among vaccination groups at 7 DPV, the Amervac,
Ingelvac MLV, and Ingelvac ATP groups had significantly more CD8'IL-10" cells than
did the Porcilis, Fostera and Prime Pac groups at 14 DPV. Additionally, the Amervac
group had the highest amount of CD8IL-10" cells as compared to other vaccination
groups as 14 DPV. All vaccination groups had relatively more CD4"CD8'IL-10" cells
than did the NonVac group, and CD4*CD8IL-10" cell numbers were not different
between the vaccination groups (Figure 10C).

Similar to homologous virus stimulation, L-IL-10 was detected in all
vaccination groups at 7 and 14 DPV after stimulation with PRRSV-1 (ANO6EU4204) and
was not detected from 21 to 35 DPV (Figure 10D-F). All vaccination groups had
higher amounts of CD4'IL-10" cells than did the NonVac group at 7 and 14 DPV
(Figure 10D). The Amervac group had the highest amount of CD4'IL-10" cells as
compared to the PRRSV-1 and PRRSV-2 MLV vaccination groups at 7 DPV (p <0.05).
Meanwhile, at 14 DPV, there were no differences in CD4IL-10" cells among all of the
vaccination groups.

The Porcilis, Amervac, Fostera and Prime Pac groups had significantly more
CD8'IL-10" cells than the NonVac, Ingelvac MLV and Ingelvac ATP groups at 7 DPV

(Figure 10E). However, at 14 DPV, all vaccination groups had significantly more
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CD8'IL-10" cells than the NonVac group. The Amervac, Ingelvac MLV and Ingelvac
ATP groups had significantly more CD8'IL-10" cells than the Porcilis, Fostera and
Prime Pac groups (p <0.05).

All vaccination groups had more CD4*CD8'IL-10" cells than the NonVac group
at 7 and 14 DPV (Figure 10F). At 7 DPV, no significant differences were detected in
the amount of CD4CD8"IL-10" among all of the vaccination groups. In contrast, the
Ingelvac MLV and Ingelvac ATP groups had more CD4"CD8IL-10" cells than the other
vaccination groups (p <0.05) at 14 DPV.

Following heterologous stimulation with PRRSV-2 (FDT10US23), L-IL-10 was
detected at 7 and 14 DPV but not at 21 to 35 DPV (Figure 10G-I). At both 7 and 14
DPV, all vaccination groups had higher levels than the NonVac group. At 7 DPV, the
Amervac and Fostera groups had significantly more CD4*IL-10* cells than the Porcilis,
Ingelvac MLV, Ingelvac ATP and Prime Pac groups (p <0.05). However, at 14 DPC, the
amount of CD4*IL-10" cells were the highest in the Ingelvac MLV and Ingelvac ATP
groups as compared to the other vaccination groups (Figure 10G). In contrast, CD8IL-
10" cells were only detected at 7 DPV (Figure 10H) in all vaccination groups, and the
Porcilis group had more CD8 *IL-10" cells than the other groups. There were no
differences in CD4"CD8 'IL-10" cells among all of the vaccination groups after

stimulation with PRRSV-2 (Figure 10I).
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Figure 10 Lymphocyte populations producing IL-10 following vaccination. (A-C)
homologous virus (vaccine strain), (D-F) heterologous PRRSV-1 (ANO6EU4204), and (G-
I) heterologous PRRSV-2 (FDT10US23), respectively. The lymphocyte populations
producing IL-10 were identified by flow cytometry using cell surfaces and
intracellular IL-10 staining, including CD4"IL-10" cells (A, D and G), CD8'IL-10" cells (B,
E and H), and CD4*CD8'IL-10" cells (C, F and 1), respectively. Values are expressed as
mean + SEM. Results were compared using two-way ANOVA multiple comparison
test. Lowercase letters represent significant differences between treatment groups (p

< 0.05) at each day post vaccination.
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7.4.3 Lymphocyte populations producing IFN-Y

Lymphocyte populations producing IFN-Y (L-IFN-Y) were detected after
stimulation with either homologous or heterologous PRRSV as early as 21 DPV at
levels less than 1% in all vaccination groups and showed no statistical differences
between vaccination groups. Soon after detection, L-IFN-Y gradually increased until
35 DPV (Figure 11). The lymphocyte population response was toward both CD4" and
CD8". Immediately after homologous stimulation, all vaccination groups had
relatively more CD4'IFN-Y* and CD8'IFN-Y* cells than the NonVac group but showed
no differences thereafter (Figure 11A-C). Similar to homologous stimulation, all
vaccination groups had relatively more CD4*IFN-Y* and CD8'IFN-Y" cells after
stimulation with heterologous PRRSV-1 (ANO6EU4204) than the NonVac group but
showed no difference among vaccination groups (Figure 11D-F). However, after
heterologous PRRSV-2 (FDT10US23) stimulation, CD8'IFN-Y* cells in all vaccination
groups were detected only at 21 DPV and were significantly greater in number than

in the NonVac group (Figure 11H).
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Figure 11 Lymphocyte populations producing IFN-Y following vaccination. (A-C)
homologous virus (vaccine strain), (D-F) heterologous PRRSV-1 (AN06EU4204), and (G-

I) heterologous PRRSV-2 (FDT10US23), respectively. The lymphocyte populations

producing IFN-Y were identified by flow cytometry using cell surfaces and

intracellular IFN-Y staining, including CD4"IFN-Y" cells (A, D and G), CD8'IFN-Y" cells

(B, E and H), and CD4"CD8"IFN-Y" cells (C, F and 1), respectively. Values are expressed

as mean = SEM. Results were compared using two-way ANOVA multiple comparison

test. Lowercase letters represent significant differences between treatment groups (p

< 0.05) at each day post vaccination.
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7.4.4 The number of PRRSV-specific IFN-Y-PC

Regardless of homologous or heterologous stimulation, IFN-Y-PC of all

vaccination groups were first detected at 35 DPV (Figure 12). After homologous
stimulation, all vaccination groups had significantly more IFN-Y-PC than the NonVac

group at 35 DPV and 7 DPC. The Fostera group had significantly fewer IFN-Y-PC than
the other vaccination groups at 35 DPV (Figure 12A). After heterologous PRRSV-1

(ANO6EU4204) stimulation, all vaccination groups had significantly more IFN-Y-PC than
NonVac group at 35 DPV and 7 DPC. The Fostera group had significantly fewer IFN-Y-
PC than the other vaccination groups at 35 DPV (Figure 12B). After heterologous
PRRSV-2 (FDT10US23) stimulation, IFN-Y-PC numbers were lower in all vaccination
groups than after homologous stimulation with the exception of the Prime Pac
group, which had significantly more IFN-Y-PC than the other groups at 35 DPV and 7
DPC. IFN-Y-PC were less abundant in Amervac the group than the other vaccination

groups and were not different from those in the NonVac group at 35 DPV (Figure

120).
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Figure 12 Evaluation of PRRSV-specific IFN-Y-PC following vaccination and at 7 days
post-challenge (DPC) using in vitro stimulation. (A) homologous virus (vaccine strain),
(B) heterologous PRRSV-1 (AN06EU4204), and (C) heterologous PRRSV-2 (FDT10US23),
respectively. Values are expressed as mean + SEM. Results were compared using
two-way ANOVA multiple comparison test. Lowercase letters represent significant

differences between treatment groups (p < 0.05) at each day post vaccination.
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7.4.5 Porcine IL-10 production

After homologous stimulation, IL-10 levels in all vaccination groups increased
and were significantly higher than that in the NonVac group at 7 DPV (Figure 13A). IL-
10 levels of all vaccination groups peaked at 14 DPV and gradually decreased until
they were similar to that of the NonVac group at 35 DPV. At 7 DPV, no differences
were detected in IL-10 levels between the vaccination groups. The Amervac, Ingelvac
MLV and Ingelvac ATP groups had significantly higher IL-10 levels at 14 DPV than the
Porcilis, Fostera and Prime Pac groups. The IL-10 levels of the Ingelvac MLV and
Ingelvac ATP groups remained significantly higher at 21 DPV compared to those of
the other vaccination groups. No differences were detected in IL-10 among all of the
vaccination groups at 28 or 35 DPV.

After heterologous PRRSV-1 (ANO6EU4204) stimulation, IL-10 levels were
significantly higher in all vaccination groups than that in the NonVac group (Figure
13B). The Amervac group had a significantly higher IL-10 level than did the other
vaccination groups at 7 DPV. However, no differences were detected in IL-10 in all
vaccination groups from 14 to 28 DPV, except for the Fostera group. The IL-10 level
was significantly lower in the Fostera group on 28 DPV than those in the other
vaccination groups.

After heterologous PRRSV-2 (FDT10US23) stimulation, all vaccination groups
had significantly higher IL-10 levels than the NonVac group (Figure 13C). The
Amervac and Fostera groups had significantly higher IL-10 levels at 7 DPV as
compared to those of the other vaccination groups. The IL-10 levels in all
vaccination groups, except for the Ingelvac MLV and Ingelvac ATP groups,
continuously decreased from 7 to 35 DPC. The Ingelvac MLV and Ingelvac ATP groups
had significantly higher IL-10 levels at 14 and 21 DPV as compared to those of the
other vaccination groups. At 28 DPV, IL-10 levels were significantly lower in the
Fostera and Prime Pac groups than in the other vaccination groups but were still
significantly higher than that the NonVac group. No statistical differences were

observed in IL-10 levels between vaccination groups at 35 DPV.
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Figure 13 Quantification of porcine IL-10 in supernatant of stimulated PBMC following
vaccination. (A) homologous virus (vaccine strain), (B) heterologous PRRSV-1
(ANO6EU4204), and (C) heterologous PRRSV-2 (FDT10US23), respectively. Values are
expressed as mean + SEM. Results were compared using two-way ANOVA multiple
comparison test. Lowercase letters represent significant differences between

treatment groups (p < 0.05) at each day post vaccination.
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7.4.6 PRRSV RNA in serum

Serum PRRSV RNA quantification after co-challenge was summarized in Table
9. Regardless of vaccine genotype, all vaccination groups had significantly (p <0.05)
lower levels of both PRRSV-1 and PRRSV-2 RNA as compared to those of the NonVac
group at 3, 5 and 7 DPC. Although, the PRRSV-2 MLV vaccination groups had
significantly lower PRRSV-1 RNA levels compared to those of the PRRSV-1 MLV
vaccination groups at 3 and 7 DPC, no differences were observed at 5 DPC between
the PRRSV-2 MLV vaccination and the Amervac groups. At 5 DPC, serum PRRSV-1 RNA
increased in all PRRSV-2 MLV vaccination groups as compared to those at 3 DPC. In
contrast, PRRSV-1 RNA levels were reduced in all PRRSV-1 MLV vaccination groups at
5 and 7 DPC as compared to those at 3 DPC. The reduction in serum PRRSV RNA was
not genotype-related but was associated with the isolates used in MLV. PRRSV-1 RNA
was lower in the Porcilis group than in the Amervac group at 5 and 7 DPC.
Meanwhile, no differences were detected in PRRSV-1 RNA levels between the PRRS-2
MLV vaccination groups at 5 DPC.

The PRRSV-2 RNA results are similar to those of PRRSV-1 RNA. All vaccination
groups had significantly lower PRRSV-2 RNA as compared to that of the NonVac
group, regardless of the vaccine genotype. In addition, PRRSV RNA levels were not
different between vaccination groups at 3 DPC. At 5 and 7 DPC, PRRSV-2 RNA levels
remained similar levels compared to those at 3 DPC in all vaccination groups except
the Amervac and Prime Pac groups, which had significantly lower serum PRRSV-2 RNA

at 5 and 7 DPC as compared to the other vaccination groups.

7.4.7 Pathological examination

For macroscopic lung lesion scores, the NonVac group had the highest PRRSV-
induced pneumonic lung scores at 7 DPC (Table 9). In contrast, the lung lesion
scores of all vaccination groups were significantly lower than that of the NonVac
group regardless of genotype. The Porcilis group had the highest macroscopic lung
lesion scores as compared to the other vaccination groups. The Prime Pac group had

a significantly lower scores as compared to the other vaccination groups.



82

Microscopic lung lesions associated with PRRSV infection were characterized
by thickened alveolar septa with increased numbers of interstitial macrophages and
lymphocytes and by type Il pneumocyte hyperplasia. The microscopic lung lesion
score results were concordant with the macroscopic lung lesion score results. All
vaccination groups, except the Porcilis group, had significantly lower microscopic lung

lesion scores compared to the NonVac group (Table 9).

7.4.8 Immunohistochemistry

Regardless of vaccine genotype, the mean number of PRRSV-positive cells
was significantly (p <0.05) lower in all vaccination groups as compared to the NonVac
group using either A35 or JP24 MAbs (Table 9). The mean number of PRRSV-positive
cells stained with A35 MAb in the Porcilis group was significantly (p <0.05) higher than
those in the other vaccination groups. No differences were detected in the mean
number of PRRSV-positive cells between the Amervac group and the other PRRSV-2
MLV vaccination groups. In contrast, the Fostera and Prime Pac groups had
significantly lower mean numbers of PRRSV-positive cells stained with JP24 MAb as

compared to the Amervac, Ingelvac MLV and Ingelvac ATP groups.
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Table 9 Results of PRRSV RNA in sera of non-vaccinated and vaccinated pigs
following co-challenge with PRRSV-1 and PRRSV-2, lung lesion scores and
immunohistochemistry at 7 days post-challenge (DPC).

DPC*  Treatment groups

NonVac Porcilis Amervac Fostera Ingelvac Ingelvac Prime Pac
MLV ATP
PRRSV RNA PRRSV-1 0 0.0+0.0* 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
(1,000 3 2.3+0.2° 1.4+0.3° 1.320.2° 0.2+0.0% 0.6+0.1° 0.5+0.2° 0.2+0.0"
copies/ml) 5 2.7+0.3° 0.4+0.1 0.8+0.2° 0.9+0.1° 0.8+0.2° 0.9+0.3° 1.140.2°
7 1.8+0.2° 0.4x0.1° 0.8+0.2° 0.5+0.2° 0.1£0.0% 0.5£0.1° 0.4x0.1°
PRRSV-2 0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
3 2.3+0.2° 1.4+0.2° 1.70.2° 1.520.2° 1.2¢0.2° 1.420.3° 1.4+0.2°
5 2.7+0.2° 1.5+0.3 0.8+0.3° 1.3+0.3 1.8+0.3 1.3+0.3 0.8+0.2°
7 2.940.2° 1.0+0.3° 0.5+0.3° 1.320.3° 1.120.3° 1.120.5° 0.7+0.2°
Macroscopic lung scores 7 727+88°  59.0+4.4°  450+5.7°  553+55°  54.7+17°  54.6+64°  42.7+4.6°
Microscopic lung scores 7 1.80+0.08"  1.24x0.06° 0.92+0.08° 0.82+0.08° 0.83+0.08° 0.82+0.08°  0.87+0.08"
PRRSV-antigen A35 7 1524187  6.0+0.7° 3.240.4° 4.7+0.4° 4.2+0.3 4.4+0.3 3.540.2°
score by IHC® JP24 7 8.2+1.4° 4.9+0.4° 3.9+0.5° 2.3+0.3° 4.0+0.4° 4.1+0.5° 2.6+0.2°

*Days post-challenge (DPC). °lmmunohistochemistry (IHC) using A35 and JP24,
monoclonal antibodies specifically against PRRSV-1 and PRRSV-2 antigens,
respectively. *Values are displayed in mean + SEM. The different lowercase letters

represent significant differences between treatment groups (p < 0.05) at each day.
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7.5 Discussion and Conclusion

The present study was conducted to investigate CMI, IL-10 levels and
protective efficacy of PRRSV-1 and PRRSV-2 MLVs against co-challenge with PRRSV-1
and PRRSV-2 (HP-PRRSV). Following PRRSV MLV vaccination, regardless of MLV

genotype, the induction of CMI against PRRSV as measured by lymphocyte

proliferative response and IFN-Y-PC against homologous stimulation was relatively
delayed and low in magnitude. The response was observed beginning from 28-35
DPV. Additionally, the magnitude of the response was not different between
vaccination groups. Although there was no difference in CMI, IL-10 was different
between vaccination groups. Regardless of MLV genotype, increased IL-10 production
was observed in all vaccination groups after vaccination. IL-10 levels were
significantly higher in all vaccination groups at 7 DPV than in the unvaccinated
control. The magnitude of the increase in IL-10 level is not genotype-related but
rather is influenced by the virus isolate used to manufacture the vaccine. The
Amervac, Ingelvac MLV and Ingelvac ATP groups had significantly higher IL-10 levels
than the Porcilis, Fostera and Prime Pac groups. The Prime Pac group had the lowest
IL-10 level. Following challenge, regardless of MLV genotype, all vaccinated pigs were
partially protected against co-challenge with PRRSV-1 and PRRSV-2, as demonstrated
by significantly reduced viremia against both genotypes, lung lesion scores and PRRSV
antigens in lung tissues at 7 DPC as compared to the unvaccinated group, and the
Prime Pac group demonstrated significantly greater reductions than the other
vaccination groups. The results of reduced viremia and lung lesions suggest that
protective efficacy against co-challenge with PRRSV-1 and PRRSV-2 (HP-PRRSV) is not
genotype-related but rather is influenced by the virus isolate used to manufacture
the vaccine. The results of the study suggest that all PRRSV MLVs are relatively
similar in their protective efficacy against concurrent heterologous PRRSV-1 and
PRRSV-2 (HP-PRRSV) challenge. The use of either genotype of PRRSV MLV to control
PRRS in herds co-infected with both PRRSV genotypes would provide some level of

protection against heterologous PRRSV infection. Other control strategies, including
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strict biosecurity, to prevent external PRRSV introduction will enhance a successful
PRRSV control program.

Although CMI against either PRRSV MLV or field infection has been intensively
studied (Diaz et al., 2005; Ferrari et al., 2013; Kim et al,, 2015; Park et al., 2014; van
Woensel et al, 1998b; Zuckermann et al, 2007), no study has performed a
comparative study between both MLV genotypes. The CMI results against the
homologous virus in the present study demonstrated that all PRRSV MLVs induce

relatively slow CMI responses as measured by lymphocyte proliferative response and

the number of IFN-Y-PC, regardless of vaccine genotype. Based on the lymphocyte
proliferative response, it was demonstrated that none of the PRRSV MLVs induced a
detectable response until 35 DPV. The results of the CMI response analysis reported
herein assessing CFSE-labeled lymphocyte proliferation are in agreement with those
of previous reports showing that a PRRSV-specific CMI response appears late,
approximately 4-6 weeks post-vaccination as determined by lymphocyte
blastogenesis and other assays (Bassaganya-Riera et al., 2004; Ferrari et al.,, 2013;

Martelli et al., 2009; Meier et al.,, 2003). In contrast to the lymphocyte proliferative

response, the CMI response, as measured by the enumeration of IFN-Y-PC,

demonstrated that all MLV isolates induced a delay in the detectable level of

response. After in vitro stimulation with homologous vaccine viruses, IFN-Y-PC were
detected in pigs vaccinated with either PRRSV-1 or PRRSV-2 MLVs at 35 DPV and
showed significantly higher numbers in the vaccination groups than in the NonVac
group, albeit the numbers were relatively low. The number of IFN-Y-PC, however,
increased rapidly by 7 DPC. The results of the delayed CMI response induced by MLV
are in accordance with those of previous studies in which vaccination with either
PRRSV-1 or PRRSV-2 MLV elicited a relatively slow CMI response (Diaz et al., 2006;
Ferrari et al, 2013; Zuckermann et al.,, 2007). The findings of the present study
suggest that all commercial PRRSV MLVs induce a relative slow CMI response,
regardless of vaccine genotype. Such responses are directed toward homologous

stimulation.
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It is noteworthy that the effective CMI response was directed toward the
homologous response. The use of heterologous stimulation, either by PRRSV-1 or
PRRSV-2, showed contrasting results to homologous stimulation. The heterologous
response was somewhat unpredictable and unrelated to the genetic similarity

between the vaccine and the challenge viruses. A previous study reported similar
findings in that homologous stimulation upregulates IFN-Y-PC following vaccination,
while heterologous virus stimulation showed varied IFN-Y-PC upregulation (Ferrari et

al., 2013). Heterologous stimulation with one virus was able to upregulate IFN-Y-PC

as high as homologous stimulation, while another virus was not able to do so despite
high genetic similarity. In the present study, the frequencies of IFN-Y-PC in PBMC
varied after stimulation with heterologous recall viruses. Stimulation with either
heterologous PRRSV-1 or PRRSV-2 induced low amounts of IFN-Y-PC in the Amervac

and Fostera groups (Figure 12B, C). In contrast, some vaccination groups, in particular

the Prime Pac group, showed increased amounts of IFN-Y-PC after stimulation with
heterologous PRRSV-2 (Figure 12C). Our results are in accordance with those of
previous studies suggesting that viral recognition is also directed against antigens of

genetically divergent virus isolates regardless of the vaccine strain (Ferrari et al,,

2013). In addition, a cellular immune response such as IFN-Y-PC depends on the virus
isolate used for in vitro stimulation, and different PRRSV isolates can interact
differently to stimulate immune cells (Correas et al., 2017; Diaz et al., 2006).
Following vaccination, all vaccination groups had significantly higher IL-10
levels compared to the unvaccinated group (Figure 13A-C). The IL-10 level
decreased at 14 DPV and was not different between the MLV-vaccinated and
unvaccinated groups at 21 DPV. It is noteworthy that while the IL-10 levels of most
of the vaccination groups displayed a gradual declining trend after 7 DPV, the
Amervac, Ingelvac MLV and Ingelvac ATP groups had increased levels of IL-10 until 14
DPV before showing a decline. Our result demonstrated that the patterns of IL-10
levels following PRRSV MLV vaccination were different regardless of genotype of MLV
but were rather influenced by the PRRSV isolate used to manufacture the vaccine.

The Amervac, Ingelvac MLV and Ingelvac ATP groups had significantly higher IL-10
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levels than the Porcilis, Fostera and Prime Pac groups. These varying IL-10 levels
among the vaccination groups may be due to the different virus isolates used in
vaccine production or in vitro stimulation (Darwich et al,, 2010; Diaz et al., 2006;
Silva-Campa et al,, 2010; Silva-Campa et al., 2009; Subramaniam et al., 2011). The
differences in IL-10 levels among the PRRSV MLV vaccination groups are not
surprising. Previous reports have demonstrated that PRRSV isolates vary in the degree
of IL-10 production both in vivo and in vitro (Chung and Chae, 2003; Diaz et al,,
2005). IL-10 induction by PRRSV might depend on the virus isolate used in the
experiment (Darwich et al., 2010; Diaz et al., 2006; Silva-Campa et al., 2010; Silva-
Campa et al., 2009; Subramaniam et al., 2011). Our findings support the conclusion
that PRRSV MLVs, regardless of vaccine genotype, are able to induce IL-10
upregulation, thus resembling a natural PRRSV infection (Suradhat and
Thanawongnuwech, 2003). The level of IL-10 production depends on the virus isolate
used in the vaccine (Diaz et al.,, 2006). This finding can be used as one of several
criteria to select a vaccine to use for PRRSV control. A higher level of IL-10 can
potentially induce more adverse effects following vaccination with PRRSV MLVs. A
previous report demonstrated that following vaccination with Ingelvac MLV and
Amervac, pigs had higher lung lesion scores compared to other vaccination groups
(Martinez-Lobo et al., 2013). This could be because IL-10 induction is higher in these
groups than in other PRRSV MLV vaccination groups.

It is noteworthy that, regarding to the CMI response in the present study, we
only investigated the dynamic change of immune cells against different PRRSV MLV
vaccines using the lymphocyte proliferative assay. Our findings illustrated variations
observed in the proliferative indices between PRRSV MLV vaccines. Although the CMI
response as measured by the lymphocyte proliferative assay between vaccinated
groups were difference, the degree of clinical protection after PRRSV infection was
similar. The results suggested that CMI might not fit as immunological correlation for
PRRSV protection. In agreement with our findings, previous studies found that the
protection against PRRSV infection does not correlate with CMI response (Li et al,,
2014a; Xiao et al., 2004). In addition, the dynamic change of immune cells seems not

to correlate with other cytokines including IL-10. IL-10 is expressed by many cells of
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the adaptive immune system, including Th1, Th2 and Th17 cell subsets, Treg, CD8* T
cells and B cells (Maloy and Powrie, 2001; Moore et al., 2001; Roncarolo et al., 2006;
Trinchieri, 2007). It is also produced by cells of innate immune system including
dendritic cells (DCs), macrophages, mast cells, natural killer (NK) cells, eosinophils
and neutrophils (Moore et al., 2001). The uncorrelated results could be due to IL-10
produced from these cells. Unfortunately, the defined immune cell subpopulations
involved in the different CMI response between PRRSV MLV vaccines in the present
study are not fully characterize due to the limitation of cell-specific antibodies.
Additional studies to measure subpopulations of immune cells secreting cytokines
against PRRSV MLV vaccines are needed for further investigation.

Genetic similarity between the vaccine and field virus is not a good indicator
of the protective efficacy provided by a PRRSV MLV vaccine (Opriessnig et al., 2002).
The protective efficacy of a PRRSV MLV is usually determined by the reduction in
viremia and lung lesions following challenge with field viruses (Labarque et al., 2003;
van Woensel et al., 1998a). In the present study, vaccination with either PRRSV-1 or
PRRSV-2 MLVs reduced the level of PRRSV viremia, lung lesions, both
macroscopically and microscopically, and PRRSV antigen in the lung tissues of
vaccinated pigs following co-challenge with heterologous PRRSV-1 and PRRSV-2
compared to the non-vaccinated control. Based on pneumonic lung lesions, all
PRRSV MLVs provide some level of protection against co-infection with PRRSV-1 and
PRRSV-2, regardless of vaccine genotype. The lung lesion scores and PRRSV antigens
in lung tissues were significantly reduced in the vaccination groups compared to the
unvaccinated group after challenge with heterologous viruses (Diaz et al., 2005; Kim
et al.,, 2015; Park et al, 2014; van Woensel et al., 1998b). Our results are in
agreement with those of a previous single challenge study that demonstrated partial
cross-protection by PRRSV MLV (Jeong et al., 2016; Kim et al., 2015; Kristensen et al,,
2018; Martelli et al., 2009; Park et al., 2015; Park et al., 2014; Roca et al., 2012). On
the other hand, our cross-protection results are in contrast with those of another
previous dual-challenge study in which vaccination with PRRSV-1 MLV reduced only
PRRSV-1 viremia and not PRRSV-2 viremia (Choi et al.,, 2016). Pigs vaccinated with
PRRSV-1 MLV showed no reductions in PRRSV-2 antigens in lung tissues. The
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discrepancy between these findings could be due to the virus isolate used in the two
studies. It is possible that the differences are attributable to our challenge strain of
PRRSV-2 having higher levels of virulence. To postulate, additional studies are
needed.

In conclusion, based on the overall results of the present study, all
commercially available PRRSV MLVs are capable of inducing relatively low and
delayed CMI response. Differences in IL-10 responses post vaccination were noted
between the different vaccines. Vaccination with PRRS MLVs will reduce viremia and

lung lesions after heterologous PRRSV challenge regardless of vaccine genotype.
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CHAPTER 8
Immune response and protective efficacy of intramuscular and intradermal
vaccination with porcine reproductive and respiratory syndrome virus 1(PRRSV-
1) modified live vaccine against highly pathogenic PRRSV-2 (HP-PRRSV-2)

challenge, either alone or in combination with PRRSV-1
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In this chapter, we investigated and compared the immune response and
protective efficacy of PRRSV MLV between intramuscular and intradermal vaccination
in experimental pigs. Our findings showed alternative route of PRRSV MLV vaccination

that could be improve the efficacy of PRRSV MLV against PRRSV infection.
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8.1 Abstract

The study was conducted to evaluate the immune response of pigs
vaccinated intramuscularly (IM) or intradermally (ID) with porcine reproductive and
respiratory syndrome virus 1 (PRRSV-1) modified live vaccine (MLV). The protective
efficacy was evaluated upon challenge with highly pathogenic (HP)-PRRSV-2, either
alone or in combination with PRRSV-1. Forty-two, castrated male, PRRSV-free pigs
were randomly allocated into 7 groups of 6 pig each. IM/HPPRRSV2, IM/CoChallenge,
ID/HPPRRSV2 and ID/CoChallenge groups were vaccinated IM or ID with PRRSV-1 MLV
(UNISTRAIN® PRRS, Laboratorios Hipra S.A., Amer, Spain) in accordance to the
manufacturer’s directions. NV/HPPRRSV2 and NoVac/CoChallenge g¢roups were

nonvaccinated/challenged controls. NoVac/NoChallenge group was left as the

control. Antibody response, IFN-Y -secreting cells (IFN-Y-SC) and IL-10 production
were evaluated following vaccination. At 35 days post vaccination (DPV), all
challenged groups were intranasally inoculated with HP-PRRSV-2, either alone or in
combination with PRRSV-1. PRRSV viremia and lung lesion scores were evaluated

following challenge. The results demonstrated that ID vaccinated pigs had

significantly lower IL-10 levels and higher IFN-Y-SC than that of IM vaccinated pigs.
Following challenge with HP-PRRSV-2 either alone or with PRRSV-1, PRRSV viremia
and lung lesions, both macroscopically and microscopically, were significantly
reduced in vaccinated pigs than that of nonvaccinated pigs, regardless to the route of
vaccine administration. ID vaccinated pigs had significantly lower levels of PRRSV
viremia and lung lesion scores than that of IM vaccinated pigs. The results of the
study suggested that the administration of PRRSV-1 MLV, either IM or ID, provided
partial protection against HP-PRRSV-2, either alone or when cochallenged with
PRRSV-1, as demonstrated by the reduction in lung lesions and viremia. The ID route

might represent an alternative to improve vaccine efficacy, as it resulted in lower IL-

10 levels and higher IFN-Y-SC levels.

Keywords: Porcine reproductive and respiratory syndrome virus, Modified live virus

vaccine, Intramuscular, Intradermal, Immune response, Protective efficacy, Challenge
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8.2 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a disease in pigs
characterized by respiratory distress in finishing pigs and reproductive disorders in
breeding sows. PRRS is caused by PRRS virus (PRRSV), an enveloped, positive-sense,
single-stranded RNA virus belonging to the order Nidovirales and family Arteriviridae
(Cavanagh, 1997). At present, two genetically distinct PRRSV species, PRRSV-1 and
PRRSV-2, have been recognized (Kuhn et al., 2016). Two PRRSV species are similar in
the genome organization but their genomes are markedly different, with genetic
similarities of only 60% and 56% at the nucleotide and amino acid levels,
respectively (Forsberg et al, 2002). The classification into two distinct species is
based on the continents where the viruses were first discovered. PRRSV-1 was first
discovered in the European continent and currently has further evolved into 4
subtypes (Stadejek et al., 2008). Meanwhile, PRRSV-2 was first discovered in the North
American continent and further evolved into 9 distinct lineages (Shi et al., 2010b).

PRRSV that predominantly exists in Asian countries are different from those in
the European and North American continents. At present, the co-existence of both
PRRSV-1 and PRRSV-2 has been increasingly reported in several Asian countries,
including China, Korea, and Vietnam (Chen et al,, 2011; Kim et al,, 2011). In Thailand,
both PRRSV-1 and PRRSV-2, have been reported (Nilubol et al., 2013). The co-
existence of both species was evident at both individual pig and herd levels. Based
on international systematic classification according to previously described methods
(Shi et al,, 2010b; Stadejek et al., 2008), PRRSV-1 in Thailand includes mainly isolates
in clade A, subtype 1. PRRSV-2 includes lineages 1, 5 and 8. PRRSV-2 in the lineage 8
is mainly clustered in sublineage 8.7 in which both 8.7/HP-PRRSV-2 and 8.7/Classical
North America (NA) have been reported (Shi et al., 2010b). This sublineage 8.7/HP-
PRRSV-2, a highly pathogenic isolate that causing high mortality, has been a
predominant virus in the region (Nilubol et al., 2013). The co-existing of both PRRSV
species could generates more severe clinical diseases than does a single infection
with either species in which could subsequently complicate a successful PRRSV

control program in the region. The more severe clinical diseases were experimentally
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demonstrated as pigs co-infected with both species had significantly higher levels of
pneumonic lung lesion at 7 days post challenge (DPC) than those challenged with
either PRRSV species (Choi et al., 2015).

With the availability of modified live vaccine (MLV) for both PRRSV species, it
is difficult to justify which species of PRRSV MLV should be used to successfully
control PRRS in the region where the coinfection does exist. Recently, a live
attenuated vaccine based on PRRSV-1 (UNISTRAIN® PRRS) is commercially available in
both intramuscular (IM) and intradermal (ID) administration. This vaccine,
administered IM, already demonstrated partial protection against heterologous
PRRSV-1 (Bonckaert et al,, 2016) or PRRSV-2 (Roca et al.,, 2012), However, it has not
been evaluated against the coinfection of PRRSV-1 and PRRSV-2. In addition, there
has not been any reports on the induction of immune response, IL-10 production
and protective efficacy of the intradermal administration.

IL-10 is a cytokine that functions in immunoregulation, including the
downregulation of the expression of Thl cytokines and the enhancement of B cell
proliferation and antibody production (Saraiva and O'Garra, 2010). In PRRSV infection,
IL-10 levels are reportedly associated with severity of clinical disease (van Reeth and
Nauwynck, 2000) and can delay the immune response. Therefore, the objectives of
the present study were to investigate the immune response of pigs vaccinated IM or
ID with PRRSV-1 MLV (UNISTRAIN® PRRS). The protective efficacy was evaluated
against the challenge with HP-PRRSV-2 (sublineage 8.7/HP-PRRSV-2), either alone or in
combination with PRRSV-1 (clade A, subtype 1).
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8.3 Materials and Methods

8.3.1 Experimental design

AWl animal procedures were conducted in accordance with the
recommendations in the Guild for the Care and Use of Laboratory Animal of the
National Research Council of Thailand according to protocols reviewed and approved
by the Chulalongkorn University Animal Care and Use Committee (protocol number
1731047).

Forty-two, 3-week-old, castrated male pigs were procured from a PRRSV-free
herd. Upon arrival, sera were collected individually and assayed for the presence of
viral RNA and PRRSV specific antibody using PCR and ELISA to confirm their PRRSV
negative status. Pigs were randomly allocated into the following 7 groups of 6 pigs
each based on weight stratification. As shown in Table 10: IM/HPPRRSV2,
ID/HPPRRSV2, NoVac/HPPRRSV2, IM/CoChallenge, ID/CoChallenge,
NoVac/CoChallenge and NoVac/NoChallenge. The IM/HPPRRSV2 and IM/CoChallenge
groups were vaccinated once via IM route with a 2 ml dose of UNISTRAIN® PRRS
(Laboratorios Hipra S.A., Amer, Spain). The ID/HPPRRSV2 and ID/CoChallenge groups
were vaccinated once via ID route with a 0.2 ml dose of UNISTRAIN® PRRS
(Laboratorios Hipra S.A., Amer, Spain) using Hipradermic® needle-free vaccinator. The
NoVac/HPPRRSV2, NoVac/CoChallenge and NoVac/NoChallenge groups were left non-
vaccination.

At 35 days post vaccination (DPV), the IM/HPPRRSV2, ID/HPPRRSV2 and
NoVac/HPPRRSV2 groups were intranasally challenged with 4 ml of tissue culture
inoculum of HP-PRRSV-2 (FDT10US23 isolate, fifth passage of MARC-145 cells, 10°7
TCIDso/ml), 2 mUnostril. ~ The  IM/CoChallenge,  ID/CoChallenge  and
NoVac/CoChallenge groups were intranasally cochallenged with 4 ml of tissue
culture inoculum of PRRSV-1 and HP-PRRSV-2 isolates, at 2 ml of each isolate/nostril.
The inoculum composed of 2 ml of tissue culture supernatant of each PRRSV-1
(ANO6EUA4204 isolate, third passage of porcine alveolar macrophages, 10°* TCIDso/ml)
and HP-PRRSV-2 (FDT10US23 isolate, fifth passage of MARC-145 cells, 10°% TCIDso/ml).
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The NoVac/NoChallenge group was kept as nonvaccinated/nonchallenged control.
Pigs in each group were kept in separated room with separated air spaces and
monitored daily for physical condition and clinical respiratory disease throughout the
experiment.

Blood samples were collected at 0, 7, 14, 21, 28, 35 DPV and 3, 7, 14, and 35
days post challenge (DPC). Nasal swabs were collected at 0, 3, 7, 14 and 35 DPC
using individually packaged sterile swabs which were immersed in 1 ml of RNAlater™
solution (Thermo-Fisher Scientific, MA, USA) and kept at -80°C for further processed
(Figure 14A). Sera were separated and measured for antibody response using
commercial ELISA kit and serum neutralization (SN) assay. PRRSV RNA was
quantitatively assayed in sera and nasal swab samples using real-time quantitative

RT-PCR (RT-gPCR). Peripheral blood mononuclear cells (PBMC) were isolated and
used for in vitro stimulation to measure IL-10 production using ELISA kit and IFN-Y-

secreting cells (IFN-Y-SC) using ELISPOT assay. Three pigs from each group were
necropsied at 7 and 35 DPC. PRRSV-induced pneumonic lung lesions were scored

using previously described (Halbur et al., 1995a)
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Table 10 Experimental design. Seven treatment groups included 4 vaccinated- and 3
non-vaccinated groups. Routes of vaccine administration included either
intramuscular (IM) or intradermal (ID). At 35 DPV, pigs in challenged groups were
intranasally inoculated with HP-PRRSV-2, either alone or combination with PRRSV-1.

Pigs in Nonvaccinated (NoVac)/nonchallenged (NoChallenge) group served as the

control.
Treatment groups Pigs  Vaccination  Vaccine Dosage and route of PRRSV challenge
no. administration PRRSV-1 HP-PRRSV-2
(ANO6EU4204)  (FDT10US23)
IM/HPPRRSV2 6 Yes UNISTRATAIN® PRRS 2 ml, intramuscular (IM) No Yes
(Laboratorios Hipra, SA.,
Amer, Spain)
ID/HPPRRSV2 6 Yes UNISTRATAIN® PRRS 0.2 ml, intradermal (ID) No Yes
(Laboratorios Hipra, S.A.,
Amer, Spain)
NoVac/HPPRRSV2 6 No N N No Yes
IM/CoChallenge 6 Yes UNISTRATAIN® PRRS 2 ml, intramuscular (IM) Yes Yes
(Laboratorios Hipra, S.A.,
Amer, Spain)
ID/CoChallenge 6 Yes UNISTRATAIN® PRRS 0.2 ml, intradermal (ID) Yes Yes
(Laboratorios Hipra, SA.,
Amer, Spain)
NoVac/CoChallenge 6 No - - Yes Yes
NoVac/NoChallenge 6 No & - No No

8.3.2 PRRSV vaccine and viruses

PRRSV vaccine used was UNISTRAIN® PRRS (Laboratorios Hipra S.A., Amer,
Spain), available in 2 different preparations, IM and ID vaccination. Dosage and
administration routes were in accordance with the manufacturer’s instructions. In
brief, a 2 ml dose was used for IM vaccination (batch no. 3279-4). Meanwhile, a 0.2
ml dose was used for ID vaccination (batch no. 6D16). ID vaccination was performed
using Hipradermic® needle-free device (Laboratorios Hipra S.A., Amer, Spain).

For in vitro stimulation assay, homologous and heterologous viruses were
used as recall antigens. Homologous virus refers to a vaccine strain as previously
described (Madapong et al., 2017). Heterologous viruses refer to the ANO6EU4204 and
FDT10US23 PRRSV isolates which contained Thai PRRSV-1 and PRRSV-2 (HP-PRRSV-2),
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respectively. The PRRSV isolates ANO6EU4204 and FDT10US23 are in clade A, subtype
1 and sublineage 8.7/HP-PRRSV-2, based on international systematic classification
according to previously described methods (Shi et al., 2010b; Stadejek et al., 2008).
The ORF5 genome sequences of the ANO6EU4204 and FDT10US23 isolates are
available in GenBank under accession numbers JQ040750 and JN255836, respectively.
These two PRRSV isolates were isolated from weaned pigs from two different herds
experiencing PRRS outbreaks during 2010-2011 (Nilubol et al., 2012). Both swine
herds are located in the western region of Thailand. Based on the ORF5 gene, both
Thai PRRSV isolates are phylogenetically clustered in endemic clades of which could
represent PRRSV isolates endemically infected in swine herds in this region. In
addition, the two viruses were genetically distinct from the PRRSV MLV used in the
present study. The nucleotide and amino acid similarities based on the ORF5 gene

between Thai PRRSV isolates and vaccine virus are summarized in Table 11.

Table 11 Nucleotide and amino acid similarities based on the ORF5 gene between
vaccine virus and PRRSV-1 and HP-PRRSV-2 isolates used to challenge in this study.
International systematic classification was based on previously described, including

PRRSV-1 (Stadejek et al., 2008) and HP-PRRSV-2 (Shi et al., 2010b).

PRRSV isolates Classification Similarity level (%) between vaccine virus and PRRSV
isolates
Nucleotide Amino acid

PRRSV-1 (ANO6EU4204)  Subtype 1 (Clade A) 92.7 89.1

HP-PRRSV-2 Sublineage 8.7/HP- 69.9 59.8

(FDT10US23) PRRSV-2

8.3.3 Clinical evaluation

Clinical signs and rectal temperature were monitored daily post vaccination
and post challenge periods for two consecutive weeks by the same personnel at the
same time. The severity of clinical respiratory disease was evaluated using a scoring
system for each pig following stress induction as previously described (Halbur et al,,

1995a): 0 = normal, 1 = mild dyspnea and/or tachypnea when stressed, 2 = mild
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dyspnea and/or tachypnea when at rest, 3 = moderate dyspnea and/or tachypnea
when stressed, 4 = moderate dyspnea and/or tachypnea when at rest, 5 = severe
dyspnea and/or tachypnea when stressed, and 6 = severe dyspnea and/or tachypnea

when at rest.

8.3.4 Antibody detection

Serum samples were tested for the presence of PRRSV-specific antibody by
commercial ELISA kit: IDEXX PRRS X3 Ab test (IDEXX laboratories Inc., MA, USA) and
serum neutralization (SN) assay. ELISA assay was performed according to the
manufacturer’s recommendations. Serum samples were considered positive for
PRRSV antibody if the S/P ratio was greater than 0.4.

Serum neutralization (SN) assay was performed using homologous (vaccine
virus), heterologous PRRSV-1 (ANO6EU4204 isolates) and heterologous HP-PRRSV-2
(FDT10US23 isolate), as previously described (Nilubol et al., 2004). The presence of
virus specific cytopathic effect (CPE) in each well was recorded after incubating for 7
days. The SN titers were determined as the reciprocal of the highest dilution in which
no evidence of the virus growth was detected. Geometric mean titers were

calculated.

8.3.5 Isolation of porcine PBMC

Peripheral blood mononuclear cells (PBMC) were isolated from 10 ml of
heparinized blood samples by gradient density centrifugation (Lymphosep™, Biowest,
MO, USA) according to previously described protocol (Ferrari et al,, 2013). The
isolated PBMC were counted by inverted microscope and concentration was
accessed in cRPMI-1640 (RPMI-1640 media supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 50 pg/ml of gentamycin). The viability of PBMC
were determined by Trypan blue (Sigma-Aldrich, MO, USA) staining and more than
90% viability was used for in vitro stimulation for IL-10 production and enzyme-

linked immunospot (ELISPOT) assay as describe below.
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8.3.6 Porcine interleukin-10

Following vaccination, porcine interleukin-10 (IL-10) concentration in
supernatant of stimulated PBMC was quantified using porcine ELISA interleukin-10 (IL-
10) commercial kit (Quantikine® ELISA porcine IL-10, R&D System, MN, USA) according
to manufacturer’s instructions. In brief, 2 x 10° PBMC in cRPMI-1640 were seeded into
96-well plates and cultured in vitro for 24 hours with homologous virus at 0.01
multiplicity of infection (MOI) or phytohemagglutinin (10 pg/ml, Sigma-Aldrich, MO,
USA).

8.3.7 PRRSV-specific interferon-Y-secreting cells

The number of PRRSV-specific interferon-y-secreting cells (IFN-Y-SC) were
determined in PBMC using commercial ELISPOT IFN-Y kit (ELISpot porcine IFN-Y, R&D
System, MN, USA), processed according to manufacturer’s instructions and previously
described (Park et al., 2014) with minor modification. Briefly, 2 x 10° PBMC in cRPMI-
1640 medium were seeded into 96-well plates and stimulated with either
homologous or heterologous PRRSV isolates at 0.01 MOI for 24 hours at 37°C in 5%
CO,, humidified atmosphere. The linear response was tested between 0.01 and 0.1
multiplicity of infection (MOI). Phytohemagglutinin (10 pg/ml, Sigma-Aldrich, MO, USA)
and cRPMI-1640 medium was used as positive and negative control, respectively. The
spots were counted by an automated ELISPOT Reader (AID ELISPOT Reader, AID
GmbH, Strassberg, Germany), and the background values were subtracted from the

respective count of the stimulated cells and the immune response was expressed as

number of IFN-Y-SC per 1 x 10° PBMC.

8.3.8 Quantification of PRRSV RNA

PRRSV RNA was extracted form serum and nasal swabs samples using
NucleoSpin® Virus (Macherey-Nagel, Duren, Germany) according to manufacturer’s
instruction. The RNA quality was measured using a NanoDrop spectrophotometer
(Colibri spectrometer, Titertek Berthold, Pforzheim, Germany). Copy number of viral

RNA was then quantified using previously published TagMan® probe-based real-time
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RT-PCR (Egli et al., 2001) with minor modification. Primers and probes were as
follows: reverse primer USalingEU-R, 5" AAATGIGGCTTCTCIGGITTTT 3'; forward primer
USalingEU-F, 5" TCAICTGTGCCAGITGCTGG 3'; EU-PRRSV specific probe FAM EU (5’
CAL 560 CCCAGCGCCAGCAACCTAGGG BHQ1 3'; and US-PRRSV specific probe FAM US

(5" FAM TCCCGGTCCCTTGCCTCTGGA BHQ1 3'). RT-gPCR mixture (20 ul) was based on
QuantiNova™ Probe RT-PCR kit (Qiagen®, Hilden, Germany), 1X Probe RT-PCR Master
Mix, 1X QN Probe RT-Mix, 0.8 uM of each primer, 0.2uM of each probe, 1 pl of cDNA
(0.5 pg), and RNase-free water up to 20 pl. The reaction was carried out in
QuantStudio™ 3 Real-time PCR machine (Thermo-Fisher Scientific, Waltham, MA,
USA).

8.3.9 Pathological examination

Pigs were necropsied at 7 and 35 DPC. Macro- and microscopic lung lesions
were scored according to a previously described methods (Halbur et al., 1995a). For
macroscopic lung lesion, the lungs were given a score to estimate the percentage of
the lung affected by pneumonia. Each lobe was assigned a number to reflex the
approximate percentage of the volume of the entire lung and the percentage
volume from each lobe added to obtain the entire lung score (range from 0 to 100%
of affected lung). Sections were collected from all lung lobes as previously described
(Halbur et al., 1995a). Lung tissues were fixed with 10% neutral buffered formalin for
7 days and routinely processed and embedded in paraffin in an automated tissue
processor. Sections were cut at 5 um and stained with hematoxylin and eosin (H&E).
For microscopic lung lesion analysis, the lung sections were examined in a blinded
manner and given an estimated score of the severity of the interstitial pneumonia.
Briefly, 0 = normal; 1 = mild interstitial pneumonia, 2 = moderate multifocal
interstitial pneumonia, 3 = moderate diffuse interstitial pneumonia, and 4 = severe
diffuse interstitial pneumonia. The mean values of microscopic score of each group

were calculated.
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8.3.10 Statistical analyses

Data from repeated measurements were analyzed using multivariate analysis
of variance (ANOVA). Continuous variables were analyzed for each day by ANOVA to
determine whether there were significant differences between treatment groups for
each day. If the p-value in the ANOVA table was < 0.05, differences between
treatment groups were evaluated by pairwise comparisons using least significant

differences at the P < 0.05 rejection level.
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8.4 Results

8.4.1 Reduced clinical disease following challenge in vaccinated pigs

All vaccinated pigs displayed no clinical abnormalities following vaccination
and rectal temperatures were within the normal physiological range (data not
shown). Following challenge, pigs in all groups displayed the clinical respiratory
disease associated with PRRSV, including fever and dyspnea. Nonvaccinated pigs

displayed more severe clinical diseases than those of the vaccinated pigs.

8.4.2 IM and ID vaccination induced similar antibody response as measured by
ELISA

Regardless of the route of administration, an increased PRRSV-specific
antibody response was first detected at 7 DPV in all vaccinated groups, but the level
was less than the cut-off level (S/P ratio < 0.4) (Figure 14B). Significantly increased
antibody titers, above the cut-off level, were observed in all vaccinated groups from
14 to 35 DPV. The levels were significantly higher in the vaccinated groups than in
the nonvaccinated groups. Following challenge, no increased antibody responses

were observed in any vaccinated groups.

8.4.3 IM and ID vaccination induced similar antibody response as measured by
SN assay

Regardless of the route of vaccination and PRRSV isolates of recall antigen
used, the SN titers of all vaccinated groups were first detected at 21 DPV (Figure
14C-E) and significantly higher (P < 0.05) than those of the nonvaccinated groups
throughout the experiment.

In homologous virus stimulation (Figure 14C), the SN titers of all vaccinated
groups were first detected at 21 DPV and increased from 28 to 35 DPV. Pigs in the
ID/HPPRRSV2 and ID/CoChallenge groups had significantly (P < 0.05) higher SN titers
than those in the IM/HPPRRSV2 and IM/CoChallenge groups at 21 and 28 DPV.

However, the SN titers were not different between vaccinated groups at 35 DPV.
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Following challenge, the SN titers of all vaccinated groups gradually increased. At 7
DPC, the IM/CoChallenge and ID/CoChallenge groups had significantly higher SN titers
than the IM/HPPRRSV2 and ID/CoChallenge groups, but no difference was observed
between vaccinated groups at 14 DPV. However, at 35 DPC, the SN titers of the
IM/HPPRRSV2 and ID/CoChallenge groups were significantly higher than those of the
ID/HPPRRSV2 and IM/CoChallenge groups.

In heterologous PRRSV-1 (ANO6EU4204) stimulation (Figure 14D). the SN titers
of all vaccinated groups were first detected at 21 DPV and increased from 28 to 35
DPV. The IM/HPPRRSV2 group had significantly lower SN titers than the other groups
at 28 and 35 DPV. Following challenge, the SN titers of all vaccinated groups
remained constant from 7 to 14 DPC but slightly increased at 35 DPC. At 7 DPC, the
IM/CoChallenge and ID/CoChallenge groups had significantly higher SN titers than the
IM/HPPRRSV2 and IM/CoChallenge groups, but there was no difference in the SN
titers among the vaccinated groups at 14 DPC. However, at 35 DPC, the IM/HPPRRSV2
and ID/CoChallenge groups had significantly higher SN titers than the ID/HPPRRSV2
and IM/CoChallenge groups.

In heterologous HP-PRRSV-2 (FDT10US23) stimulation the SN titers of all
vaccinated groups were first detected at 21 DPV and increased from 28 to 35 DPV
(Figure 14E). Following challenge, the SN titers of all vaccinated groups were
decreased from 7 to 14 DPC. Increased SN titers were increased in all vaccinated
groups at 35 DPC. The SN titers of the IM/CoChallenge and ID/CoChallenge groups
were significantly higher than those of the IM/HPPRRSV2 and ID/HPPRRSV2 groups at
35 DPC.
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Figure 14 (A) Experimental design showing PRRSV vaccine administration details and
sampling time points. PRRSV-1: (UNISTRAIN® PRRS); MLV: modified-live vaccine;
CCIDsg: 50% of the cell culture infectious dose. Level of PRRSV-specific antibodies
measured by (B) ELISA and serum neutralization (SN) assay after stimulation with (C)
homologous virus (vaccine strain), (D) heterologous PRRSV-1 (AN0O6EU4204) and (E)
heterologous HP-PRRSV-2 (FDT10US23). Values are expressed as the mean + SEM.
Sample-to-positive (S/P) ratios equal to or greater than 0.4 (dashed line) are
considered positive. The results were compared using two-way ANOVA for multiple

comparisons. Different lowercase letters (a-d) indicate significant differences between
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8.4.4 ID vaccination induced lower IL-10 production than IM vaccination

The induction of IL-10 production was different between vaccinated groups in
which delayed response was observed in ID vaccinated pigs (Figure 15A). IL-10 was
observed at 7 DPV in IM vaccinated pigs and increased to the highest level at 21 DPV.
In contrast, IL-10 was observed at 21 DPV in ID vaccinated pigs. All IM vaccinated
groups had significantly higher IL-10 levels than that of ID vaccinated and control
groups at 7 and 14 DPV. There was no difference in IL-10 levels between ID
vaccinated and nonvaccinated groups at 7 and 14 DPV. At 7 and 14 DPV, increased
IL-10 levels were observed only in the IM/HPPRRSV2 and IM/CoChallenge groups,
which had significantly (P < 0.05) higher IL-10 levels (range from 1.78 + 0.4 to 10.42 +
1.2 pg/ml) than the ID/HPPRRSV2 and ID/CoChallenge groups. Then, the IL-10 levels
continuously increased and reached the maximum level (range from 10.34 + 1.7 to
11.45 + 1.3 pg/ml) at 21 DPV without a significant difference among vaccinated
groups. Subsequently, the IL-10 levels of all vaccinated groups continually declined
at 28 and 35 DPV. At 28 and 35 DPV, the IL-10 of the IM/HPPRRSV2 and
IM/CoChallenge groups were statistically (P < 0.05) higher levels (range from 4.35 +
1.0 to 9.74 + 1.4 pg/ml) than those of the ID/HPPRRSV2 and ID/CoChallenge groups
(range from 0 to 6.23 + 1.2 pg/ml), respectively.

8.4.5 ID vaccination induced higher IFN-Y-SC than IM vaccination

Following homologous virus stimulation, IFN-Y-SC were first detected in the ID
vaccinated groups at 28 DPV and continuously increased, reaching the highest levels
at 35 DPV. In contrast, IFN-Y-SC were first detected in the IM vaccinated groups at 35
DPV (Figure 15B). The ID vaccinated groups had significantly more IFN-Y-SC than the
IM vaccinated groups at 28 and 35 DPV. Following challenge, the IFN-Y-SC in the
IM/CoChallenge (155 + 12 and 170 + 16 cells/10° PMBC) and ID/CoChallenge (120 =+
12 and 155 + 15 cells/10° PBMC) groups continually increased and had significantly
higher frequencies than those in the IM/HPPRRSV2 and ID/HPPRRSV2 groups at 7 and

14 DPC, respectively. The IFN-Y-SC of all vaccinated groups were decreased at 35
DPC.
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After stimulation with heterologous PRRSV-1 (AN6EU4204), no IFN-Y-SC were
detected in any vaccinated groups following vaccination (Figure 15C). Following
challenge, significantly more IFN-Y-SC were observed in all vaccinated groups than in
nonvaccinated groups. At 7 DPC, the most IFN-Y-SC (316.67 + 25.49 cells/10° PBMC)
were observed in the ID/CoChallenge group (P < 0.05). Meanwhile, the IFN-Y-SC in
the vaccinated groups were not different at 14 and 35 DPC, except for the

IM/CoChallenge group, which had significantly fewer IFN-Y-SC (26.67 + 6.15 cells/10°
PBMC) than the other vaccinated groups.

Similar to heterologous PRRSV-1 = stimulation, after stimulation with

heterologous HP-PRRSV-2 (FDT10US23), no IFN-Y-SC were detected in any vaccinated

groups following vaccination (Figure 15D). Following challenge, significantly more IFN-
Y-SC were observed in all vaccinated groups than in the nonvaccinated groups. At 7
DPC, the ID/CoChallenge group had the significantly more IFN-Y-SC of 416.67 + 34

cells/10° PBMC than the other vaccinated groups. At 14 DPC, significantly more IFN-Y-
SC were observed in the IM/CoChallenge and ID/CoChallenge groups than in the

IM/HPPRRSV2 and ID/HPPRRSV2 groups. However, there was no difference in IFN-Y-SC

among the vaccinated groups at 35 DPC.
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Figure 15 Analysis of in vitro stimulation. (A) Quantification of porcine IL-10 in the
supernatant of stimulated PBMC with homologous virus (vaccine strain) following
vaccination. (B-D) Evaluation of PRRSV-specific IFN-Y-secreting cells (SC) after
stimulation with (B) homologous virus (vaccine virus), (C) heterologous PRRSV-
1(ANO06EU4204) and (D) heterologous HP-PRRSV-2 (FDT10US23). Values are expressed
as the mean + SEM. The results were compared using two-way ANOVA for multiple
comparisons. Different lowercase letters (a-e) indicate significant differences between

treatment groups (P < 0.05) for each day.
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8.4.6 IM and ID vaccination reduced PRRSV viremia and nasal shedding following
challenge

Following PRRSV-1 MLV vaccination, there was no significant difference in the
amount of PRRSV-1 RNA in the sera of the IM and ID vaccinated groups. PRRSV-1 RNA
was first detected in all vaccinated groups at 14 DPV with lower levels (< 100 copies)
and remained constant until 35 DPV (Figure 16A). Following challenge, PRRSV-1 RNA
was detected in the blood of the IM/CoChallenge, ID/CoChallenge and
NoVac/CoChallenge groups only and rapidly increased, reaching peaks at 7 DPC.
Then, the amount of PRRSV-1 RNA was continually decreased to basal levels from 14
to 35 DPC. At 3 DPC, there was no difference in PRRSV-1 RNA among the groups. The
IM/CoChallenge and ID/CoChallenge groups had significantly less (P < 0.05) PRRSV-1
RNA than the NoVac/CoChallenge group at 7 and 14 DPC. However, there was no
difference in PRRSV-1 RNA among the groups at 35 DPC (Figure 16A).

Following PRRSV-1 MLV vaccination, no HP-PRRSV-2 RNA was detected in the
blood of any of the groups. HP-PRRSV-2 RNA was first detected at 3 DPC and
continually increased and reached peaks at 7 DPC. Then, HP-PRRSV-2 RNA continued
to decrease at 14 DPC and remained at basal at 35 DPC (Figure 16B). The pigs in the
NoVac/CoChallenge group had the highest HP-PRRSV-2 RNA levels of 1,038 + 122 and
493 + 112 copies/ml at 7 and 14 DPC, respectively. At 7 DPC, the IM/HPPRRSV2 and
ID/HPPRRSV2 groups had significantly lower (P < 0.05) HP-PRRSV-2 RNA than the other
groups. At 14 DPC, all vaccinated groups had significantly lower (P < 0.05) HP-PRRSV-2
RNA than the nonvaccinated/challenged groups. There was no difference in HP-
PRRSV-2 RNA among the groups at 35 DPC (Figure 16B).

The IM/CoChallenge and ID/CoChallenge groups had significantly lower (P <
0.05) PRRSV-1 RNA in the nasal swabs than the NoVac/CoChallenge group from 3 to
14 DPC, but no differences were observed at 35 DPC. There were no differences in
PRRSV-1 RNA between the IM/CoChallenge and ID/CoChallenge groups at 3, 7 and 14
DPC (Figure 16C). The genomic copies of HP-PRRSV-2 RNA in nasal swabs were
relatively higher than those of PRRSV-1 RNA but had similar patterns to PRRSV-1 RNA
(Figure 16D). The HP-PRRSV-2 RNA in nasal swabs continually increased in all groups
at 3 DPC and reached the highest levels at 7 DPC. Afterward, the HP-PRRSV-2 RNA
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quickly decreased at 14 DPC and remained at basal levels at 35 DPC. The
ID/HPPRRSV2 group had significantly lower (P < 0.05) HP-PRRSV-2 RNA of 50 + 5 and
201.6 + 12 copies/ml than the other groups at 3 and 7 DPC, respectively. At 14 DPC,
all vaccinated groups had significantly lower (P < 0.05) HP-PRRSV-2 RNA than the
NoVac/HPPRRSV2 and NoVac/CoChallenge groups. There was no difference in HP-
PRRSV-2 RNA in nasal swabs among the groups at 35 DPC. PRRSV RNA, both PRRSV-1
and HP-PRRSV-2, was not detected in the blood and nasal swabs from the

NoVac/NoChallenge group throughout the experiment.
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Figure 16 Mean genomic copy number of PRRSV-1 and HP-PRRSV-2 RNA in the (A-B)

serum and (C-D) nasal swabs of all treatment groups. Values are expressed as the

mean =+

SEM. The results were compared using two-way ANOVA for multiple

comparisons. Different lowercase letters (a-e) indicate significant differences between

treatment groups (P < 0.05) for each day.
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8.4.7 IM and ID vaccination reduced macroscopic and microscopic lung lesions
following challenge

The macroscopic lung lesions induced by PRRSV were characterized by
multifocal, tan-molted areas with irregular and indistinct borders (Figure 17). Pigs in
the NoVac/HPPRRSV2 and NoVac/CoChallenge groups had significantly higher lung
scores of 71.3 + 3.2 and 84.0 + 3.5 than those in the vaccinated challenged groups at
7 DPC. Significantly fewer macroscopic lung lesions were observed in the
ID/HPPRRSV2  and ID/CoChallenge groups than in the IM/HPPRRSVZ and
IM/CoChallenge groups, respectively (Table 12). In addition, the ID/HPPRRSV2 group
had significantly lower macroscopic lung lesion scores of 27.3 + 2.4 than the other
groups. There was no difference in macroscopic lung lesion scores among the groups
at 35 DPC.

The microscopic lung  lesions associated with PRRSV infection were
characterized by thickened alveolar septa with increased numbers of interstitial
macrophages and lymphocytes and by type Il pneumocyte hyperplasia (Figure 18).
Microscopic lung lesion scores were concordant with the macroscopic lung lesion
scores. All vaccinated groups, regardless to the route of administration, had
significantly lower microscopic lung lesion scores than the nonvaccinated/challenged
groups (Table 12). Pigs in the ID/HPPRRSV2 and ID/CoChallenge groups had
significantly lower microscopic lung lesion scores of 1.33 + 0.14 and 1.51 + 0.11 than
those in the IM/HPPRRSV2 and NoVac/HPPRRSVZ2 groups of 2.38 + 0.11 and 2.37 +
0.07 at 7 DPC. There were no microscopic lung lesions in the groups at 35 DPC

(Supplementary Information).
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Figure 17 Macroscopic lung lesions following challenge at 7 DPC of the (A)
nonvaccinated/challenged, (B) IM vaccinated pigs, (C) ID vaccinated pigs and (D)

nonvaccinated/nonchallenge pigs.



Figure 18 Microscopic lung lesions following challenge of the (A)
nonvaccinated/challenged, (B) IM vaccinated pigs, (C) ID vaccinated pigs and (D)

nonvaccinated/nonchallenge pigs. H&E staining. Bar =100 pm.
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Table 12 Macro- and microscopic lung lesion scores following challenge. Values
expressed as mean + SEM. The results were compared using two-way ANOVA for
multiple comparisons. Different lowercase letters (a-e) indicate significant differences

between treatment groups (P < 0.05) for each day post-challenge (DPC).

Treatment groups  Macroscopic scores Microscopic scores
7 DPC 35 DPC 7 DPC 35 DPC

IM/HPPRRSV2 58.0 + 2.0 0+0 162+011° 0+0
ID/HPPRRSV2 27.3 + 2.4° 0+0 1.33 + 0.14° 0+0
NoVac/HPPRRSV2 713 +3.2° 20+ 1.0 238+0.119 0=+0
IM/CoChallenge 62.3 + 2.4° 20+ 03 1.88 + 0.06" 0+0
ID/CoChallenge 41.0 + 7.0¢ 1.0+ 0.3 1.51 +0.10° 0+0
NoVac/CoChallenge 84.0 + 3.59 20+ 1.0 2370077 0+0

NoVac/NoChallenge 0 + 0° 0+0 0=+ 07 0+0
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8.5 Discussion and Conclusion

The present study was conducted to investigate the immune response and
IL-10 production of pigs vaccinated IM or ID with PRRSV-1 MLV. The protective
efficacy was evaluated upon challenge with HP-PRRSV-2 either alone or in
combination with PRRSV-1. It was demonstrated that pigs vaccinated, either IM or ID,
induce a similar patterns of antibody response as measured by ELISA and SN assays.

The discrepancy is observed in cell mediated immune (CMI) response in which ID

vaccinated pigs had significantly lower IL-10 levels and higher IFN-Y-SC levels than
that of IM-vaccinated pigs. Following challenge with HP-PRRSV-2, either alone or
cochallenge with PRRSV-1, PRRSV viremia and lung lesions, both macroscopically and
microscopically, were significantly reduced in vaccinated pigs than that of
nonvaccinated pigs, regardless to the route of vaccine administration. It is notably
that ID vaccinated pigs had significantly lower levels of viremia and lung lesion scores
than that of IM vaccinated pigs.

Recently, new routes of vaccine administration including an ID administration
through needle-free devices have intensively been studies to improve the efficacy of
vaccines. Needle-free device have been used as advantageous methods to cross the
epidermal barrier and efficiently deliver antigens into the dermal layer (Giudice and
Campbell, 2006), requiring a smaller volume of fluid than the more conventional IM
route (Giudice and Campbell, 2006). The most important advantages of the ID
administration by a needle-less device are that it is less invasive, painless, safe, quick
and easy. Furthermore, the ID administration could induce a stronger CMI response
compared to that of the IM administration. The superior efficacy of the ID
vaccination, regarding to the induction of the immune response, was demonstrated
in a previous report in which the ID vaccination delivered by a needle-free device
can prime a stronger specific immune response, both humoral and CMI, against
Aujeszky’s disease compared to that of induced by the IM vaccination (Ferrari et al,,
2011).

Regarding to CMI response, delivery through the intradermal route could

induce T cell polarization through the Th1l pathway, favoring the induction of IFN-Y.
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This phenomenon was evident in the present study. ID vaccinated pigs had a

significantly higher level of PRRSV-specific IFN-Y-SC than that of IM vaccinated pigs.
The observed results are in accordance with previous reports in which ID vaccinated
pigs induce relatively more IFN-Y-SC than IM-vaccinated pigs (Ferrari et al.,, 2013;
Martelli et al., 2009). One factor likely contributing to this finding is the presence of
skin-resident immune cells able to sufficiently capture antigens directly from the skin.
The skin is rich in professional antigen presenting cells (APC), including epidermal
Langerhans cells (LC) and dermal dendritic cells, which are known to migrate to
draining lymph nodes and trigger immune responses (Combadiere and Liard, 2011).

Another possibility of higher IFN-Y-SC in ID vaccinated pigs than IM vaccinated
pigs could be due to the lower IL-10 levels. Our results demonstrated that the IL-10
production was delayed, and the level was significantly lower in ID vaccinated pigs
than in IM vaccinated pigs in the early phase following vaccination. The results are in
agreement with a previous report in which vaccinated pigs, both IM and ID, can
induce IL-10 production, but ID vaccinated pigs induced relatively lower IL-10 levels
compared to that of IM vaccinated pigs (Ferrari et al., 2013). However, the delivery
of antigen through the intradermal route could target dendritic cells. IL-10 is a
cytokine of the Th2 response. The delivery through this route could induce T cell
polarization through the Thl pathway, favoring other cytokines that act against Th2
(Tesfaye et al, 2019). However, the mechanisms of IL-10 induction following
vaccination by the IM and ID routes are not understood.

IL-10 is a cytokine with multiple effects on immunoregulation and
inflammation. It functions in T cell polarization by downregulating the expression of
Th1 cytokines, including IL-12 and IFN-Y, MHC class Il antigens, and costimulatory
molecules on macrophages. IL-10 also enhances B cell survival, proliferation, and
antibody production. Additionally, IL-10 has a central role in limiting pathogen-
induced immunopathology and is associated with the induction of tolerance and
regulatory T lymphocytes (Treg) (LeRoith et al., 2011). The exploitation of IL-10
appear to be a common mechanism of immunosuppression by intracellular

pathogens that specifically target macrophages for infection. Considering the
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restricted tissue tropism of PRRSV, it is conceivable that PRRSV used IL-10 to
suppressing the host immune response. In PRRSV infection, either by natural infection
of MLV vaccination, increased IL-10 production was observed in both in vitro and in
vivo (Flores-Mendoza et al., 2008). These undesired outcomes potentially resulted in
the slow induction of effective immunity, the failure of other vaccines and increased
susceptibility to secondary infection by the other pathogens, causing porcine
respiratory disease complex. In PRRSV infection, IL-10 is also related to the severity of
clinical diseases (van Reeth and Nauwynck, 2000)

With respect to the humoral immune response, the results of the present
study demonstrated that the induction of the humoral immune response against
PRRSV was not different between IM- and ID-vaccinated pigs. The results
demonstrated no difference in the induction of the humoral immune response as
measured by ELISA between IM- and ID-vaccinated pigs and are in agreement with
previous studies (Ferrari et al., 2013).

The results of the study demonstrated that pigs vaccinated ID or IM with
PRRSV-1 MLV (UNISTRAIN® PRRS) conferred partial heterologous protection against
HP-PRRSV-2, either alone or in combination with PRRSV-1. The findings reported
herein are in agreement with previous reports (Bonckaert et al., 2016; Roca et al,,
2012). Based on a single challenge with either virulent PRRSV-1 (Lena) (Bonckaert et
al, 2016) or HP-PRRSV-2 (Roca et al, 2012), PRRSV-1 MLV (UNISTRAIN® PRRS),
administered through the IM route, can confer a partial protection as evidenced by
reduced viremia. The mechanism of partial cross protection of the PRRSV-1 MLV
against heterologous PRRSV-2 is not known but might be due to the induction of
cross neutralizing reactivity against heterologous HP-PRRSV-2. This was observed by
increased SN titers against HP-PRRSV-2 in the vaccinated pigs in the present study. In
addition, different type of PRRSV-1 MLV could potentially have various activities
against PRRSV-2. A previous report comparing the efficacy of 2 different PRRSV-1 MLV
vaccines demonstrated that one PRRSV-1 MLV had low protection against HP-PRRSV-
2 (Madapong et al,, 2020). However, further investigations are needed to be

performed.
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Genetic similarity between the vaccine and field virus is not a good indicator
of the protective efficacy provided by a PRRSV MLV vaccine (Opriessnig et al., 2002).
The protective efficacy of a PRRSV MLV is usually determined by the reduction in
viremia and lung lesions following challenge with virulent viruses (Labarque et al,
2003). PRRSV viremia plays a central role to its pathogenesis. High PRRSV in serum
associated with the development of interstitial pneumonic lung lesions (Han et al,,
2013). Therefore, vaccine mediated reduction of PRRSV viremia is critical for
controlling the infection pigs. Our results are in accordance with previous studies on
the efficacy of PRRSV MLV vaccination showing that all vaccine species provide
partial protection against challenge with heterologous PRRSV strains with a wide
range of protection (Bonckaert et al., 2016; Ferrari et al,, 2013; Martelli et al., 2009;
Roca et al,, 2012). Notably, ID vaccinated pigs had significantly lower macroscopic
and microscopic lung lesion scores than IM-vaccinated pigs. This finding could be

because the ID route induce a strong cell-mediated immune response as evidenced

by the number of IFN-Y-SC.

In conclusion, the results of the study suggested that PRRSV-1 MLV
administered by either IM or ID can provide partial heterologous protection against
challenge with HP-PRRSV-2, either alone or in conjunction with PRRSV-1, as
demonstrated by reduced lung lesions and viremia. The ID route might represent an

alternative to improve vaccine efficacy, as it induced lower IL-10 levels and more

IFN-Y-SC.
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CHAPTER 9
GENERAL CONCLUSION

Based on the phylogenetic analysis of Thai PRRSV isolates in 2001-2017
demonstrated that Thai PRRSV isolates, both PRRSV-1 and PRRSV-2, develop their
own clusters. The subtype 1, clad A was a dominant strain of Thai PRRSV-1.
Meanwhile, the sublineage 8.7/HP-PRRSV-2 was a dominant strain of Thai PRRSV-2. In
Thailand, a retrospective serological study found that PRRSV had been circulating in
Thai swine herds as early as 1989 and both PRRSV species showed co-circulate in
Thai swine herds since 2001 (Thanawongnuwech et al., 2004). According to previous
study, Thai PRRSV-1 isolates in clade A were closely related to each other and had
more highly homologous to the Lelystad virus and PRRSV-1 MLV-like virus (Porcilis®
PRRS) with nucleotide and amino acid sequence similarities of 97.8-98.5% and 96.5-
99.0%, respectively (Nilubol et al,, 2013; Stadejek et al., 2008). The Thai PRRSV-1
isolates in clade D were closely related to PRRSV-1 MLV-like virus (Amervac® PRRS)
that were first detected in 2008 even though this vaccine has been available in 2004.
The Thai PRRSV-1 isolates in clade H were closely related to Spanish PRRSV-like and
Belgium PRRSV-like, which were detected in 2010-2013.

The Thai PRRSV-2 isolates are grouped into 3 lineages: 1, 5 and 8. The Thai
PRRSV-2 isolates in lineage 1 were closely related to the Canadian isolates that might
be introduced into Thai swine herds around 1990s (Tun et al., 2011). The Thai PRRSV-
2 isolates in lineage 5 were closely related to PRRSV-2 MLV-like virus (Ingelvac® PRRS
MLV). Meanwhile, the Thai PRRSV-2 isolates in the lineage 8 are divided into 2 huge
groups: Classical and HP-PRRSV-2 (Shi et al., 2010b). The HP-PRRSV-2, in particular
JXA-1 like viruses, was emerged in China in 2006 and subsequently spread to
neighboring countries including Vietnam, Cambodia and Laos (Tian et al., 2007). Then,
the HP-PRRSV-2 was detected in swine herds in Thailand, Myanmar, Philippines and
Singapore, and caused an outbreak in these countries (An et al,, 2011; Feng et al,,
2008; Nilubol et al., 2012). In Thailand, the first epidemic outbreak of HP-PRRSV-2
initiated in August 2010 and may have been introduced through the illegal transport

of infected materials from bordering countries, especially form Vietnam to Thailand
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thorough Laos (Nilubol et al.,, 2012). Our results demonstrate that HP-PRRSV-2 are
circulated and endemic in those regions of Thailand since its emergence. Almost all
HP-PRRSV-2 isolates were in sublineage 8.7/HP-PRRSV-2 and closely related to the
JXA1-like and 09HEN1-like viruses that are predominantly circulated in Southeast Asia
(Nilubol et al.,, 2012; Shi et al,, 2010b). In conclusion, both PRRSV species have
evolved continuously and developed clusters that are genetically separated form
that of the other countries. The introduction of new isolates could be diverse the
genetic variation of PRRSV, especially for the PRRSV-2. However, the mechanisms of
genetic diversity and evolution analyses of both PRRSV species in Thailand are under
investigation.

The present study demonstrates differences in pathogenicity following
infection with single Thai PRRSV-1 and PRRSV-2 (HP-PRRSV-2) isolates or in co-
challenge with both PRRSV species in experimental pigs. The infection of Thai PRRSV-
1, ANO6EU4204, induce relatively lower respiratory clinical disease, viremia and lung
lesions than that of the FDT10US23 isolate inoculation. In addition, the co-infection
of both Thai PRRSV specie, ANO6EU4204 and FDT10US23, induce more severity in
terms of respiratory clinical sings, viral load in blood, increased of the lung lesion
scores and viral antigen in tissues, than that of the infection with either PRRSV-1 or
PRRSV-2 alone. The more virulent PRRSV isolate replicates faster and able to induce
more severe interstitial pneumonia than less virulent isolate regardless of its species
(Halbur et al.,, 1995a; Halbur et al., 1996b). Therefore, microscopic pulmonary lesion
scores and virus distribution in the lungs are the most important criteria for
determining the virulence of PRRSV isolate. In the present study showed that pigs
infected with Thai field HP-PRRSV-2, FDT10US23 isolate, had more higher lung lesions
and PRRSV-antigens than did the pigs infected with PRRSV-1, ANO6EU4204. These
results suggest that Thai PRRSV isolates have different virulence based on the macro-
and microscopic lung lesion scores and PRRSV-antigen in lung tissues, and the
FDT10US23 isolate may be more virulent than the ANO6EU4204 isolate.

Since the co-existence of both PRRSV species is endemic in several swine
producing regions including Thailand. The results of the present study provide the

pathogenicity of either single PRRSV infection or concurrent infection of both PRRSV
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species. The co-infection caused more severe clinical sings, increased viremia, and
induction of lung lesions rather by single infection with either PRRSV-1 or PRRSV-2
(HP-PRRS) alone. The difference of these pathogenicity with different PRRSV isolates
could help to explain the variability observed in the field outbreaks of PRRS.

In chapter 6, we compared the efficacy of six different PRRSV MLV in the
induction of antibody responses in PRRSV-free pigs. All six PRRSV MLV rapidly induced
antibody responses as measured by ELISA. The antibody responses were detected as
early as 7-14 DPV in all PRRSV MLV-specie-dependent manner. The antibody levels in
all vaccinated groups were similar at 21 DPV. In summary, there was no difference in
the antibody responses as measured by ELISA for any of the PRRSV MLV. The results
of the present study suggest that the specie of PRRSV MLV is not the key factor in
the induction of immunity, but the specific virus isolate used for the vaccines might
play an important role. Moreover, it is notable that the antibody detection in the
present study was performed using IDEXX ELISA, which can simultaneously detect
specific antibodies against PRRSV-1 and PRRSV-2 infections. However, these findings
may not be applicable when using other diagnostic kits.

Our finding of differences in SN responses was not surprising. PRRSV isolates
differed in their susceptibility to neutralization (Martinez-Lobo et al.,, 2011), and the
mechanisms associated with this susceptibility remain poorly characterized, although
the influence of N-linked slycosylation in decoy epitope regions could be one key
factor (Nilubol et al, 2013, 2014; Plagemann et al, 2002). A previous study
demonstrated that a heterologous response could be higher or lower (Ferrari et al,,
2013), depending on the isolates that were used in the assay.

In addition to their ability to induce an immune response, the shedding
patterns of the vaccine viruses were investigated using three different measurements,
including the duration of viremia, the detection of viral RNA in tonsils, and infection
of sentinel pigs. After vaccination, we detected a difference in the shedding patterns
between PRRSV MLV. These findings suggested that the viremic phase of PRRSV MLV
vaccination was associated with the virus isolate used in the vaccine, not the specie
of PRRSV. In conclusion, based on the induction of humoral immune responses, all

PRRSV MLV yield a similar response pattern. Measurement of antibody response by
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ELISA is quick, but the response measured using SN assay is delayed and isolate
specific. However, the shedding pattern of a vaccine virus is influenced by the isolate
that is used to manufacture the vaccine. The criteria for PRRSV MLV selection should
be based on the shorter duration of vaccine virus shedding and the broader response
against heterologous virus.

In chapter 7, we conducted to investigate CMI, IL-10 levels and protective
efficacy of PRRSV-1 and PRRSV-2 MLV against co-challenge with PRRSV-1 and PRRSV-2
(HP-PRRSV). Following PRRSV MLV vaccination, regardless of MLV specie, the

induction of CMI against PRRSV as measured by lymphocyte proliferative response

and IFN-Y-PC against homologous stimulation was relatively delayed and low in
magnitude. Additionally, the magnitude of the response was not different between
vaccination groups. Although there was no difference in CMI, IL-10 was different
between vaccination groups. Regardless of PRRSV MLV specie, increased IL-10
production was observed in all vaccination groups after vaccination. The magnitude
of the increase in IL-10 level is not specie-related but rather is influenced by the
virus isolate used to manufacture the vaccine. The results of reduced viremia and
lung lesions suggest that protective efficacy against co-challenge with PRRSV-1 and
PRRSV-2 (HP-PRRSV) is not specie-related but rather is influenced by the virus isolate
used to manufacture the vaccine. we suggest that all PRRSV MLV are relatively similar
in their protective efficacy against concurrent heterologous PRRSV-1 and PRRSV-2 (HP-
PRRSV) challenge. The use of either PRRSV-1 or PRRSV-2 MLV to control PRRS in
herds co-infected with both PRRSV species would provide some level of protection
against heterologous PRRSV infection. Other control strategies will enhance a
successful PRRSV control program.

Although CMI against either PRRSV MLV or field infection has been intensively
studied (Diaz et al., 2005; Ferrari et al., 2013; Kim et al.,, 2015; Park et al., 2014; van
Woensel et al., 1998b; Zuckermann et al, 2007), no study has performed a
comparative study between them. Our findings of the present study suggest that all
commercial PRRSV MLV induce a relative slow CMI response, regardless of vaccine

specie. Such responses are directed toward homologous stimulation. Our results
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agree with those of previous studies suggesting that viral recognition is also directed

against antigens of genetically divergent virus isolates regardless of the vaccine specie

(Ferrari et al,, 2013). In addition, a cellular immune response such as IFN-Y-PC
depends on the virus isolate used for in vitro stimulation, and different PRRSV
isolates can interact differently to stimulate immune cells (Correas et al., 2017; Diaz
et al., 2006). Here, we demonstrated that the patterns of IL-10 levels following PRRSV
MLV vaccination were different regardless of PRRSV MLV specie but were rather
influenced by the PRRSV isolate used to manufacture the vaccine (Diaz et al., 2006).
These varying IL-10 levels may be due to the different virus isolates used in vaccine
production or in vitro stimulation (Darwich et al., 2010; Diaz et al., 2006; Silva-Campa
et al,, 2010; Silva-Campa et al., 2009; Subramaniam et al., 2011) and support the
conclusion that all PRRSV MLV can induce IL-10 upregulation, thus resembling a
natural PRRSV infection (Suradhat and Thanawongnuwech, 2003). Our findings can be
used as one of several criteria to select a vaccine to use for PRRSV control. A higher
level of IL-10 can potentially induce more adverse effects following vaccination with
PRRSV MLV. It is noteworthy that, regarding to the CMI response in the present study,
we only investigated the dynamic change of immune cells against different PRRSV
MLV vaccines using the lymphocyte proliferative assay. Our findings illustrated
variations observed in the proliferative indices between PRRSV MLV vaccines.
Although the CMI response as measured by the lymphocyte proliferative assay
between vaccinated groups were difference, the degree of clinical protection after
PRRSV infection was similar. The results suggested that CMI might not fit as
immunological correlation for PRRSV protection. In agreement with our findings,
previous studies found that the protection against PRRSV infection does not correlate
with CMI response (Li et al., 2014a; Xiao et al.,, 2004). Unfortunately, the defined
immune cell subpopulations involved in the different CMI response between PRRSV
MLV vaccines in the present study are not fully characterize due to the limitation of
cell-specific antibodies. Additional studies to measure subpopulations of immune
cells secreting cytokines against PRRSV MLV vaccines are needed for further

investigation.
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Genetic similarity between the vaccine and field virus is not a good indicator
of the protective efficacy provided by a PRRSV MLV vaccine (Opriessnig et al., 2002).
The protective efficacy of a PRRSV MLV is usually determined by the reduction in
viremia and lung lesions following challenge with field viruses (Labarque et al., 2003;
van Woensel et al.,, 1998a). Our results are in agreement with those of a previous
single challenge study that demonstrated partial cross-protection by PRRSV MLV
(Jeong et al,, 2016; Kim et al., 2015; Kristensen et al., 2018; Martelli et al., 2009; Park
et al,, 2015; Park et al,, 2014; Roca et al,, 2012). In conclusion, all commercially
available PRRSV MLV are capable of inducing relatively low and delayed CMI
response. Differences in IL-10 responses post vaccination were noted between the
different vaccines. Vaccination with PRRS MLV will reduce viremia and lung lesions
after heterologous PRRSV challenge regardless of vaccine specie.

In chapter 8, we conducted to investigate the immune response and IL-10
production of pigs vaccinated IM or ID with PRRSV-1 MLV. The protective efficacy was
evaluated upon challenge with HP-PRRSV-2 either alone or in combination with
PRRSV-1. It was demonstrated that pigs vaccinated, either IM or ID, induce similar
patterns of antibody response as measured by IDEXX ELISA and SN assays. The

discrepancy is observed in cell mediated immune (CMI) response in which ID

vaccinated pigs had significantly lower IL-10 levels and higher IFN-Y-SC levels than
that of IM-vaccinated pigs. Following challenge with HP-PRRSV-2, either alone or co-
challenge with PRRSV-1, PRRSV viremia and lung lesions, both macroscopically and
microscopically, were significantly reduced in vaccinated pigs than that of
nonvaccinated pigs, regardless to the route of vaccine administration. It is notably
that ID vaccinated pigs had significantly lower levels of viremia and lung lesion scores
than that of IM vaccinated pisgs.

Recently, the ID administration through needle-free devices have intensively
been studies to improve the efficacy of vaccines. Needle-free device have been used
as advantageous methods to cross the epidermal barrier and efficiently deliver
antigens into the dermal layer (Giudice and Campbell, 2006), requiring a smaller

volume of fluid than the more conventional IM route (Giudice and Campbell, 2006).
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The most important advantages of the ID vaccination are that it is less invasive,
painless, safe, quick and easy. Furthermore, this administration could induce a
stronger CMI response. The advantages of the ID vaccination, regarding to the
induction of the immune response, was demonstrated in a previous report in which
the ID vaccination delivered by a needle-free device can prime a stronger specific
immune response, both humoral and CMI, against Aujeszky’s disease compared to
that of induced by the IM vaccination (Ferrari et al., 2011).

Regarding to CMI response, delivery through the intradermal route could
induce T cell polarization through the Thl pathway, favoring the induction of IFN-Y.
This phenomenon was evident in the present study. ID vaccinated pigs had a
significantly higher level of PRRSV-specific IFN-Y-SC than that of IM vaccinated pigs.

The observed results are in accordance with previous reports in which ID vaccinated

pigs induce relatively more IFN-Y-SC than IM-vaccinated pigs (Ferrari et al., 2013;
Martelli et al., 2009). One factor likely contributing to this finding is the presence of
skin-resident immune cells able to sufficiently capture antigens directly from the skin,
which are known to migrate to draining lymph nodes and activate immune responses

(Combadiere and Liard, 2011).

Another possibility of higher IFN-Y-SC in ID vaccinated pigs than IM vaccinated
pigs could be due to the lower IL-10 levels. The delivery through this route could
induce T cell polarization through the Th1 pathway, favoring other cytokines that act
against Th2 (Tesfaye et al,, 2019). However, the mechanisms of IL-10 induction
following vaccination by the IM and ID routes are not understood. With respect to
the humoral immune response, the results of the present study demonstrated that
the induction of the humoral immune response against PRRSV was not different
between IM- and ID-vaccinated pigs and are in agreement with previous studies
(Ferrari et al., 2013).

The results of the study demonstrated that pigs vaccinated ID or IM with
PRRSV-1 MLV (UNISTRAIN® PRRS) conferred partial heterologous protection against
HP-PRRSV-2, either alone or in combination with PRRSV-1. The findings reported

herein are in agreement with previous studies (Bonckaert et al., 2016; Roca et al,,



126

2012). Based on a single challenge with either virulent PRRSV-1 (Lena) (Bonckaert et
al, 2016) or HP-PRRSV-2 (Roca et al, 2012), PRRSV-1 MLV (UNISTRAIN® PRRS),
administered through the IM route, can confer a partial protection as evidenced by
reduced viremia. The mechanism of partial cross protection of the PRRSV-1 MLV
against heterologous PRRSV-2 is not known but might be due to the induction of
cross neutralizing reactivity against heterologous HP-PRRSV-2. This was observed by
increased SN titers against HP-PRRSV-2 in the vaccinated pigs in the present study. In
addition, different type of PRRSV-1 MLV could potentially have various activities
against PRRSV-2. A previous report comparing the efficacy of 2 different PRRSV-1 MLV
vaccines demonstrated that one PRRSV-1 MLV had low protection against HP-PRRSV-
2 (Madapong et al, 2020). However, further investigations are needed to be
performed.

Genetic similarity between the vaccine and field virus is not a good indicator
of the protective efficacy provided by a PRRSV MLV vaccine (Opriessnig et al., 2002).
The protective efficacy of a PRRSV MLV is usually determined by the reduction in
viremia and lung lesions following challenge with virulent viruses (Labarque et al,,
2003). PRRSV viremia plays a central role to its pathogenesis. High PRRSV in blood
associated with the development of lung lesions (Han et al,, 2013). Therefore,
vaccine mediated reduction of PRRSV viremia is critical for controlling the infection in
pigs. Our results agree with previous studies on the efficacy of PRRSV MLV
vaccination showing that all vaccine species provide partial protection against
challenge with heterologous PRRSV strains with a wide range of protection (Bonckaert
et al, 2016; Ferrari et al,, 2013; Martelli et al,, 2009; Roca et al.,, 2012). Notably, ID
vaccinated pigs had significantly lower lung lesions than IM-vaccinated pigs. This

finding could be because the ID route induce a strong cell-mediated immune

response as evidenced by the number of IFN-Y-SC.
In conclusion of chapter 8, we suggested that PRRSV-1 MLV administered by
either IM or ID provide partial heterologous protection against challenge with HP-

PRRSV-2, either alone or in conjunction with PRRSV-1, as demonstrated by reduced
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lung lesions and viremia. The ID route might represent an alternative to improve

vaccine efficacy, as it induced lower IL-10 levels and more IFN-Y-SC.
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Abstract The antibody response and pattern of shedding
of vaccine virus following vaccination with modified live
genotype T or II porcine reproductive and respiratory syn-
drome virus (PRRSV) vaccines (MLVs) were investigated.
Ninety PRRSV-free pigs were divided mandomly seven,
groups including the NEG, EUL, EU2, US1, US2, US3 and
US4 groups. The NEG group was unvaccinated. The EUL,
EU2, USI, US2, US3 and US4 groups were vaccinated
with the following MLVs: AMERVAC™ PRRS, Forcillis™
PRRS, Fostera” ™ PRRS, Ingelvac” PRRS MLV, Ingelvac™
PRRS ATP, and PrimePac™ PRRS+ | respectively. Sera
were quantitatively assayed for viral RNA wsing gPCR.
Antibody responses were measured using Idexx ELISA and
serum neutralization (SN). Shedding of vaccine virus was
investigated using sentinel pigs and by detection of viral
RNA in tonsil scrapings. Antibody responses were detected
by ELISA at 7-14 days post-vaccination (DPV) and per-
sisted at high titers until 84 DPV in all MLV groups. The
SN titers were delayed and isolate-specific. SN titers were
higher for the homologous virus than for heterologous

viruses. Age-matched sentinel pigs introduced into the
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EU2, US2 and US3 groups at 60 DPV seroconverted. In
contrast, sentinel pigs introduced at 84 DPV remained
negative in all of the MLV groups. Vaccine viral RNA was
detected i tonsil serapings from the EU2, US2 and US3
groups at §4-90 DPV. No virl RNA was detected beyond
70 DPV in the EUL, US1 and US4 groups. In conclusion,
all MLV genotypes induced rapid antibody responses,
which were measured using ELISA. The development of
SN antibodies was delayed and isolate-specific. However,
the shedding pattern was variable and depended on the by
virus isolate used to manufacture the vaccine.

Introduction

Porcine reproductive and respiratory syndrome (PRRS) has
caused severe cconomic damage to the swine industry
worldwide since its emergence in the late 1980s [1]. This
syndrome is charmacterized by reproductive disorders in
sows, including abortion, reduced numbers of weaned pigs
due o an merease in the number of stillborn pigs, mum-
mified fetuses, and weakness, and respiratory disorders in
pigs from nursery to f 2.

Because of the economic losses caused by PRRSV
outbreaks, various types of PRRSV vaccines have been
developed and implemented on pig farms with varying
degrees of succe:
the replication of live immunogen in pigs to be a crucial
requirement for genemting robust protective immunity
against PRRSV infection [2, 3]. Therefore, a modified-live
vaccine (MLV) rather than a killed or subunit vaccine has
been deemed to be the most efficacious type of vaccine
against PRRSV infection to date and has been employed
regularly in both experimental and field-scalke tnals since
its first introduction in 1994,

Several vaccination trials have shown
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Currently, various types of MLV vaccines, including
genotypes 1 and 1, are commercially available. In regions
where a single infection with either genotype 1 or II has
been reported. MLV targeting the circulating genotype
should be used. However, in co-infected herds, which
genotype of PRRSV MLV should be used to successfully
control the discase is less obvious. Critenia for vaccine
sclection could be the induction of immune responses and
the shedding pattern of the vaccine virus. The induction of
immune responses following MLV administration may
vary according to the virus isolate used to produce the
vaccine [2, 4]. Occasionally, vaccination with genotype 11
MLV can yield undesired outcomes, suwch as delayed
immune responses, low potency of humoral or cell-medi-
ated immune activation, the induction of regulatory IL-10
and/or T-cells (Tr...), the suppression of pro-inflammatory
cytokine production, and a reduced level of type I {x/f) and
type II (y) interferon. These undesired outcomes could
potentially lead to reduced protective efficiency of a vac-
cine or, in the worst case, to increased susceptibility to
infection by other pathogens [5]. In addition, the safety of
MLV of all genotypes remains doubtful because the per-
sistence of MLV, the development of viremia, ransmission
of a vaccine to non-vaccinated pigs, and clinical signs in
vaccinated pigs have been documented following vacci-
nation [6]. Therefore, this study aimed to evaluate the
induction of humoral immune responses and viral vaccine
shedding following vaccination with either genotype Tor 1T
MLV. In the present study, the induction of antbody
responses and shedding patterns of six different MLVs
were compared.

Materials and methods
Ethics statement

All animal procedures were conducted in accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Research Council of
Thailand according to protocols approved by the Chula-
longkorn University IACUC.

Experimental design

A cohort of 90 seven- to eight-week-old castrated male
PRRSV-free pigs were mndomly assigned based on a
stratification by weight into the following seven treatment
groups: NEG, EUL, EU2, US1, US2, US3 and US4, Groups
of pigs were housed in separate rooms with separate air
spaces (Table 1), The NEG group included 30 pigs that
were left unvaccinated. Pigs in the EUL and EU2 groups
were vaccinated intramuscularly with AMERVAC™ PRRS
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and Porcillis™ PRRS, respectively, which are both PRRSV
genotype I MLVs. The USI, US2, US3 and US4 groups
were vaccinated inramuscularly with Fostera™ PRRS,
Ingelvac™ PRRS MLV, Ingelvac™ PRRS ATP and Prime-
Pac™ PRRS+ ., respectively, which are all PRRSV
genotype II MLVs. The dosage and route of administration
were in accordance with the respective manufacturer’s
directions.

Following vaccination, all groups were monitored for
changes in physical condition and were scored for clinical
respiratory disease. Blood samples were collected at (), 3, 5,
7,14, 21, 28, 35,42 and 84 days post-vaccination (DPV).
Sera were separated from blood samples and assayed for
the presence of antibody using ELISA and a serum neu-
tralization (SN) assay against both homologous and
heterologous isolates. The viral load in serum was mea-
sured using real-time guantitaive PCR (gPCR). Tonsil
scraping samples were collected at 60, 70, 84 and 90 DPV
and assayed for the presence of viral RNA by RT-PCR.
Individual pigs were restrained using a snare, and samples
were then collected by scraping the palatine tonsil with an
clongated spoon. Scraping were mixed with 1 ml of
DMEM supplemented with 50 pg of gentamicin per ml and
filtered through a 0.22-pm nitrocellulose membrane. Fil-
trates were then stored at -80 °C for later use.

Vaccines and viruses

Homologous and heterologous viruses were used to per-
form a serum neutralizing (SN) assay. Homologous virus
refers to a vaccine isolate. To retrieve homologous virus,
each vaccine (except Fostera™ PRRS) was re-constituted
in DMEM media. Then, the vius was propagated in
ibed method [7].
Virus was harvested by a cycle of freczing and thawing.
Supematant containing the virus was stored at -80 °C

MARC-145 cells using a previously de:

before subsequent use. Because of the inability of the
Fostera™ PRRS vaccine virus to be generated using
MARC-145 cells, the homologous virus used to generate to
Fostera™ PRRS was a virus that was isolated from pigs
that were previously vaccinated with Fostera™ PRRS.
Heterologous viruses refer to the SB_EUO2 and ST_US02
isolates, which are Thai PRRSV genotype T and IT field
isolates. SB_EUN2 and ST_USO2 were isolated from farms
experiencing PRRS outbreaks.

Clinical evaluation

Rectal temperature was recorded daily for two consecu-
tive weeks by the same personnel at the same time. The
seventy of clinical respiratory disease was evaluated daily
for two consecutive weeks following vaccination, and on
a weekly basis for 2 more weeks using a scoring system
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Fig. 1 Mean values of the
genomic copy number of 6000
PRESV ENA in serum of the

NEG (=f=), EU1 { ), EU2

(), US o), US2 —
(). US3 (=) and US4
(=gr=) groups. Variation is
expressed as the standard
deviation. Different letters in
superscript indicate a
statisticall y signi ficant
difference (p < 0.05) between
groups

PRRSV genomic copies/ml
g

Statistical analysis

Data from repeated measurements were analyzed using
multivariate analysis of varance (ANOVA). Continuous
varighles were analyzed for ecach day by ANOVA 1o
determine  whether there were  significant  differences
between treatment groups. If the p-value in the ANOVA
table was = 0,05, differences between treatment groups
were evaluated by pairwise comparisons using least sig-
nificant differences at the p = 0.05 rejection level.

Results
Rectal temperature and clinical observations

The rectal temperatures of the pigs in the control group and
all vaccinated groups were within normal physiological
ranges throughout the experimental period. None of the
pigs in any of the groups displayed any clinical respiratory
disease throughout the study except for those in the EU2
and US3 group. There were 5/10, 3/10 and 6/10 of pigs in
the EU2, US2 and US3 groups, respectively, that showed
respimatory signs at 20 DPV. At 21 DPV, all pigs in the
EU2 group were injected once inramuscularly with tra-
thromyein. At 28 DPV, all pigs in the EU2, US] and US2
groups were in-feed medicated with amoxy
300 ppm for 7 consceutive days. There was one pig in the
US3 group that died at 35 DPV, and the necropsy revealed
paleness of skin and gastric ulceration. PCR results from
organ samples, including lung, bronchial and mesenteric
lymph nodes, were positive for PRRSV. At 35 DPV, two

cillin - at
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Mean values of genomic copy number of PRRSV RNA in serum

=N

21 28

pigs from the EU2 and US3 groups were cuthanized
because of the severity of clinical discase.

Quantification of PRRSV RNA in serum

PRRSV RNA was not detectable in the NEG and EU1
groups throughout the study (Fig. 1). In the US2 and US3
groups, the viral RNA copy numbers were highest at 3
DPV and then slowly declined until they were below the
limit of detection at 21 and 28 DPV, respectively. In the
EUZ2 group, the viral RNA copy number peaked at 3 DPV
and decreased until it was below the limit of detection at 7
DPV. In the US1 group, the viral RNA copy number was
detectable after 3 DPV and peaked at 7 DPV. Then, the
viral RNA copy number level gradually declined until it
could not be detected at 28 DPV.

The viral RNA copy number of the EUL group was
significantly lower compared with the other vaccinated
groups at 3 DPV. At 7DPV, the viral RNA copy number in
the US1 group was not different from those of the other
genotype IT MLV groups but was significantly higher than
those of the genotype I MLV groups.

RT-PCR in tonsil scrapings

Viral RNA was not detected in any pigs in the EUl group.
In contrast, viral RNA in the EU2 groups was detected in 3
of 9, 2 of 9 and 1 of 9 pigs at 60, 70 and 90 DPV,
respectively (Table 2). For genotype II MLVs, viral RNA
was detected in 1 of 10 and 2 of 10 pigs in the US] and
US4 group, respectively, at 60 DPV. In the US2 group,
viral RNA was detected on all sampling days and was sall

152



Immune response o PRRSV vaccines

143

Table 2 Detection of viral
RNA in tonsil scrapings from
vaccinated pigs and sentinel
pigs

Treatment group  Vaccine

Tonsil scraping samples Sentinel pigs

Days post-vaccination Days posi-vaccination

60 L 84 90 60 &
NEG - w10t 10 /10 /10 Negative Negati ve
EU1 Porcillis® PRRS Wi Wi0 010 010 Negative Negati ve
EU2 Amervac® PRRS i 29 [T 19 Positive Negati ve
Usl1 Fostera™ PRRS 1110 Wi0 010 010 Negative Negati ve
us2 Ingelvac® PRRS MLV ~ 1/10 210  1/10 1/10  Positive Negative
Us3 Ingelvac® PRRS ATP 118 B 118 e Positive Negati ve
uUs4 PrimePac"™ PRRS | V10 210 O/10 V10 Negative  Negative

* The number of pasitive pigs by PCRAotal number of pigs in the groups

Fig 2 Mean values of PRRSV-

Mean values of PRRSV-specific antibodies as measured by ELISA

specific antibodies as measured 22
by ELISA of the NEG (=ii=).
EUL( ). EU2 (=), US1 0
(=), US2 (gl ), US3 .
(=) and US4 (== groups. .
Variation is expressed as the 1.6
standard deviation. Different
letters in superseript indicate 14 “B-NEG
statistical significant difference P . 1 £l
(p < 0.05) between groups. A E . g2
dashed line indicates the cutoff & 0 - / aus)
level (S/P mtio of 0.4)

Y] L =152

——USs3

o =a—US4

4

02

= -
0.0 —
o 7 21 E 5 a2 =

detectable in 2 of 10, 30f 10, 1 of 10and 1 of 10 of pigs at
60, 70, 84 and 90 DPV, respectively. In the US3 group,
viral RNA remained detectable in 1 of 8, 2 of 8 and 1 of 8
of pigs at 60, 70 and 84 DPV, respectively.

Antibody responses as measured by ELISA

Pigs in the NEG group remained serologically negative
throughout the experiment (Fig. 2). Our findings revealed a
similar pattem in all vaccinated groups. Antibody respon-
ses were first detected at 7 DPV at the earliest in some pigs
of the vaccinated groups, but the average antibody level
was below the cutoff level (S/P ratio at 0.4). At 14 DPV,
the average antibody responses of the EUZ, US1, US2 and
US3 groups were significantly higher than those of the EU1
and US4 groups, in which the average antibody levels were
below the cutoff level. At 21 DPV, the average antibody
responses of all vacemated groups were above the cutoff
level and remained constant until the end of the

Days post vaccination

experiment. There were no differences between any of the
vaccinated groups from 21 to 84 DPV.

Antibody responses as measured by serum
neutralization (SN) assay

Pigs in the NEG group remained serologically negative
throughout the experiment. In all vaccinated groups, the
SN assay against homologous virus in all vaccinated
groups (Fig. 3A) showed a similar pattem of SN titers that
could be detected as early as 28 DPV. Titers reached a peak
level at 35 or 42 DPV and then declined by 84 DPV. At 28
DPV, the EU2 group had significantly higher SN titers
against the homologous virus compared with the other
vaccinated groups. In contrast, the US4 group had signifi-
cantly lower SN titers compared with the other vaccinated
groups. At 35 DPV, the EU2 and US2 groups had signifi-
cantly higher SN titers compared with the other vaccinated
groups. At 42 DPV, the EUZ, USI, US2 and US4 groups
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had significantly higher SN titers compared with the EUI
and US3 groups.

For the heterologous genotype 1 virus (SB_EU02), the
kinetics of the SN response differed in a manner that was
dependent on the MLV (Fig. 3B). Compared with homol-
ogous virus, the SN ftiters were relatively low. The SN titers
remained at a similar level from 28 to 42 DPV and then
declined by 84 DPV. However, the SN titers in the USI
group were significantly higher than in the other vaccinated
groups from 28 to 84 DPV and were significantly higher
than those for the homologous virus.
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«Fig. 3 A Antibody as 1 by serum
(SN) assay using homulogom virus as a recall antigen in the NEG
(=), EUL (), EU2 («lh), US] (i), US2 (mughpee), US3
(=) and US4 (1—)group=. Variation is expressed as the standard
deviation. Different letters in superscript indicate a statistical
significant  difference (p<0(6) between groups. B. Antibody

as d by lization (SN) assay using
hctaolowu\ genotype T virus (SB _EU02) as a recall antigen of the
NEG (=fli=). EUL (), EU2 (i), USI (i), US2 (gl
US3 (=) and US4 (=@=) goups, respectively. Variation is
expressed as standard deviation. Different letters in superscript
indicate a sumuully significant difference (p < 0.05) between
groups. C. Antib as 1 by serum i
(SN) assay using hc(emlogous genotype II vimus (ST_USOI) as a
recall antigen in the NEG (wfiim). EUI ( . EU2 (i), USI
(vl ), US2 (woglipes ), US3 (=g~ ) and US4 ('." ) groups. Varation
is expressed as the standard deviation. Different letters in superscript
indicate a statistically significant difference (p < 0.05) between
groups

In the case of heterologous genotype 1 virus
(ST_USO1), the kinetics of the SN response were similar to
those evoked using homologous genotype 1 virus
(SB_EU02) (Fg. 3C). SN titers were lower than with
homologous genotype I virus in all groups, except for the
EU2 group. The SN titers of the EU2 group were signifi-
cantly higher on 35 and 42 DPV compared with the other
vaccinated groups.

Sentinel pigs

Sentinel pigs introduced to the EU2, US2 and US3 groups
at 60 DPV seroconverted, but those in the EUIL, USI and
US4 groups did not. Sentinel pigs that were placed in
contact with pigs of all groups on 84 DPV did not sero-
convert over a 7- or 14-day period of observation.

Discussion

We compared the efficacy of six different PRRSV MLVs
in the induction of antibody responses in PRRSV-free pigs.
All six MLVs rapidly induced antibody responses as
measured by ELISA. The antibody responses were detected
as carly as 7-14 DPV in an MLV-genotype-dependent
manner. The antibody levels in all vaccinated groups were
similar at 21 DPV. It was notable that there was a differ-
ence in early antibody detection between two genotype 1
MLVs. The EUI group had a significantly lower S/P ratio
than the EU2 group at 14 DPV, and the S/P ratio was below
0.4, the cutoff level. Surprisingly, the EU2 group produced
an antibody response at a similar level when compared
with the genotype II MLVs. In summary, there was no
difference in the antibody responses as measured by ELISA
for any of the MLV genotypes. The results of the present
study suggest that the MLV genotype is not the key factor
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in the induction of immunity, but the specific virus isolate
used for the vaccines might play an important role.
Moreover, it is notable that the antibody detection in the
present study was performed using Idexx ELISA, which
can simultancously detect specific antibodies  against
PRRSV genotype I and I infections. However, these
findings may not be applicable when using other diagnostic
k

Following MLV wvaccination, antibody responses mea-
sured by the SN assay were delayed regardless of the MLV
genotype and isolate in the vaccines. The responses were
detected as carly as 28 DPV. In addition, the response was
isolate-specific. Homologous responses generated using a
homologous virus induced a higher, although delayed
response compared with the heterologous responses gen-
ecrated using either heterologous genotype 1 or 11 viruses.
Heterologous responses were lower and shorter in duration.
Owr finding of differences in responses was not surprising.
PRRSV isolates differed in their susceptibility to neutral-
ization [11], and the mechanisms associated with this
susceptibility remain poorly characterized, although the
influence of N-linked glycosylation in decoy epitope
regions could be one key factor [9, 12, 13]. A previous
study demonstrated that a heterologous response could be
higher or lower [4], depending on the isolates that were
used in the assay.

In addition to therr ability to induce an immune
response, the shedding patterns of the vaccine viruses were
investigated using three different measurements, including
the duration of viremia, the detection of viral RNA in
tonsils, and infection of sentinel pigs. After vaccination, we
detected a difference in the shedding patterns between
MLVs. The two genotype | MLVs had a shorter viremic
phase compared with genotype 11 MLVs. However, the
magnitude of viral titers was not different. In addition,
there was a difference in the shedding pattemn of genotype 1
MLV, although one genotype I MLV had a shedding pat-
tern that resembled that of a genotype 11 MLV, Viremia
could not be detected in one genotype 1 MLV, This finding
could indicate the absence of viremia or that the quantity of
virus in the serum was lower than the limit of detection of
the real-time PCR assay. Within genotype 1T MLVs, all
three MLVs caused viremia as early as 3 DPV, and it then
declined thereafier. In contrast, the titers of one genotype 1T
MLV continued to increase until 7 DPV and then declined.
These findings suggested that the viremic phase of MLV
was associated with the vimus isolate used in the vaccine,
not the virus genotype.

To further evaluate the viral shedding pattern, sentinel
pigs were used. Sentinel pigs were housed along with
principal pigs of the EUZ, US2 and US3 groups in the same
pen beginning on day 60, and they were found to undergo
seroconversion. However, sentinel pigs introduced at 84

DPV remained uninfected. as indicated by their failure to

seroconvert. The shedding patterns of vaccine vim
this long period of time have not yet been investi
Compared to wild-type PRRSV., vaccine viruses should be
shed to sentinel pigs over a shorter time. Previous studies
conducted by several investigators to characterize several
wild-type field isolates of PRRSV and the duration of
PRRSV shedding to sentinel pigs have suggested that virus
shedding to sentinel pigs occurred on average 60 to
T days after exposure [ 14]. Although vaccine viruses were
not transmitted to sentinel pigs at 84 DPV, the detection of
viral-RNA-positive samples in the tonsil scraping samples
might represent a risk factor for the shedding of vaccine
viruses.

The PCR results from tonsil scrapings at 84 DPV indi-
cated that vaceinated pigs still harbored viral RNA. How-
ever, whether the RNA-positive samples represented
infections viruses was not determined. The detection of

viral RNA does not necessarily indicate the isolation of
infectious virus. Any viral genomic material needs to be
tested further to determine whether the pigs may still be
infectious and contagious. Using a swine bioassay, it was
demonstrated that homogenates from tonsils collected from
pigs infected with the PRRSV strain VR-2332 at 105 days
post-exposure remained infections [15]. Viral RNA was
detected in the tonsils, suggesting that viruses remained
present in both groups of pigs but were not transmitted to
contact sentinel pigs. Determining whether virus shedding
can be tiated will require further study.

In conclusion, based on the induction of immune
responses, all MLV genotypes yield a similar immune-re-
sponse pattern. Measurement of the antibody response by
ELISA is quick, but the response measured using an SN
assay is delayed and isolate-specific. However, the shed-
ding pattern of a vaccine virus is mfluenced by the isolate
that is used to manufacture the vaccine. The criteria for
MLV selection should be based on the shorter duration of
vaccine virus shedding and the broader response against
heterologous virus.
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Cell-mediated immunity (CMI), IL-10, and the protective efficacy of modified-live porcine reproductive
and respiratory syndrome virus (PRRSV) vaccines (MLVY) against co-challenge with PRRSV-1 and
PRRSV-2 (HP-PRRSV) were investigated. Seventy, PRRSV-free, 3-week old, pigs were allocated into

7 groups. Six groups were intramuscularly vaccinated with MLV, including Porcilis (PRRSV-1 MLV,

M5D Animal Health, The Netherlands), Amervac (PRRSV-1 MLV, Laboratorios Hipra, Spain), Fostera
(PRRSV-2 MLV, Zoetis, USA), Ingelvac PRRS MLV and Ingelvac PRRS ATP (PRR5V-2, Boehringer
Ingelheim, USA), and Prime Pac PRRS (PRRSV-2 MLV, MSD Animal Health, The Metherlands).
Unvaccinated pigs were left as control. Lymphocyte proliferative response, IL-10 and IFN-~ production
were determined. At 35 days post-vaccination (DPV), all pigs were inoculated intranasally with 2ml

of each PRRSV-1 (10%*TCIDgy/ml) and PRRSV-2 (L05-2TCID 5ofml, HP-PRRSV). Following challenge,

sera were quantitatively assayed for PRRSV RNA. Pigs were necropsied at 7 days post-challenge.
Viremia, macro- and microscopic lung lesion togetherwith PRRSV antigen presence were evaluated in
lung tissues, The results demonstrated that, regardless of vaccine genotype, CMI induced by all MLVs
was relatively slow. Increased production of IL-10 in all vaccinated groups was observed at 7 and 14
DPV. Pigs in Amervac, Ingelvac MLV and Ingelvac ATP groups had significantly higher levels of IL-10
compared to Porcilis, Fostera and Prime Pac groups at 7 and 14 DPV. Following challenge, regardlessto
vaccine genotype, vaccinated pigs had significantly lower lung lesion scores and PRRSV antigens than
those in the control group. Both PRRSV-1and PRRSVY-2 RMA were significantly reduced. Prime Pac
pigs had lowest PRRSV-1 and PRRSV-2 RNA in serum, and micro- and macroscopic lung lesion scores
(p << 0.05) compared to other vaccinated groups. In conclusion, PRRSV MLVs, regardless of vaccine
genotype, can reduce viremia and lung lesions following co-challenge with PRRSV-1 and PRRSV-2 (HP-
PRRSV). The main difference between PRRSV MLV is the production of IL-10 following vaccination.

Porcine reproductive and respiratory syndrome (PRRS) is a devastating disease in pigs characterized by repro-
ductive and respiratory failures. PRRS virus (PRRSV), an enveloped, positive-sense single-stranded RNA virus
belonging to the Arteriviridae family, order Nidovirales, is the causative agent’. Two antigenically distinct gen-
otypes of PRRSV, PRRSV-1 and PRRSV-2, have been recognized. The genomes of both genotypes are 15kb in
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MonVac 10 No — — — —

Porcilis 10 Yes Porcilis PRRS PRESV-1 | 2ml, intramuscular | MSD Animal Health, The Netherlands
Amervac 10 Yes Amervac PRES PRRESV-1 | 2ml, intramuscular | Labomatorios Hipra, Spain

Fostera 10 Yes Fostera PRRS PRESV-2 | 2ml, intramuscular | Zoetts, USA

Ingelvac MLV | 10 Yes Ingeivac PRRS MLV | PRESV-2 | 2ml, intramuscular | Boehringer Ingelheim, Germany
Ingelvac ATP | 10 Yes Ingeivac PRRS ATP | PRESV-2 | 2ml, intramuscular | Boehringer Ingelheim, Germany
Prime Pac 0] Yes Prime Pac PRRS PRESV-2 | 1ml, intramuscular | MSD Antmal Health, The Netherlands

Table 1. Experimental design. The pigs were allocated into seven treatment groups and vaccinated with six
different PRRSV MLV's. The NonVac group was kept as unvaccinated control group.

length and consist of 10 open reading frames (ORFs). The genotypes of PRRSV-1 and PRRSV-2 are markedly dif-
ferent based on the full-length penomes, which share only approximately 60% similarity at the nucleotide level®.

PRRSV is recognized for its high genetic variation. Presently, PRRSV-1 and PRRSV-2 have continuously
evolved into 3 subtypes and 9 lineages, respectively™*. PRRSV-1 and PRRSV-2 have independently evolved in
the European and North American (NA) continents. However, in Asia, the co-existence of both types has been
increasingly evident in several countries, including Thailand, China, and Korea®”. Additionally, variants of
PRRSV-2 endemically present in Asia are genetically related to HP-PRRSV lineage 8.7/HP-PRRSV*"",

Several PRRSV modified-live vaccines (MLV) against PRRSV-1 and PRRSV-2 have been commercially avail-
able and licensed in several countries worldwide depending on circulating virus genotypes. The use of PRRSV
MLV depends on PRRSV genotype circulating in that region. However, questions have been raised as to what
types of MLV should be used in the co-presence of PRRSV-1 and PRRSV-2. The criteria for vaccine selection
should include the induction of the cell-mediated immunity (CMI) and the protection against PRRSV infec-
tion, especially against genotypes and isolates that are circulating in the affected region. Therefore, the present
study was conducted to investigate CMI, IL-10, and protective efficacy of commercial PRRSV-1and PRESV-2
MLVs against co-challenge with PRRSV-1 and PRRSV-2 (HP-PRRSV). Our results revealed that vaccination
with PRRSV MLV, regardless of vaccine genotype, provide partial cross-protection against PRRSV infection.
Additionally, this approach provided novel information regarding the vaccine selection for use in the presence of
co-existence of both PRRSV genotypes.

Materials and Methods

Ethical statement for experimental procedures.  All animal procedures were conducted in accord-
ance with the Guide for the Care and Use of Laboratory Animals of the National Research Council of Thailand
according to protocols reviewed and approved by the Chulalongkorn University Animal Care and Use Committee
(protocol number 1731047).

Seventy, 21-day-old pigs were procured from a PRRES-free herd. Upon arrival, pigs were randomly allo-
cated based on the stratification of weight into 7 treatment groups consisting of NonVac, Porcilis, Amervac,
Fostera, Ingelvac MLV, Ingelvac ATP and Prime Pac (Table 1). Following a week of acclimatization, pigs were
vaccinated with PRES MLVs. NonVac was left unvaccinated. Porcilis and Amervac were vaccinated with Porcilis
PRRES (PRRSV-1, MSD Animal Health, Boxmeer, the Netherlands) and Amervac PRRS (PRRSV-1, Laboratorios
Hipra, Girona, Spain), respectively. Fostera, Ingelvac MLV, Ingelvac ATP and Prime Pac were vaccinated with
Fostera PRRS (PRRSV-2, Zoetis, Troy Hills, USA), Ingelvac PRRS MLV (PRRSV-2, Boehringer Ingelheim,
Rhein, Germany), Ingelvac PRRS ATP (PRRSV-2, Boehringer Ingelheim, Rhein, Germany) and Prime Pac PRRS
(PRRSV-2, MSD Animal Health, Boxmeer, the Netherlands). respectively. Dosages and routes of administration
were in accordance with manufacturers’ instructions. Blood samples were collected at 0, 7, 14, 21, 28, 35 days
post-vaccination (DPV). Peripheral blood mononuclear cells (PEMC) were isolated and assayed for lymphocyte
proliferative response. IFN-~ and IL-10 were measured using flowcytometry, and ELISPOT or ELISA. At 35
DPV, all pigs were inoculated intranasally with PRRSV. Each pig received 2ml (1 ml/nostril) of each PRRSV-1
(ANDSEU4204) and PRRSV-2 (FDT10US23) at 10%* TCID;/ml and 1072 TCID,,/ml, respectively. Sera were
collected at 0, 3, 5 and 7 days post-challenge (DPPC) and quantitatively assayed for PRRSV RNA using qPCR. All
pigs were necropsied at 7 DPC. The severity of PRRSV-induced pneumonic lung lesion was scored'’. Lung tissues
were collected for histopathological examination and immunohistochemistry (THC).

Virus isolates. Homologous and heterologous viruses were used as recall antigens in in vitro CMIand IL-10
assays. Homologous viruses refer to vaccine strains as previously described'. Heterologous viruses refer to
AN06EU4204 and FDT10US23, which were Thai PRRSV-1 and PRRSV-2 (HP-PRRSV) isolates, respectively.
AN06EU4204 and FDT10US23 are in Clade A, Subtype 1 and Lineage 8.7/HP-PRRSV, respectively, based on sys-
tematic classification previously described™*. ORF5 gene sequences of AN0OSEU4204 and FDT10US23 are availa-
ble in GenBank under accession numbers J(Q040750 and IN255836, respectively. The nucleotide and amino acid
similarities based on the ORF5 gene between these two isolates and PRESV MLV's were summarized in Table 2.

Isolation of peripheral blood mononuclear cells.  Peripheral blood mononudlear cells (PEMC) were
isolated from blood samples using gradient density centrifugation (Lymphosep, Biowest, Riverside, MO, USA)
as previously described". Isolated PEMC were resuspended in 1 ml complete media (RPMI-1640 media supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 50 pg/ml gentamicin). The viability of PEMC
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Nucleotide 95.8% 927% 68.5% 68.3% 6B.2% 67.9%
PRRESV-1{ANOSEU4204) | Subtype [ {Clade A}

Amino acid 92.0% B9.1% 60.9% 58.2% 55.5% 55.7%

Nucleotide 68E% 69.9% 94.0% EB.8% 90.2% 90.5%
PRRSV-2(FDT10US23) | Lineage 8. 7/HP-PRESY

Amino acid 58.7% 598% 91.5% 875% B9.5% 9LE%

Table 2. Nucleotide and amino acid similarities based on ORF5 gene between vaccine strains and Thai PRRSV
isolates. “International systematic classification was based on previously described, including PRRSV-17 and
PRRSV-2% respectively.

were determined by Trypan blue (Sigma-Aldrich, St. Louis, MO, USA) staining and more than $0% viability was
used for lymphocyte proliferation assay, lymphocytes producing either IL-10 or [FN-~, IFN- ELISPOT assay,
and in vitro stimulation for IL-10 detection as described below.

Lymphocyte proliferation assay. The lymphocyte proliferation assay assesses cell proliferation using
membrane-bound 5-(and-&)-carboxyfluorescein diacetate, succinimidyl ester { CFSE, Molecular Probes, Eugene,
OR, USA) and cell surface markers using flow cytometry. Briefly, 1 x 107 cells/fml PEMC were incubated with
CFSE at 37 °C for 10 min. After washing, CFSE-stained PEMC at 1 < 10° cells were seeded into 96-well plate and
co-cultured with MARC-145 cell lysate (mock suspension), PHA (10 pg/ml, Sigma-Aldrich, St. Louis, MO, USA),
homologous and heterologous PRRSV at 0.01 multiplicity of infection (MOI). Following 5-day incubation, PEMC
were stained with mouse anti-porcine CD4-FITC antibody (clone 74-12-14, SouthernBiotech, Birmingham, AL,
USA) and mouse anti-porcine CDE-SPRD antibody (clone 76-2-11, SouthernBiotech, Birmingham, AL, USA).
After washing, PEMC were suspended in 2% paraformaldehyde. The proliferation of T lymphocyte populations
was measured using flow cytometry analysis (Beckman FC550, Beckman Coulter, Brea, CA, USA) with CXP
software. The relative proliferative indices (PI) were calculated by using the percentage of proliferating cells in the
virus stimulated well divided by the percentage of proliferating cells in the mock suspension well.

Lymphocytes producing either IL-10 or IFM-~.  The percentage of PRRSV-specific lymphocytes pro-
ducing either IL-10 or IFN-~ after in vitro stimulation with homologous or heterologous PRRSV were evaluated
using a method previously described™. Briefly, 1 < 10° PEMC were seeded into a 96-well plate containing mock
suspension, PMA (25 ng/ml)/ionomycin (1 pM) (Sigma-Aldrich, St. Louis, MO, USA), and homologous and het-
erologous PRRSV at 0.01 MOL and incubated for 96 hours. Following incubation, protein transport inhibitor (BD
GolgiStop, BD Biosciences, San Jose, CA, USA) was added 12 hours prior to cell harvesting and labeled PBMC
were stained with mouse anti-porcine CD4-FITC antibody (clone 74-12-4, SouthernBiotech, Birmingham, AL,
USA) and mouse anti-porcine CD8-SPRD antibody (clone 76-2-11, SouthernBiotech, Birmingham, AL, USA).
Cells were subsequently fixed with fixation buffer (Leucoperm reagent A, Bio-Rad Laboratories, Hercules, CA,
USA) for 15min, washed and then separately incubated with either mouse anti-porcine IFN-~+-biotin antibody
(clone P2C11, BD Pharmingen, San Jose, CA, USA) or mouse anti-porcine I1.-10-biotin antibody (clone 945 A
149 26(2, Invitrogen, Carlsbad, CA, USA) in Leucoperm reagent B (Bio-rad Laboratories, Hercules, CA, USA).
Subsequently, streptavidin-PE-Cy7 (Thermo Fisher Scientific, Waltham, MA, USA} were added and incubated
for 30 min at 4°C. After washing, stained cells were suspended in 2% paraformaldehyde and analyzed by flow
cytometer (Beckman FC550, Beckman Coulter, Brea, CA, USA) with CXP software. The results are based on
lymphocyte gating on a forward scatter versus side scatter graph afier acquiring at least 20,000 cell events.

Enzyme-linked immunospot (ELISPOT) assay. The numbers of PRRSV-specific interferon-~-producing
cells (IFN-~-PC) were determined using ELISPOT kit (R&D Systems, Minneapolis, MN, USA). Briefly,
23 10° PBMC were stimulated with either h logous or heterol PRRSV at 0.01 MOI or PHA (10 pg/
ml, Sigma-Aldrich, 5t. Louis, MO, USA) for 20 hours at 37°C in 5% CO,. Spots were counted by an automated
ELISPOT Reader (AID ELISPOT Reader, AID GmbH, Strassberg, Germany). PRRSV-specific [FN-~+PC was
expressed as spot forming colonies per million of PEMCs in each well

Quantification of porcine interleukin-10. Porcine interleukin-10 (IL-10) concentration was quantified
in the supernatant of stimulated PBMC (2 < 10° cells/well) cultured in vitro for 20 hours with homelogous and
heterologous PRRSV (0.01 of MOI) or PHA (10 pg/ml, Sigma-Aldrich, St. Louis, MO, USA) using the porcine
ELISA IL-10 kit (R&D Systems, Minneapolis, MN, USA) according to manufacturer’s instruction.

Quantification of PRRSV RMA. The PRRSV RNA in serum was evaluated by quantitative PCR (gPCR)
after PRRSV challenge. The primers specific for the ORF5 gene of either PRRSV-1 or PRRSV-2 and detection
conditions were described previously'% In brief, total RNA was extracted using NucleoSpin RNA Virus extraction
kit (Macherey-Nagel, Duren, Germany) in accordance with manufacturer’s instructions. The quality of RNA was

d using spectroph ter (Colibri, Titertek-Berthold, Pforzheim, Germany). and converted to cDNA.
All cDNA was used for quantitative PCR (qPCR). PRESV RNA was quantified using ABI PRISM 7500 Real time
PCR platform (Applied Biosystem, CA, USA). Primers specific for the ORF5 gene of either PRRSV-1 or PRRSV 2
were used. Each qgPCR reaction contained 0.1 pg of cDNA, 0.2 uM of each primers, 1x Eva Green real-time-PCR
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master mix E4 (GeneOn GmbH. Ludwigshafen. Germany). and deionized water to yield a 20 ul final volume. The
thermal profile for gPCR was 94°C for 4 min, followed by 35 cycles of 94 °C for 455, 55°C for 455, and fluores-
cence acquisition at 72°C for 45s. pGEM-T Easy Vector (Promega, W1, USA) containing an inserted ORF5 gene
of each PRRSV was used to construct plasmid standards. A standard curve was generated using serial diluted
plasmid standards of 10°-107 copies/pl. Copy number of the PRRSV RNA was calculated using standard curve
method.

Pathological examination and immunochistochemistry.  All pigs were necropsied at 7 DPC.
PRRSV-induced pneumonic lung lesions were macroscopically and microscopically evaluated as previously
described". For the macroscopic lung lesion score, each lung lobe was assigned a number to reflex the approxi-
mate percentage of the volume of the entire lung and the percentage volume form each lobe added to the entire
lung score (ranged from 0 to 100% of the affected lung). For the microscopic lung lesion score, lung sections were
blind. Histopathological changed were examined and an estimated score of the severity of the interstitial pneu-
monia was given as follows: 0= no microscopic lesions; 1 = mild interstitial pneumonia; 2= moderate multifocal
interstitial pneumonia; 3= moderate diffuse interstitial pneumonia; and 4= severe interstitial pneumonia. The
mean values of microscopic score of each group were calculated.

Immunohistochemistry was performed using monoclonal antibodies (MAbs) A35 and JP24, which rec-
ognized PRRESV-1 and PRRSV-2 antigens, respectively (kindly provided by Dr. Erwin van den Born, the
Netherlands). Tissues were processed and placed on Superfrost Plus slides ( Thermo Fisher Scientific, Waltham,
MA, USA). Sections were deparaffinized, rehydrated using an alcohol gradient and air-dried. Al slides were
treated with proteinase K (Thermo Fisher Scientific, Waltham, MA, USA} in PBS for 30 min. Endogenous alkaline
phosphatase was quenched with 0.3% hydrogen peroxide for 5min. All slides were then incubated with BSA for
30 min. The slides were separately incubated with monoclonal antibodies overnight at 4°C in a humidified cham-
ber. After washing, PRRSV antigen was visualized by binding with secondary antibody conjugated with horse-
radish peroxidase conjugated (HRP)-labeled polymer followed by immersion in peroxidase (Agilent, Santa Clara,
CA, USA). Slides were counterstained with Meyer's h ylin, dehydrated through graded concentrations of
ethanol and xylene, and then mounted. Lung tissues from pigs in the unvaccinated unchallenged group served as
negative controls. To obtain quantitative data, slides were analyzed with the NIH Image J 1.50i Program (http://
rshinfo.nih.gov/ij). In each slide, 10 fields were randomly selected, and the number of positive cells per unit area
(0.95 mm?) was determined as previously described**'%. The mean values were calculated.

Statistical analysis. The data from repeated measurements were analyzed using multivariate analysis of
wvariance (ANOVA). Continuous variables were analyzed by ANOVA to determine the presence of significant dif-
ferences between treatment groups for each day. If the p-value for the ANOVA was <0.05, the differences between
treatment groups were evaluated by pairwise comparisons using least significant differences at the p < 0.05 sig-
nificance level.

Results

Lymphocyte proliferation response using CFSE.  Upon in vifro stimulation with either homologous or
heterologous PRRSY, all vaccination groups, regardless of vaccine genotype, had relatively low lymphocyte pro-
liferative indices following vaccination. A significantly increased response was not observed in any vaccination
group, and the responses were not different among all of the vaccination groups (Fig. 1).

Lymphocyte populations producing IL-10.  Following vaccination, lymphocyte populations producing
IL-10 (L-IL-10) were detected in all vaccination groups at 7 and 14 DPV, regardless of vaccine genotype (Fig. 2).
The percentage of L-1L-10 declined to a nondetectable level from 21 to 35 DPV. L-1L-10 was mainly produced
by CD47 cells. At7 DPV, the Ingelvac MLV group had the highest amount of CD471L-10" cells as compared to
the PRRSV-1 or PRRSV-2 MLV vaccination and NonVac groups (Fig. 2A4). CD4*IL-107 cells in the Amervac,
Ingelvac MLV and Ingelvac ATP groups were significantly higher than those in the other vaccination groups at
14 DPV. The Porcilis, Fostera and Prime Pac groups had the lowest amount of CD4"1L-10" cells as compared to
other PRRSV-1 and PRRSV-2 MLV vaccination groups (p< 0.05) atboth 7and 14 DPV.

Similar to CD4*IL-107 cells, all vaccination groups had significantly more CD8*1L-10" cells as compared to
the NonVac group (Fig. 2B). Although there was no difference in CD87IL-10" cells among vaccination groups at
7 DPV, the Amervac, Ingelvac MLV, and Ingelvac ATP groups had significantly more CD87IL-107 cells than did
the Porcilis, Fostera and Prime Pac groups at 14 DPV. Additionally, the Amervac group had the highest amount
of CDE'IL-107 cells as compared to other vaccination groups as 14 DPV. All vaccination groups had relatively
more CD47CD8 TL-107 cells than did the NonVac group, and CD4*CD&IL-107 cell numbers were not different
between the vaccination groups (Fig 2C).

Similar to homologous virus stimulation, L-11-10 was detected in all vaccination groups at 7 and 14 DPV after
stimulation with PRRSV-1 {AN06EU4204) and was not detected from 21 to 35 DPV (Fig. 2D-F). All vaccination
groups had higher amounts of CD4*IL-10% cells than did the NonVac group at 7 and 14 DPV (Fig. 2D). The
Amervac group had the highest amount of CD471L-10" cells as compared to the PRRSV-1 and PRRSV-2 MLV
vaccination groups at 7 DPV (p < 0.05). Meanwhile, at 14 DPV, there were no differences in CD471L-107 cells
among all of the vaccination groups.

The Porcilis, Amervac, Fostera and Prime Pac groups had significantly more CD87IL-107 cells than the
NonVac, Ingelvac MLV and Ingelvac ATP groups at 7 DPV (Fig. 2E). However, at 14 DPV, all vaccination groups
had significantly more CD8*IL-10* cells than the NonVac group. The Amervac, Ingelvac MLV and Ingelvac ATP
groups had significantly more CD8*IL-107 cells than the Porcilis, Fostera and Prime Pac groups (p < 0.05).
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Figure 1. Lymphocyte proliferative index (PI) following vaccination. {A-C) Homologous virus (vaccine
strain), (D-F) heterologous PRRSV-1 {AN06EU4204), and (G-I} heterologous PRRSV-2 (FDT10US23),
respectively. The lymphocyte populations were identified by flow cytometry using CFSE and cell surfaces
staining, including CD4* cells (A,D.G), CD8" cells (B,E.H), and CD4*CD8* cells (C,E.I), respectively. Values
are expressed as mean=5EM. Dash lines indicate the cut-off level.

All vaccination groups had more CD4CD8*IL-10" cells than the NonVac group at 7 and 14 DPV (Fig. 2F).
At 7 DPV, no significant differences were detected in the amount of CD4*CD8*1L-10" among all of the vaccina-
tion groups. In contrast, the Ingelvac MLV and Ingelvac ATP groups had more CD4*CD8*IL-10" cells than the
other vaccination groups (p < 0.05) at 14 DPV.

Following heterologous stimulation with PRRSV-2 (FDT10US23), L-IL-10 was detected at 7 and 14 DPV but
not at 21 to 35 DPV (Fig. 2G-1). Atboth 7 and 14 DPV, all vaccination groups had higher levels than the NonVac
group. At 7 DPV, the Amervac and Fostera groups had significantly more CD47IL-107 cells than the Porcilis,
Ingelvac MLV, Ingelvac ATP and Prime Pac groups (p < 0.05). However, at 14 DPC, the amount of CD47IL-10*
cells was the highest in the Ingelvac MLV and Ingelvac ATP groups as compared to the other vaccination groups
(Fig. 2G). In contrast, CD8*IL-107 cells were only detected at 7 DPV (Fig. 2H) in all vaccination groups, and the
Porcilis group had more CD8*IL-107 cells than the other groups. There were no differences in CD4"CD8 IL-10"
cells among all of the vaccination groups after stimulation with PRRSV-2 (Fig. 21).

Lymphocyte Populations Producing IFN-~y. L}«mphucyle populations producing IFN-~ (L-IEN ) were
detected after stimulation with either b 1 PRRSV as early as 21 DIV at levels less than 1%
in all vaccination groups and showed no statistical dllferences between vaccination groups. Soon after detection,
L-TFN-~ gradually increased until 35 DPV (Fig. 3). The lymphocyte population response was toward both CD4*
and CD&". Immediately after homologous stimulation, all vaccination groups had relatively more CD47 TFN-~" and
CD87IFN-" cells than the NonVac group but showed no differences thereafter (Fig. 3A-C). Similar to homologous
stimulation, all vaccination groups had relatively more CD4* [FN-~" and CD8"IFN-~" cells after stimulation with
heterologous PRRSV-1 (ANOSEU4204) than the NonVac group but showed no difference among vaccination groups
(Fig. 30-F). However, afier heterologous PRRSV-2 (FDT10US23) stimulation, CD8*IFN-v* cells in all vaccination
groups were detected only at 21 DPV and were significantly greater in number than in the NonVac group (Fig. 3H).

The number of PRRSV-specific IFN-~-PC.  Regardless of homologous or heterologous stimulation,
IFN-~-PC of all vaccination groups were first detected at 35 DP'V (Fig. 4). After homologous stimulation, all
vaccination groups had significantly more [FN-~-PC than the NonVac group at 35 DPV and 7 DPC. The Fostera
group had significantly fewer IFN-~-PC than the other vaccination groups at 35 DPV (Fig. 4A). After heterolo-
gous PRRSV-1 (AN06EU4204) stimulation, all vaccination groups had significantly more IFN-~+PC than NonVac
group at 35 DPV and 7 DPC. The Fostera group had significantly fewer IFN-+-PC than the other vaccination
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Figure2. Lymphocyte populations producing IL-10 following vaccination. (A-C) Homologous virus (vaccine
strain), (D-F) heterologous PRRSV-1 (AN06EU4204), and (G-I) heterologous PRRSV-2 (FDT10U523),
respectively. The lymphocyte populations producing 1L-10 were identified by flow cytometry using cell
surfaces and intracellular [L-10 staining, incuding CD4*IL-107 cells (A,D.G), CD8*1L-10" cells (B,E.H),

and CD4*CD8*IL-107 cells (C,F.I), respectively. Values are expressed as mean+SEM. Results were compared
using two-way ANOVA multiple comparison test. Lowercase letters represent significant differences between
treatment groups (< 0.05) at each day post vaccination.

groups at 35 DPV (Fig. 4B). After heterologous PRRSV-2 (FDT10US23) stimulation, IFN-~-PC numbers were
lower in all vaccination groups than after homologous stimulation with the exception of the Prime Pac group,
which had significantly more IFN-~-PC than the other groups at 35 DPV and 7 DPC. IFN-~-PC were less abun-
dant in Amervac the group than the other vaccination groups and were not different from those in the NonVac
group at 35 DPV (Fig. 4C).

Porcine IL-10 production.  After homologous stimulation, IL-10 levels in all vaccination groups increased
and were significantly higher than that in the NonVac group at 7 DPV (Fig. 5A). IL-10 levels of all vaccination
groups peaked at 14 DPV and gradually decreased until they were similar to that of the NonVac group at 35 DPV.
At 7 DPV, no differences were detected in IL-10 levels between the vaccination groups. The Amervac, Ingelvac
MLV and Ingelvac ATP groups had significantly higher IL-10levels at 14 DPV than the Porcilis, Fostera and
Prime Pac groups. The IL-10 levels of the Ingelvac MLV and Ingelvac ATP groups remained significantly higher
at 21 DPV compared to those of the other vaccination groups. No differences were detected in IL-10 among all of
the vaccination groups at 28 or 35 DPV.

After heterologous PRRSV-1 (AN0SEU4204) stimulation, [1-10 levels were significantly higher in all vacci-
nation groups than that in the NonVac group (Fig. 5B). The Amervac group had a significantly higher [L-10 level
than did the other vaccination groups at 7 DPV. However, no differences were detected in [L-10 in all vaccination
groups from 14 to 28 DPV, except for the Fostera group. The IL-10 level was significantly lower in the Fostera
group on 28 DPV than those in the other vaccination groups.

After heterologous PRRSV-2 (FDT10US23) stimulation, all vaccination groups had significantly higher IL-10
levels than the NonVac group (Fig. 5C). The Amervac and Fostera groups had significantly higher IL-10 levels at
7 DPV as compared to those of the other vaccination groups. The IL-10levels in all vaccination groups, except for
the Ingelvac MLV and Ingelvac ATP groups, continuously decreased from 7 to 35 DPC. The Ingelvac MLV and
Ingelvac ATP groups had significantly higher IL-10 levels at 14 and 21 DPV as compared to those of the other vac-
cination groups. At 28 DPV, IL-10 levels were significantly lower in the Fostera and Prime Pac groups than in the
other vaccination groups but were still significantly higher than that the NonVac group. No statistical differences
were observed in IL-10 levels between vaccination groups at 35 DPV.
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Figure 3. Lymphocyte populations producing IFN-~ following vaccination. (A-C) homelogous virus (vaccine
strain), (D-F) heterologous PRRSV-1 (AN06EU4204), and (G-I) heterologous PRRSV-2 (FDT10U523),
respectively. The lymphocyte populations producing IFN-~ were identified by flow cytometry using cell
surfaces and intracellular IFN-~ staining, including CD4*TFN-~* cells (A,D.G), CDB*TFN-~ cells (B,EH),
and CD47CD8 IFN-~* cells (C,F.I), respectively. Values are expressed as mean+SEM. Results were compared
using two-way ANOVA multiple comparison test. Lowercase letters represent significant differences between
treatment groups (p < 0.05) at each day post vaccination.

PRRSV RMA in serum. Serum PRESV RNA quantification after co-challenge was summarized in Table 3.
Regardless of vaccine genotype, all vaccination groups had significantly (p < 0.05) lower levels of both PRRSV-1
and PRRSV-2 RNA as compared to those of the NonVac group at 3, 5 and 7 DPC. Although, the PRRSV-2 MLV
vaccination groups had significantly lower PRRSV-1 RNA levels compared to those of the PRRSV-1 MLV vac-
cination groups at 3 and 7 DPC, no differences were observed at 5 DPC between the PRRSV-2 MLV vaccination
and the Amervac groups. At 5 DPC, serum PRRSV-1 RNA increased in all PRRSV-2 MLV vaccination groups
as compared to those at 3 DPC. In contrast, PRRSV-1 RNA levels were reduced in all PRRSV-1 MLV vacci-
nation groups at 5 and 7 DPC as compared to those at 3 DPC. The reduction in serum PRESV RNA was not
genotype-related but was associated with the isolates used in MLV PRRSV-1 RNA was lower in the Porcilis group
than in the Amervac group at 5 and 7 DPC. Meanwhile, no differences were detected in PRRSV-1 RNA levels
between the PRRS-2 MLV vaccination groups at 5 DPC.

The PRRSV-2 RNA results are similar to those of PRRSV-1 RNA. All vaccination groups had significantly
lower PRRSV-2 RNA as compared to that of the NonVac group, regardless of the vaccine genotype. In addition,
PRRSV RNA levels were not different between vaccination groups at 3 DPC. At 5 and 7 DPC, PRRSV-2 RNA
levels remained similar levels compared to those at 3 DPC in all vaccination groups except the Amervac and
Prime Pac groups, which had significantly lower serum PRRSV-2 RNA at 5 and 7 DPC as compared to the other
vaccination groups.

Pathological examination. For macroscopic lung lesion scores, the NonVac group had the highest
PRRSV-induced pneumonic lung scores at 7 DPC (Table 3). In contrast, the lung lesion scores of all vaccination
groups were significantly lower than that of the NonVac group regardless of genotype. The Porcilis group had the
highest macroscopic lung lesion scores as compared to the other vaccination groups. The Prime Pac group had a
significantly lower scores as compared to the other vaccination groups (Supplemetary information).

Microscopic lung lesions associated with PRRSV infection were characterized by thickened alveolar septa
with increased numbers of interstitial macrophages and lymphocytes and by type II pneumocyte hyperplasia.
The microscopic lung lesion score results were concordant with the macroscopic lung lesion score results. All
vaccination groups, except the Porcilis group, had significantly lower microscopic lung lesion scores compared to
the NonVac group (Table 3).
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Figure4. Evaluation of PRRSV-specific IFN-+-PC following vaccination and at 7 days post-challenge (DPC)
using in vitro stimulation. (A) Homologous virus (vaccine strain), (B) heterologous PRRSV-1 (ANDeEU4204),
and (C) heterologous PRRSV-2 (FDT10US23), respectively. Values are expressed as mean+SEM. Results were
compared using two-way ANOVA multiple comparison test. Lowercase letters represent significant differences
between treatment groups (p < 0.05) at each day post vaccination.

Immunohistochemistry. Regardless of vaccine genotype, the mean number of PRRSV-positive cells was
significantly (p < 0.05) lower in all vaccination groups as compared to the NonVac group using either A35 or [P24
MAbs (Table 3). The mean number of PRRSV-pasitive cells stained with A35 MAb in the Porcilis group was sig-
nificantly (p < 0.05) higher than those in the other vaccination groups. No differences were detected in the mean
number of PRRSV-positive cells between the Amervac group and the other PRRSV-2 MLV vaccination groups.
In contrast, the Fostera and Prime Pac groups had significantly lower mean numbers of PRRSV-positive cells
stained with P24 MAb as compared to the Amervac, Ingelvac MLV and Ingelvac ATP groups (Supplementary
information).

Discussion

The present study was conducted to investigate CMI, IL-10 levels and protective efficacy of PRRSV-1 and
PRRSV-2 MLVs against co-challenge with PRRSV-1 and PRRSV-2 (HP-PRRSV). Following PRRSV MLV vac-
cination, regardless of MLV genotype, the induction of CMI against PRRSV as measured by lymphocyte prolif-
erative response and IFN-~-PC against homologous stimulation was relatively delayed and low in magnitude.
The response was observed beginning from 28-35 DPV. Additionally, the magnitude of the response was not
different between vaccination groups. Although there was no difference in CMI, IL-10 was different between
vaccination groups. Regardless of MLV genotype, increased IL-10 production was observed in all vaccination
groups after vaccination. IL-10 levels were significantly higher in all vaccination groups at 7 DPV than in the
unvaccinated control. The magnitude of the increase in IL-10level is not genotype-related but rather is influenced
by the virus isolate used to manufacture the vaccine. The Amervac, Ingelvac MLV and Ingelvac ATP groups had
significantly higher IL-10 levels than the Porcilis, Fostera and Prime Pac groups. The Prime Pac group had the
lowest IL-10 level. Following challenge, regardless of MLV genotype, all vaccinated pigs were partially protected
against co-challenge with PRRSV-1 and PRRSV-2, as demonstrated by significantly reduced viremia against
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Figure 5. Quantification of porcine IL-10 in supernatant of stimulated PBMC following vaccination. (A)
Homuologous virus (vaccine strain), (B) heterologous PRRSV-1 (AN06EU4204). and (C) heterologous PRRSV-2
(FDT10US23), respectively. Values are expressed as mean + SEM. Results were compared using two-way
ANOVA multiple comparison test. Lowercase letters represent significant differences between treatment groups
(p< 0.05) at each day post vaccination.

both genotypes, lung lesion scores and PRRSV antigens in lung tissues at 7 DPC as compared to the unvacci-
nated group, and the Prime Pac group demonstrated significantly greater reductions than the other vaccination
groups. The results of reduced viremia and lung lesions suggest that protective efficacy against co-challenge with
PRRSV-1 and PRRSV-2 (HP-PRRSV) is not genotype-related but rather is influenced by the virus isolate used to
manufacture the vaccine. The results of the study suggest that all PRRSV MLV’ are relatively similar in their pro-
tective efficacy against concurrent heterologous PRRSV-1 and PRRSV-2 (HP-PRRSV) challenge. The use of either
genotype of PRESV MLV to control PRRS in herds co-infected with both PRESV genotypes would provide some
level of protection against heterologous PRRSV infection. Other control strategies, including strict biosecurity, to
prevent external PRRSV introduction will enhance a successful PRRSV control program.

Although CMI against either PRRSV MLV or field infection has been intensively studied'*'*-'%, no study
has performed a comparative study between both MLV genotypes. The CMI results against the homologous
virus in the present study demonstrated that all PRRSV MLVs induce relatively slow CMI responses as meas-
ured by lymphocyte proliferative response and the number of [FN-~-PC, regardless of vaccine genotype. Based
on the lymphocyte proliferative response, it was demonstrated that none of the PRRSV MLVs induced a detect-
able response until 35 DPV. The results of the CMI response analysis reported herein assessing CFSE-labeled
lymphocyte proliferation are in agreement with those of previous reports showing that a PRRSV-specific CMI
response appears late, approximately 4-6 weeks post-vaccination as determined by lymphocyte blastogene-
sis and other assays'***-*2, In contrast to the lymphocyte proliferative response, the CMI response, as meas-
ured by the enumeration of IFN-~-PC, demonstrated that all MLV isolates induced a delay in the detectable
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Table 3. Results of PRRSV RNA in sera of non-vaccinated and vaccinated pigs following co-challenge with
PRRSV-1 and PRRSV-2, lung lesion scores and immunohistochemistry at 7 days post-challenge (DPC). "Days
post-challenge (DPC). *Im histochemistry (IHC) using A35 and JP24, monoclonal antibodies specifically
against PRRSV-1 and PRRSV-2 antigens, respectively. "Values are displayed in mean -+ SEM. The different
lowercase letters represent significant differences between treatment groups (p < 0.05) at each day.

level of response. After in vitro stimulation with homologous vaccine viruses, [IFN-+-PC were detected in
pigs vaccinated with either PRRSV-1 or PRRSV-2 MLV at 35 DPV and showed significantly higher numbers
in the vaccination groups than in the NonVac group, albeit the numbers were relatively low. The number of
IFN--PC, however, increased rapidly by 7 DPC. The results of the delayed CMI response induced by MLV are
in accordance with those of previous studies in which vaccination with either PRRSV-1 or PRRSV-2 MLV elic-
ited a relatively slow CMI response'®'***, The findings of the present study suggest that all commercial PRRSV
MLVs induce a relative slow CMI response, regardless of vaccine genotype. Such responses are directed toward
homologous stimulation.

It is noteworthy that the effective CMI response was directed toward the homologous response. The use of
heterologous stimulation, either by PRRSV-1 or PRRSV-2, showed contrasting results to homologous stimula-
tion. The heterologous response was somewhat unpredictable and unrelated to the genetic similarity between
the vaccine and the challenge viruses. A previous study reported similar findings in that homologous stimula-
tion upregulates IFN-~-PC following vaccination, while heterologous virus stimulation showed varied IFN-~-PC
upregulation . Heterologous stimulation with one virus was able to upregulate IFN-~-PC as high as homologous
stimulation, while another virus was not able to do so despite high genetic similarity. In the present study, the
frequencies of [IFN-~-PC in PEMC varied after stimulation with heterologous recall viruses. Stimulation with
either heterologous PRESV-1 or PRRSV-2 induced low amounts of IFN-+-PC in the Amervac and Fostera groups
(Fig. 4B.C). In contrast, some vaccination groups, in particular the Prime Pac group, showed increased amounts
of IFN-~-PC after stimulation with heterologous PRRSV-2 (Fig. 4C). Our results are in accordance with those of
previous studies suggesting that viral recognition is also directed against antigens of penetically divergent virus
isolates regardless of the vaccine strain'?. In addition, a cellular immune response such as IFN-~-PC depends on
the virus isolate used for in vifro stimulation, and different PRRSV isolates can interact differently to stimulate
immune cells**,

Following vaccination, all vaccination groups had significantly higher IL-10 levels compared to the unvacci-
nated group (Fig. 5A-C). The IL-10 level decreased at 14 DPV and was not different between the MIV-vaccinated
and unvaccinated groups at 21 DPV. It is noteworthy that while the IL-10 levels of most of the vaccination groups
displayed a gradual declining trend after 7 DPV, the Amervac, Ingelvac MLV and Ingelvac ATP groups had
increased levels of IL-10 until 14 DPV before showing a decline. Our result demonstrated that the patterns of
IL-10 levels following PRRSV MLV vaccination were different regardless of genotype of MLV but were rather
influenced by the PRRSV isolate used to manufacture the vaccine. The Amervac, Ingelvac MLV and Ingelvac ATP
groups had significantly higher IL-10 levels than the Porcilis, Fostera and Prime Pac groups. These varying IL-10
levels among the vaccination groups may be due to the different virus isolates used in vaccine production or in
vitro stimulation®2*%*, The differences in IL-10 levels among the PRRSV MLV vaccination groups are not sur-
prising. Previous reports have demonstrated that PRRSV isolates vary in the degree of 1L-10 production both in
vivo and in vitro"™*. IL-10 induction by PRRSV might depend on the virus isolate used in the experiment™***%,
Our findings support the conclusion that PRRSY MLV, regardless of vaccine genotype, are able to induce [L-10
upregulation, thus resembling a natural PRRSV infection®. The level of IL-10 production depends on the virus
isolate used in the vaccine®. This finding can be used as one of several criteria to select a vaccine to use for PRRSV
control. A higher level of IL-10 can potentially induce more adverse effects following vaccination with PRRSV
MLVs. A previous report demonstrated that following vaccination with Ingelvac MLV and Amervac, pigs had
higher lung lesion scores compared to other vaccination groups™. This could be because IL-10 induction is higher
in these groups than in other PRRSV MLV vaccination groups.

It is noteworthy that, regarding to the CMI response in the present study, we only investigated the dynamic
change of immune cells against different PRRSV MLV vaccines using the lymphocyte proliferative assay. Our
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findings illustrated variations observed in the proliferative indices between PRRSV MLV vaccines. Although the
CMI response as measured by the lymphocyte proliferative assay between vaccinated groups were difference,
the degree of clinical protection after PRRSV infection was similar. The results suggested that CMI might not
fit as immunological correlation for PRRSV protection. In agreement with our findings, previous studies found
that the protection against PRRSV infection does not correlate with CMI response™2, In addition, the dynamic
change of immune cells seems not to correlate with other cytokines including IL-10. IL-10 is expressed by many
cells of the adaptive immune system, including Th1, Th2 and Th17 cell subsets, Treg, CD8* T cells and B cells**".
It is also produced by cells of innate immune system including dendritic cells (DCs), macrophages, mast cells,
natural killer (NK) cells, eosinophils and neutrophils™. The uncorrelated results could be due to IL-10 produced
from these cells. Unfortunately, the defined immune cell subpopulations involved in the different CMI response
between PRRSV MLV vaccines in the present study are not fully characterize due to the limitation of cell-specific
antibodies. Additional studies to subpopulations of i cells secreting cytokines against PRRSV
MLV vaccines are needed for further investigation.

Genetic similarity between the vaccine and field virus is not a good indicator of the protective efficacy pro-
vided by a PRRSV MLV vaccine®. The protective efficacy of a PRESV MLV is usually determined by the reduc-
tion in viremia and lung lesions following challenge with field viruses™+, In the present study, vaccination with
either PRRSV-1 or PRESV-2 MLVs reduced the level of PRRSV viremia, lung lesions, both macroscopically and
microscopically, and PRESV antigen in the lung tissues of vaccinated pigs following co-challenge with heterol-
ogous PRRSV-1 and PRRSV-2 compared to the non-vaccinated control. Based on pneumonic lung lesions, all
PRRSV MLVs provide some level of protection against co-infection with PRRSV-1 and PRRSV-2, regardless
of vaccine genotype. The lung lesion scores and PRRSV antigens in lung tissues were significantly reduced in
the vaccination groups compared to the unvaccinated group after challenge with heterologous viruses's-'%, Our
results are in agreement with those of a previous single challenge study that demonstrated partial cross-protection
by PRRSV MLV!5182241-% (Op the other hand, our cross-protection results are in contrast with those of another
previous dual-challenge study in which vaccination with PRRSV-1 MLV reduced only PRRSV-1 viremia and not
PRRSV-2 viremia®. Pigs vaccinated with PRRSV-1 MLV showed no reductions in PRRSV-2 antigens in lung
tissues. The discrepancy between these findings could be due to the virus isolate used in the two studies. It is
possible that the differences are attributable to our challenge strain of PRRSV-2 having higher levels of virulence.
To postulate, additional studies are needed.

Conclusion

Based on the overall results of the present study, all commercially available PRESV MLV are capable of inducing
relatively low and delayed CMI response. Differences in IL-10 responses post vaccination were noted between the
different vaccines. Vaccination with PRRS MLVs will reduce viremia and lung lesions after heterologous PRRSV
challenge regardless of vaccine genotype.
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Keywords:
Porcine reproductive and respiratory syndrome
vinus

Madified live virus vaceine

Tntramuscular

Tntradermal

Tremne res ponse

Protective efficacy

Challengs

The study was conducted to evaluate the immune response of pigs vaccinated intramuscularly (IM) or in-
wadermally (DY) with porcine repr ive and respi Ty wirus 1 (PRRSV-1) modified live vaccine
(MLV). The protective efficacy was upon challenge with highly pathogenic (HP)-PRRSV-2, either alone
ar in combination with PRRSV-1. Forty-two, castrated male, PRRSV-free pigs were randomly allocated into 7
groups of 6 pig each. IM/HPPRRSVZ, IM/CoChallenge, IDVHPPRRSV2 and ID/CoChallenge groups were vac-
cinated IM or ID with PRRSV-1 MLV (UNISTRAIN® PRRS, Laboratorics Hipra S.A., Amer, Spain) in accordance to
the manufacturer's directions. NV /HPFPRRSV2 and NoVac/CoChallenge groups were nonvaccinated/challenged
caontrals. NoVac/NoChallenge group was left as the control Antibody response, [FN-y-secreting cells (IFN-y5C)
and IL-10 production were evaluated following vaccination. At 35 days post vaccination (DPV), all challenged
groups were inranasally inoculated with HP-PRRSV-Z, either alone or in combination with PRRSV-1. PRRSV
wiremia and ing lesion scores ing chall The results de d that ID i d
pigs had significantly lower IL-10 levek and higher [FN-y-5C than that of IM vaccinated pigs. Following chal-
lenge with HP-PRRSV-2 either alone or with PRRSV-1, PRRSEV viremia and lung lesions, both macroscopically
and mi ically, ignificantly reduced in pigs than that of nonvaccinated pigs, regandles to
the route of vaccine admini: jomn 1D i d pigs had significantly lower levels of PRRSV viremia and lung
lesion scores than that of IM vaccinated pigs. The results of the study suggested that the adminigration of
PRRSV-1 MLV, either IM or ID, provided partial protection against HP-PRRSV-2, either alone ar when cochal-
lenged with PRRSV-1, as demonstrated by the reduction in lung lesions and viremia. The ID route might re-
present an alternative to improve vaccine efficacy, as it resulted in lower IL-10 levels and higher IFN-y-5C levels.

1. Introduction

belonging to the order Nidovirales and family Arteriviridae (Cavanagh,

Porcine ductive and iratory d (PRRS) is a disease
in pigs characterized by respiratory distress in finishing pigs and re-
productive disorders in breeding sows. PRRS is caused by PRRS virus
(PRRSV), an enveloped, positive-sense, single-stranded RNA virus

1947). At present, two genetically distinct PRRSV species, PRRSV-1 and
PRRSV-2, have been recognized (Kuhn et al,, 2016). Two PRRSY species
are similar in the genome organization but their genomes are markedly
different, with genetic similarities of only 60 % and 56 % at the nu-
cleotide and amino acid levels, respectively (Forsberg etal,, 2002). The
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Table 1

Experimental design. Seven treatment groups included 4 vaccinated- and 3 non-vaccinated groups. Routes of vaccine administration included either intramuscular (IM) or intradermal (100, At 35 DPV, pigs in challenged

{NoChall group served as the control.

(MNoVac)/

groups were intranasally inoculated with HP-PRRSV-2, either alone or combination with PRESV-1. Pigs in

PRESV challenge

Demage and route of administration

Pigs no. Vaccination Vaccine

Treatment groups

HP-PRRSV-2(FDT10US23)

PRESV-1{ANOGELU4204)

No Yes

2ml, intramuscular (IM)
0.2 ml, intradermal (ID)

UNISTRAIN® FRES (labomtorios Hipm 5.4, Amer, Spin)

Yes

M/ HFFRRSVZ

Yes
Yes

Ko
Ko

UNISTRAIN® PRRS (laboratorios Hipra S A, Amer, Spain)

Yes
No

Mo/ HPPRRSVZ
IM/CoChallenge

1D/CoChallenge

Yes

2ml, intramuscular (IM)
0.2 ml, intradermal (ID)

UNISTRAIN® PRRS (laboratorios Hipra S A, Amer, Spain)

Yes

Yes

Yes

UNISTRAIN® PRRS (laboratorios Hipra S A, Amer, Spain)

Yes

Yes

Yes

Na

NeWac/ CoChallenge

NoVac/NoChallenge

No

Ko

No
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classification into two distinct species is based on the continents where
the viruses were first discovered. PRRSV-1 was first discovered in the
Europemn continent and currenty has further evolved into 4 subtypes
(Stadejek et al, 2008). Meanwhile, PRRSV-2 was first discovered in the
North American continent and further evolved into 9 distinct lineages
(Shi et al, 2010).

PRRSV that predominanily exists in Asian countries are different
from those in the European and North American continents. At present,
the co-existence of both PRRSV-1 and PRRSV-2 has been increasingly
reported in several Asian countries, including China, Korea, and
Viemam (Chen et al., 2011; Kim et al,, 2011). In Thailand, both PRRSV-
1 and PRRSV-2, have been reported (Nilubol et al., 2013). The co-ex-
istence of both species was evident at both individual pig and herd
levels. Based on intematonal systematic classification according to
previously described methods (Shi et al., 2010; Stadejek et al., 2008),
PRESV-1 in Thailand includes mainly isdlates in clade A, subtype 1.
PRRSV-2 includes lineages 1, 5 and 8. PRRSV-2 in the lineage 8 is
mainly clustered in sublineage 8.7 in which both 8.7/HP-PRRSV-2 and
8.7/Classical North America (NA) have been reported (Shi et al,, 2010).
This sublineage 8.7/HP-PRRSV-2, a highly pathogenic isolate that
causing high mortality, has been a predominant virus in the region
(MNilubol et al., 2013). The co-exsting of both PRRSV species could
generates more severe clinical diseases than does a single infection with
either species in which could subsequently complicate a successful
PRESV control program in the region. The more severe clinical diseases
were experimentally demonstrated as pigs co-infected with both species
had significantly higher levels of pneumonic hung lesion at 7 days post
challenge (DPC) than those challenged with either PRRSV species (Choi
et al, 2015).

With the availability of modified live vaccine (MLV) for both PRRSV
species, it is difficult to justify which species of PRRSV MLV should be
used to successfully control PRRS in the region where the coinfection
does exist. Recently, a live attenuated vaccine based on PRRSV-1
(UNISTRAIN® PRRS) is commercially available in both intramuscular
(IM) and intradermal (ID) administration. This vaccine, administered
IM, already demonstrated partial protection against heterologous
PRRSV-1 (Bonckaert et al, 2016) or PRRSV-2 (Roca et al, 2012),
However, it has not been evaluated against the coinfection of PRRSV-1
and PRRSV-2. In addition, there has not been any reports on the in-
duction of immune response, IL-10 production and protective efficacy
of the intradermal ad ministration.

IL-10 is a cytoline that functions in immunoregulation, including
the downregulation of the expression of Thl cytokines and the en-
hancement of B cell proliferation and antibody production (Saraiva and
©'Garra, 2010). In PRRSV infection, 1L-10 levels are reportedly asso-
clated with severity of clinical disease (van Reeth and Nauwynck, 2000)
and can delay the immune response. Therefore, the objectives of the
present study were to investigate the immune response of pigs vacci-
nated IM or ID with PRRSV-1 MLV (UNISTRAIN® PRRS). The protective
efficacy was evaluated against the challenge with HP-PRRSV-2 (sub-
lineage 8.7/HP-PRRSV-2), either alone or in combination with PRRSV-1
(clade A, subtype 1).

2. Materials and methods

2.1 Experimental design
All animal ¢ d were d d in d with the re-
commendations in the Guild for the Care and Use of Laboratory Animal
of the National Research Council of Thailand according to protocols
i d and app d by the Chulalongkorn University Animal Care
and Use Committee (protocol number 1,731,047).

Forty-two, 3-week-old, castrated male pigs were procured from a
PRRSV-free herd. Upon arrival, sera were collected individually and
assayed for the presence of viral RNA and PRRSV specific antibody
using PCR and ELISA to confirm their PRRSV negative status. Pigs were
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randomly allocated into the following 7 groups of 6 pigs each based on
weight stratification. As shown in Table 1: IM/HPPRRSVZ, 1D/
HPPRRSVZ, NoVac/HPPRRSVZ, IM/CoChallenge, ID/CoChallenge,
NoVac/CoChallenge and NoVac/NoChallenge. The IM/HPPRRSV2 and
IM/CoChallenge groups were vaccinated once via IM route with a 2 mL
dose of UNISTRAIN® PRRS (Laboratorios Hipra §.A., Amer, Spain). The
ID/HPPRRSV2 and 1D/CoChallenge groups were vaccinated once via ID
route with a 0.2 mL dose of UNISTRAIN® PRRS (Laboratorios Hipra
SA., Amer, Spain) using Hipradermic® needle-free vaccinator. The
NoVac/HPPRRSV2, NoVac/CoChallenge and NoVac/NoChallenge
groups were left non-vaccination.

At 35 days post vaccination (DPV), the IM/HPPRRSVZ, 1D/
HPPRRSVZ and NoVac/HPPRRSV2 groups were intranasally challenged
with 4 mL of tissue culture inoculum of HP-PRRSV-2 (FDT10US23
isolate, fifth passage of MARC-145 cells, 10°? TCIDsp/mL), 2 mL/nos-
wil. The IM/CoChallenge, ID/CoChallenge and MoVac/CoChallenge
groups were intranasally cochallenged with 4 mL of dssue culture in-
oculum of PRRSV-1 and HP-PRRSV-2 isolates, at 2 mL of each isalate/
nostril. The inoculum composed of 2mL of tissue culture supernatant of
each PRRSV-1 (ANOGEU4204 isolate, third passage of porcine alveolar
macrophages, 107% TCDge/mL) and HP-PRRSV-2 (FDT10US23 isolate,
fifth passage of MARC-145 cells, 1052 TCIDsp/mL). The NoVac/
NotChallenge group was kept as nonvaccinated/ nonchallenged control.
Pigs in each group were kept in separated room with separated air
spaces and monitored daily for physical condition and clinical re-
spiratory disease throughout the experiment.

Blood samples were collected at 0, 7, 14, 21, 28, 35 DPV and 3, 7,
14, and 35 days post challenge (DPC). Nasal swabs were collected at 0,
3,7, 14 and 35 DPC using individually packaged sterile swabs which
were immersed in 1 mL of RENAlater™ soluton (Thermo-Fisher
Scientific, MA, USA) and kept at —80°Cfor further processed (Fig. 1A).
Sera were separated and measured for antibody response using com-
mercial ELISA ldt and serum neutral ization (SN) assay, PRRSV RNA was
quantitatvely assayed in sera and nasal swab samples using real-time
quantitative RT-PCR (RTqPCR). Peripheral blood mononuclear cells
(PEMC) were isolated and used for in viro stimulation to measure IL-10
production using ELISA kit and IFN-ysecreting cells (IFN-y-SC) using
ELISPOT assay. Three pigs from each group were necropsied at 7 and 35
DPC PRRSV-induced pneumonic lung lesions were scored using pre-
viously deseribed (Halbur et al., 1995).

2.2, PRRSV vaccine and viruses

PRRSV vaccine used was UNISTRAIN® PRRS (Laboratorios Hipra
S.A., Amer, Spain), available in 2 different preparations, IM and 1D
vaccination. Desage and administration routes were in accordance with
the manufacturer's instructions. In brief, a 2 mL dose was used for IM
vaccination (batch no. 3279 —4). Meanwhile, a 0.2 mL dose was used
for ID vaccinatdon (batch no. 6D16). ID vaccination was performed
using Hipradermic® needle-free device (Lab i0s Hipra §.A., Amer,
Spain).

For in vitro stimulation assay, homologous and heterologous viruses
were used as recall antigens. Homologous virus refers to a vaccine
strain as previously described (Madapong et al,, 2017). Heterologous
viruses refer to the ANOGEU4204 and FDTI0US23 PRRSV isdlates
which contained Thai PRRSV-1 and PRRSV-2 (HP-FRRSV-2), respec-
tively. The PRRSV isolates ANOGEU4204 and FDT10US23 are in clade
A, subtype 1 and sublineage 8.7 /HP-PRRSV-2, based on international
systematic classification according to previously described methods
(Shi et al., 2010; Stadejek et al., 2008). The ORF5 genome sequences of
the ANOGEU4204 and FDT10US23 isolates are available in GenBank
under accession numbers JQO40750 and JN255836, respectively. These
two PRRSV isolates were isolated from weaned pigs from two different
herds experiencing PRRS outbreaks during 2010-2011 (Nilubol et al,
2012). Both swine herds are located in the western region of Thailand.
Based on the ORF5 gene, both Thai PRRSV isolates are phylogeneticall y

Veterinary Microblology 244 (2020) 108655

clustered in endemic clades of which could represent PRRSV isolates
endemically infected in swine herds in this region. In additdon, the two
viruses were genetically distinct from the PRRSV MLV used in the
present study. The nucleotide and amino acid similarities based on the
ORF5 gene between Thai PRRSV isolates and vaccine virus are sum-
marized in Table 2.

2.3, Clinical evaluation

Clinical signs and rectal temperature were monitored daily post
vaccination and post challenge periods for two consecutive weeks by
the same personnel at the same time. The severity of clinical respiratory
disease was evaluated using a scoring system for each pig following
stress induction as previously described (Halbur et al., 1995): 0 =
nomal, 1 = mild dyspnea and/or tachypnea when stressed, 2 = mild
dyspnea and/or tachypnea when at rest, 3 = moderate dyspnea and/or
tachypnea when stressed, 4 = moderate dyspnea and/or tachypnea
when at rest, 5 = severe dyspnea and/or tachypnea when stressed, and
6 = severe dyspnea and for tachypnea when at rest.

2.4 Antibody detection

Serum samples were tested for the presence of PRRSV-specific an-
tibody by commercial ELISA kit IDEXX PRRS X3 Ab test (IDEXX la-
boratories Inc., MA, USA) and serum neutralization (SN) assay. ELISA
assay was performed according to the manufacturer's recommenda-
tions, Serum samples were considered positive for PRESV antibody if
the 5/P ratio was greater than 0.4,

Serum neutralization (SN) assay was performed using homologous
(vaccine virus), heterologous PRRSV-1 (ANOGEU4204 isolates) and
heterologous HP-PRRSV-2 (FDT10US23 isolate), as previously de-
scribed (Nilubol et al., 2004). The presence of virus specific cytopathic
effect (CPE) in each well was recorded after incubating for 7 days. The
SN tters were determined as the reciprocal of the highest dilution in
which no evidence of the virus growth was detected. Geometric mean
titers were calculated.

2.5 Isolation of porcine PEMC

Peripheral blood mononuclear cells (PEMC) were isolated from 10
mL of heparinized blood samples by gradient density centrifugation
(Lymphosep™, Biowest, MO, USA) according to previously described
protocol (Ferrari et al, 2013). The isolated PBMC were counted by
inverted microscope and concentration was accessed in cRPMI-1640
(RPMI-1640 media supplemented with 10 % fetal bovine serum (EBS),
2 mM i-glitamine, and 50 pg/mlL of gentamycin). The viability of
PBMC were determined by Trypan blue (Sigma Aldrich, MO, USA)
staining and more than 90 % viability was used for in vitro stimulation
for ILAD production and enzymedinked immunospot (ELISPOT) assay
as describe below.

2.6. Porcine interleukin-10

Following vaccination, porcine interleukin-10 (IL-10) concentration
in supernatant of stimulated PEMC was quantified using porcine ELISA
interleukin-10 (IL-10) commercial Kt (Quantkine® ELISA porcine IL-
10, RE&D System, MN, USA) according to manufacturer’s instructions. In
brief, 2 * 10° PEMC in cRPMI-1640 were seeded into 96-well plates
and cultured in vitro for 24 h with homologous virus at 0.01 multiplicity
of infection (MOI) or phy inin (10 ug/mL, Si Aldrich,
MO, USA).

2.7. PRRSV-spedfic interferon-y-secreting cells

The number of PRRSV-specific interferon-y-secreting cells (IFN-y-
5C) were determined in PBMC using commercial ELISPOT IFN-y kit
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Fig. 1. (A) Experimental design showing PRRSV vaccine administration details and sampling time points. PRRSV-1: (UNISTRAIN® PRRS); MLV: modified-live
vaccine; CCIDsa: 50 % of the cell culture infectious dose. Level of PRRSV-specific antibodies measured by (B) ELISA and serum neutralization (SN) asay after
stimulation with (C) homologous virus (vaccine strain), (D) heterclogous PRASV-1 (ANOGEU4204) and (E) heterologous HP-PRASV-2 (FDTL10US23). Values are
expressed as the mean £ SEM. Sample-to-positive (S/P) mtios equal to or greater than 0.4 (dashed line) are considered positive. The results were compared using
two-way ANOVA for multiple comparisons. Different lowercase letters (a-d) indicate dgnificant differences between treatment groups (P < 0.05) for each day.

(EL1Spot porcine IFN-y, RE&D System, MN, USA), processed according to
manufacturer's instructions and previously described (Park et al,, 2014)
with minor modificaion. Briefly, 2 x 10° PEMC in cRPMI-1640
medium were seeded into 96-well plates and stimulated with either
homologous or heterologous PRESV isolates at 0.01 MOI for 24 hat 37
°Cin 5% (0, humidified atmosphere. The linear response was tested
between 0.01 and 0.1 multiplicity of infection (MOI). Phytohe-
magglutinin (10 pg/mL, Sigma-Aldrich, MO, USA) and cRPMI-1640
medium was used as positive and negative control, respectively. The

spots were counted by an automated ELISPOT Reader (AID ELISPOT
Reader, AID GmbH, Strassberg, Germany), and the background values
were subtracted from the respective count of the stimulated cells and
the immune response was expressed as number of IFN-y-8C per 1 % 10°
PBMC.

2.8, Quantification of PRRSV RNA

PRRSV RNA was extracted form serum and nasal swabs samples
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Table 2

MNucleotide and amino acid similarities based on the ORFS gene between vac-
cine virus and PRRSV-1 and HP-PRRSV-2 isolates used to challenge in this
study. International systematic clasdfication was bhased on previowsly de
scribed, including PRRSV-1 (Stadejek et al, 2008) and HP-PRRSV-2 (Shi et al.,
2010).

PRESV isolates Clasification Similarity level (%) between
vaccine virs and PRRSV isolates
Nucleotide Aming acid
PRESV-1{ANOSEL 4204) Clade A, subtype 927 831
1
HP-PRESV- Sublineage 87/ 69.9 598
2{FDT10US23) HPPRRSV-2

Veterinary Microblology 244 (2020) 108655

each day by ANOVA to determine whether there were significant dif-
ferences between treatment groups for each day. If the p-value in the
ANOVA table was < 0.05, differences between treatment groups were
evaluated by pairwise comparisons using least significant differences at
the P < 0.05 rejection level

3. Results
3.1. Reduced clinical disease following challenge in vaccinared pigs

All vaccinated pigs displayed no clinical abnormalities following
vaccination and rectal temperatures were within the normal physiolo-

gical range (data not shown). Following challenge, pigs in all groups
i the clinical respiratory disease associated with PRRSV, in-

Shi, M., Lam, T.T., Hon, C.C., Murtaugh, M.P., Davies, P.R., Hui RK, Li, I,
Wong, L.T., Yip, C.W., Jiang, JW., Leung, E.C, 2010. Phylogeny-based evalu-
tionary, d hical, and shical ion of North American type 2
porcine repmductive and respiratory syndrome viruses. J. Virol. 84.8700-8711.
Stadejek, T., Oléksewicz, M.B, Scherbakov, AV, Timina, AM, Krabbe, 1.5,
Chabres, K., Potapchuk, D, 2008. Definition of subtypes in the Eumpean
B pe of porcne repr ive and respi ¥ virus: i
characteristics and geogmphical distribution in Europe. Arch. Viral
153.1470-1488.

using NucleoSpin® Virus (Macherey-Nagel, Duren, Germany) according
to manufacturer's instruction. The RNA quality was measured using a
NanoDrop spectrophotometer (Colibri spectrometer, Titertek Berthold,
Pforzheim, Germany). Copy number of viral RNA was then quantified
using previously published TagMan® probe-based real-ime RT-PCR
(Egli et al,, 2001) with minor modification. Primers and probes were as
follows: reverse primer USalingEU-R, 5 AAMTGIGGCTTCTCIGGITTTT
3, forward primer USalingEU-F, 5 TCAICTGTGCCAGITGCTGG 3 EU-
PRRSV specific probe FAM EU (5° CAL 560 CCCAGCGCCAGCAACCTA
GGG BHQ1 %; and US-PRRSV specific probe FAM US (5" FAM TOCCG
GTCOCTTGCCTCTGGA BHQT 3). RTqP(R mixture (20 pl) was based
on QuantiNova™ Probe RT-PCR kit (Qiagen®, Hilden, Germany), 1X
Probe RT-PCR Master Mix, 1X QN Probe RT-Mix, 0.8 yM of each primer,
0.2 uM of each probe, 1 yl of cDNA (0.5 pg), and R Nase-free water up to
20 pl. The reaction was carmied out in QuantStudio™ 3 Real-time PCR
machine (Thermo-Fisher Scientific, Waltham, MA, USA).

2.9. Pathological examination

Pigs were necropsied at 7 and 35 DPC. Macro- and microscopic lung

play
cluding fever and dyspnea. Nonvaccinated pigs displayed more severe
clinical diseases than those of the vaccinated pigs.

3.2, IM and ID vaccination induced similor antbody response as measured
by ELISA

Regardless of the route of administration, an increased PRRSV-
specific antibody response was first detected at 7 DPV in all vaccinated
groups, but the level was less than the cut-off level (S/P ratio < 0.4)
(Fig. 1B). Significantly increased antibody titers, above the cut-off level,
were observed in all vaccinated groups from 14 to 35 DPV. The levels
were significantly higher in the vaccinated groups then in the non-
vaccinated groups. Following challenge, no increased antibody re-
sponses were observed in any vaccinated groups.

3.3. IM and ID vaccination induced similar antbody response as measured
by SN assay

Regardless of the route of vaccnation and PRRSV isolates of recall
antigen used, the SN Gters of all vaccinated groups were first detected
at 21 DPV (Fig. 1C-E) and significently higher (P < 0.05) than those of
the nonvaccinated groups throughout the experi

In homologous virus stimulation (Fig 1C), the SN titers of all vac-
cinated groups were first detected at 21 DV and increased from 28 to
35 DPV. Pigs in the ID/HPFRRSVZ and ID/CoChallenge groups had
significantly (P < 0.05) higher SN titers than those in the IM/
HFPRRSVZ and IM/CoChallenge groups at 21 and 28 DFV. However,
the SN titers were not different between vaccinated groups at 35 DRV,
Following challenge, the SN titers of all vaccinated groups gradually
increased. At 7 DPC, the IM/CoChallenge and ID/CoChallenge groups

lesions were scored according o a previously d
(Halbur et al,, 1995). For macroscopic lung lesion, the lungs were given
a score o estimate the percentage of the lung affected by pneumonia,
Each lobe was assigned a number to reflex the approximate percentage
of the volume of the entire lung and the percentage volume from each
lobe added to obtain the entire lung score (range from 0 to 100 % of
affected lung). Sections were collected from all lung lobes as previously
described (Halbur et al, 1995). Lung tissues were fixed with 10 %
neutral buffered formalin for 7 days and routinely processed and em-
bedded in paraffin in an automated tissue processor. Sections were cut
at 5pum and stained with hematoxylin and eosin (H&E). For microscopic
lung lesion analysis, the lung sections were examined in a blinded
manner and given an estimated score of the severity of the interstitial
pneumonia. Briefly, 0 = normal; 1 = mild interstitial pneumonia, 2 =
moderate multifocal interstitial pneumonia, 3 = moderate diffuse in-
terstitial pneumonia, and 4 = severe diffuse interstiial pneumonia. The
mean values of microscopic score of each group were calculated.

2.10. Sttstical analyses

Data from repeated measurements were analyzed using multivariate
analysis of variance (ANOVA). Continuous variables were analyzed for

had significantly higher SN titers than the IM/HPPRRSVZ and ID/Co-
Challenge groups, but no difference was observed between vaccinated
groups at 14 DPV. However, at 35 DPC, the SN titers of the IM/
HFPRRSVZ and ID/CoChallenge groups were significantly higher than
those of the [D/HPFRRSVZ and IM/CoChallenge groups.

In heterologous PRRSV-1 (ANOGEU4204) stimulation (Fig. 1D). The
SN titers of all vaccinated groups were first detected at 21 DPV and
increased from 28 to 35 DPFV. The IM/HPPRRSVZ group had sig-
nificantly lower SN titers than the other groups at 28 and 35 DPV.
Following challenge, the SN titers of all vaccinated groups remained
constant from 7 to 14 DPC but slightly increased at 35 DPC. At 7 DPC
the IM/CoChall and ID/Cochall goups had significantly
higher SN titers than the IM/HPPRRSVZ and IM/CocChallenge groups,
but there was no difference in the SN titers among the vaccinated
groups at 14 DPC. However, at 35 DPC, the IM/HPPRRSVZ and 1D/
CoChallenge groups had significantly higher SN titers than the 1D/
HPPRRSVZ and IM/Cochallenge groups.

In heterologous HP-PRRSV-2 (FDT10US23) stimulation the SN titers
of all vaccinated groups were first detected at 21 DPV and increased
from 28 to 35 DPV (Fg 1E). Following challenge, the SN titers of all
vaccinated groups were decreased from 7 to 14 DPC. Increased SN titers
were increased in all vaccinated groups at 35 DPC. The SN titers of the
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IM/CoChallenge and ID/CoChallenge groups were significantly higher
than those of the IM/HPPRRSV2 and ID/HPPRRSVZ groups at 35 DPC

3.4 1D vaccination induced lower 1L-10 production than IM vaccination

The induction of IL-10 production was different between vaccinated
groups in which delayed response was observed in ID vaccinated pigs
(Fig. 2A). IL-10 was observed at 7 DFV in IM vaccinated pigs and in-
creased to the highest level at 21 DPV. In contrast, IL-10 was observed
at 21 DPV in ID vaccinated pigs. All IM vaccinated groups had sig-
nificantly higher 1L-10 levels than that of ID vaccinated and control
groups at 7 and 14 DPV. There was no difference in IL-10 levels be-
tween 1D vaccinated and nonvaccinated groups at 7 and 14 DPV. At 7
and 14 DPV, increased IL-10 levels were observed only in the IM/
HPPRRSVZ and IM/CoChallenge groups, which had significandy
(P < 0.05) higher IL-10 levels (range from 1.78 + 0.4-10.42 + 1.2 pg/
mL) than the ID/HPPRRSV2 and [D/CoChallenge groups. Then, the IL-
10 levels coninuously increased and reached the maximum level
(range from 10.34 + 1.7-11.45 + 1.3 pg/mL) at 21 DPV without a
significant difference among vaccinated groups. Subsequently, the IL-
10 levels of all vaccinated groups continually declined at 28 and 35
DPV. At 28 and 35 DPV, the 1L-10 of the IM/HPPRRSVZ and IM,/Co-
Challenge groups were statistically (P < 0.05) higher levels (range from
4.35 + 1.0-9.74 = 1.4pg/mL) than those of the ID/HPPRRSVZ and 1D/

3.5. 1D vaccination induced higher IEN-y-SC than IM vaccination

Following homologous virus stimulation, IFN-y-SC were first de-
tected in the ID vaccinated groups at 28 DPV and continuously in-
creased, reaching the highest levels at 35 DPV. In contrast, IFN-y-SC
were first detected in the IM vaccinated groups at 35 DPV (Fig. 2B). The
ID vaccinated groups had significantly more IFN-y-SC then the IM
wvaccinated groups at 28 and 35 DPV. Following challenge, the IFN-y-SC
in the IM/CoChallenge (155 + 12 and 170 = 16 cells,/10° PMBC) and
ID/CoChallenge (120 + 12 and 155 * 15 cells/10° PBMC) groups
continually increased and had significantly higher frequencies than
those in the IM/HPPRRSV2 and [D/HPPRRSV2 groups at 7 and 14 DPC,
respectively. The IFN-y-SC of all vaccinated groups were decreased at
35 DPC.

After stimulation with heterologous PRRSV-1 (ANGEU4204), no
IFN-y-SC were detected in any vaccinated groups following vaccination
(Fig. 2C). Following challenge, significantly more IFN-y-SC were ob-
served in all vaccinated groups than in nonvaccinated groups. At7 DPC
the most IFN-y-$C (316.67 = 25.49 cells/10° PEMC) were observed in
the ID/CoChallenge group (P < 0.05). Meanwhile, the IFN-y-5C in the
vaccinated groups were not different at 14 and 35 DPC, except for the
IM/CoChallenge group, which had significantly fewer IFN-y-SC
(26,67 * 6.15 cells/10° PBMC) than the other vaccinated groups.

Similar to heterologous PRRSV-1 stimulation, after simulation with
heterologous HP-PRRSV-2 (FDT10US23), no IFN-y-SC were detected in

CoChallenge groups (range from 0 to 6.23 = 1.2 pg/mL), respectively.

any i d groups following vaccination (Fig. 2D). Following

challenge, significantly more [FN-y-SC were observed in all vaccinated
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groups than in the nonvaccinated groups. At 7 DPC, the ID/CoChallenge
group had the significanily more IFN--SC of 416,67 + 34 cells/10°
PBMC than the other vaccinated groups. At 14 DPC, significantly more
IFN-y-8C were observed in the IM/C 11 and D/ 1l
groups than in the IM/HPPRRSVZ and ID,/HPPRRSV2 groups. However,
there was no difference in IFN-y-SC among the vaccinated groups at 35
DPC

3.6, IM and ID vaccination reduced PRRSV viremia and nasal shedding
following challenge

Following PRRSV-1 MLV vaccination, there was no significant dif-
ference in the amount of PRRSV-1 RNA in the sera of the IM and ID
vaccinated groups. PRRSV-1 RNA was first detected in all vaccinated
groups at 14 DPV with lower levels (< 100 copies) and remained
constant until 35 DPV (Fig. 2A). Following challenge, PRRSV-1 RNA
was detected in the blood of the IM/CoChallenge, ID/CoChallenge and
NoVac/CoChallenge groups only and rapidly increased, reaching peaks
at 7 DPC. Then, the amount of PRRSV-1 RNA was continually decreased
to basal levels from 14 to 35 DPC At 3 DPC there was no difference in
PRRSV-1 RNA among the groups. The IM/CoChallenge and ID/Co-
Challenge groups had significantly less (P < 0.05) PRRSV-1 RNA than
the NoVac/CoChallenge group at 7 and 14 DPC. However, there was no
difference in PRRSV-1 ENA among the groups at 35 DPC (Fig. 3A).

Following PRRSV-1 MLV vaccination, no HP-PRRSV-Z RNA was
detected in the blood of any of the groups. HP-PRRSV-2 RNA was first
detected at 3 DPC and continually increased and reached peaks at 7

DPC Then, HPPRRSV-2 RNA continued to decrease at 14 DPC and
remained at basal at 35 DPC (Fig. 3B). The pigs in the NoVac/Co-
Challenge group had the highest HP-PRRSV-2 RNA levels of
1038 + 122 and 493 + 112 copies/mL at 7 and 14 DPC, respectively.
At 7 DPC, the IM/HPPRRSVZ and ID/HPPRRSVZ groups had sig-
nificantly lower (P < 0.05) HP-PRRSV-2 RNA than the other groups. At
14 DPC, all v d groups had signi ty lower (P < 0.05) HP-
PRASV-2 RNA than the nonvaccinated/challenged groups, There was
no difference in HP-PRRSV-2 RNA among the groups at 35 DPC
(Fig. 3B).

The IM/CoChallenge and 1D/CoChallenge groups had significantly
lower (P < 0.05) PRRSV-1 ENA in the nasal swabs than the NoVac/
CotChallenge group from 3 to 14 DPC, but no differences were observed
at 35 DPC There were no differences in PRRSV-1 RNA between the IM/
Cothallenge and ID/CoChallenge groups at 3, 7 and 14 DPC (Fig. 3C).
The genomic copies of HP-PRRSV-2 RNA in nasal swabs were relatively
higher than those of PRRSV-1 RNA but had similar patterns to PRRSV-1
RNA (Fig. 3D). The HP-PRRSV-2 RNA in nasal swabs continually in-
creased in all groups at 3 DPC and reached the highest levels at 7 DPC
Afterward, the HP-PRRSV-2 RNA quicHly decreased at 14 DPC and re-
mained at basal levels at 35 DPC. The ID/HPFRRSVZ group had sig-
nificantly lower (P < 0.05) HP-PRRSV-Z RNA of 50%5 and
201.6 + 12 copies/mL than the other groups at 3 and 7 DPC, respec-
tively. At 14 DPC all vaccinated groups had significantly lower
(P =< 0.05) HP-PRRSV-2 RNA than the NoVac/HPPRRSVZ and NoVac/
CotChallenge groups. There was no difference in HP-PRRSV-2 RNA in
nasal swabs among the groups at 35 DPC. PRRSV RNA, both PRRSV-1
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Fig. 4. Macroscopic lung lesions following challenge at 7 DPC of the (A)
vaccinated/nonchallenge pigs.

and HP-PRRSV-2, was not detected in the blood and nasal swabs from
the NoVac/NoChallenge group throughout the experiment.

3.7. IM and 1D vaccination reduced macroscopic and microscopic lung
lesions following challenge

‘The macroscopic lung lesions induced by PRRSV were characterized
by multifocal, tan-molted areas with irregular and indistinct borders
(Fig. 4). Pigs in the NoVac/HPPRRSV2 and NoVac/CoChall groups

pigs, (C) ID

d pigs and (D) non-

interstitial macrophages and lymphocytes and by type Il pneumocyte
hyperplasia (Fig. 5). Microscopic lung lesion scores were concordant
with the macroscopic lung lesion scores. All vaccinated groups, re-
gardless to the route of administration, had significantly lower micro-
scopic lung lesion scores than the nonvaccinated/challenged groups
(Table 3). Pigs in the ID/HPPRRSV2 and ID/CoChallenge groups had
significantly lower microscopic lung lesion scores of 1.33 = 0.14 and
1.51 + 0.11 than those in the IM/HPPRRSV2 and NoVac/HPPRRSV2
groups of 2.38 + 0.11 and 2.37 + 0.07 at 7 DPC. There were no mi-

had significantly higher lung scores of 71.3 = 3.2 and 84.0 = 3.5 than
those in the vaccinated challenged groups at 7 DPC. Significantly fewer
macroscopic lung lesions were observed in the I[D/HPPRRSV2 and 1D/

[: lung lesions in the groups at 35 DPC (Supplementary In-
formation).

4. Di i

CoChallenge groups than in the IM/HPPRRSV2 and IM/CoChalleng
groups, respectively (Table 3). In addition, the ID/HPPRRSV2 group
had significantly lower macroscopic lung lesion scores of 27.3 + 2.4
than the other groups. There was no difference in macroscopic lung
lesion scores among the groups at 35 DPC.

The microscopic lung lesions associated with PRRSV infection were
characterized by thickened alveolar septa with increased numbers of

Table 3

Macro- and microscopic lung lesion scores following challenge. Values express
as the mean + SEM. The results were compared using two-way ANOVA for
multiple com parisons. Different lowercase letters (a-¢) indicate significant dif-
ferences between treatment groups (P < 0.05) for each day postchallenge
(DPC).

Trestment groups

Macrascopic sores Microscopic scores

7 DPC 35DPC 7 DPC 35 DPC
IM/HPPRRSV2 580 = 2.0° 0x0 162 +011° 0x0
ID/HPPRRSV2 27324 00 133 £ 0.14° 0x0
NoVac/HPPRRSV2 713+3.2 20*10 238 +011° 00
M/ CoChallenge 623 +2.4 20+03 188 = 0.06" 00
1D/CoChallenge 4070 1L0+03 151 £0.10¢ 0x0

NoVac/CoChallenge 84035 20=x10 237 +007° 0x0
NoVac/NoChallenge 0x0" 00 00" 00

The present study was ducted to i the i re-
sponse and IL-10 production of pigs vaccinated IM or ID with PRRSV-1
MLV. The protective efficacy was evaluated upon challenge with HP-
PRRSV-2 either alone or in combination with PRRSV-1. It was de-
monstrated that pigs vaccinated, either IM or ID, induce a similar
patterns of antibody response as measured by ELISA and SN assays. The
discrepancy is observed in cell mediated immune (CMI) response in
which ID d pigs had si ly lower 1L-10 levels and higher
[FN-y-SC levels than that of IM-vaccinated pigs. Following challenge
with HP-PRRSV-2, either alone or cochallenge with PRRSV-1, PRRSV
viremia and lung lesions, both ically and = Iy,
were significantly reduced in vaccinated pigs ch.m that of non-
vaccinated pigs, regardless to the route of vaccine administration. It is
notably that ID i d pigs had significanty lower levels of viremia
and lung lesion scores than that of IM vaccinated pigs.

Recently, new routes of vaccine administration including an ID
administration through needle-free devices have intensively been stu-
dies to improve the efficacy of vaccines. Needle-free device have been
used as advantageous methods to cross the epidermal barrier and effi-
ciently deliver antigens into the dermal layer (Giudice and Campbell,
2006), requiring a smaller volume of fluid than the more conventional
IM route (Giudice and Campbell, 2006). The most important

179



A Madaporg, & dl.

chall of the (A)

Veterinary Microblology 244 (2020) 108655

Fig. 5. Microscopic lung lesions
nonchallenge pigs. H&E staining. Bar = 100 pm.

d ges of the ID admini ion by a needle-less device are that it is IL-10 is a cytokine with multiple effects on i lation and
less invasive, painless, safe, quick and easy. Furthermore, the ID ad- infl jon. It in T cell pol by d lating the
ministration could induce a stronger CMI response compared to that of T jon of Thl ki including IL-12 and IFN-y, MHC class Il
the IM administration. The superior efficacy of the ID ination, re- and costimulatory molecules on h 1L-10 also en-
garding to the induction of the i was d d in hances B cell survival, proliferation, and antibody production.

a previous report in which the ID vaccinath.nddivuedby aneedle-free
device can prime a

Additionally, IL-10 has a central role in limiting pathogen-induced

IM vaccination (Ferrari et al,, 2011).

specific i P both ht 1 pathology and is d with the induction of tol and
and QML against Aujeszky’s disease compared to that of induced by the regulatory T lymphocytes (Treg) (LeRoith et al,, 2011). The exploitation
of IL-10 appear to be a hanism of ion by

Regarding to CMI response, delivery through the intradermal route
could induce T cell polarization through the Th1 pathway, favoring the
induction of IFN-y. This phenomenon was evident in the present study.
ID vaccinated pigs had a significantly higher level of PRRSV-specific
[FN-y-SC than that of IM vaccinated pigs. The observed results are in
accordance with previous reports in which ID vaccinated pigs induce
relatively more IFN-y-SC than IM-vaccinated pigs (Ferrari et al,, 2013;
Martelli et al., 2009). One factor likely contributing to this finding is the
presence of skin-resident immune cells able to sufficiently capture an-
tigens directly from the skin. The skin is rich in professional antigen
presenting cells (APC), including epidermal | + cells (LC) and
dermal dendritic cells, which are known to migrate to draining lymph
nodes and trigger immune responses (Combadiere and Liard, 2011).

Another passibility of higher IFN-y-SCin ID vaccinated pigs than IM
vaccinated pigs could be due to the lower IL-10 levels. Our results de-
monstrated that the IL-10 production was delayed, and the level was

ignificantly lower in 1D d pigs than in IM vaccinated pigs in
the early phase following vaccination. The results are in agreement
with a previous report in which vaccinated pigs, both IM and ID, can
induce IL-10 production, but ID vaccinated pigs induced relatively
lower IL-10levels compared to that of IM vaccinated pigs (Ferrari et al.,
2013). However, the delivery of antigen through the intradermal route
could target dendritic cells. IL-10 is a cytokine of the Th2 response. The
delivery through this route could induce T cell polarization through the
Th1 pathway, favoring other cytokines that act against Th2 (Tesfaye

intracellular pathogens that specifically target macrophages for infec-
tion. Considering the restricted tissue tropism of PRRSV, it is con-
ceivable that PRRSV used IL-10 to suppressing the host immune re-
sponse. In PRRSV infection, either by natural infection of MLV
vaccination, increased IL-10 production was observed in both in vitro
and in vivo (Flores-Mendoza et al., 2008). These undesired outcomes
potentially resulted in the slow induction of effective i ity, the
failure of other ines and in d ibility to dary in-
fection by the other pathogens, causing porcine respiratory disease
complex. In PRRSV infection, IL-10 is also related to the severity of
clinical diseases (van Reeth and Nauwynck, 2000).

With respect to the humoral immune response, the results of the
present study d d that the ind of theh 1i
response against PRRSV was not different between IM- and ID-vacci-
nated pigs. The results demonstrated no difference in the induction of
thet 1i P as d by ELISA between IM- and
ID-vaccinated pigs and are in agreement with previous studies (Ferrari
et al, 2013).

‘The results of the study d d that pigs vacci d ID or IM
with PRRSV-1 MLV (UNISTRAIN® PRRS) conferred partial heterologous
protection against HP-PRRSV-2, either alone or in combination with
PRRSV-1. The findings reported herein are in agreement with previous
reports (Bonckaert et al., 2016; Roca et al, 2012). Based on a single
challenge with either virulent PRRSV-1 (Lena) (Bonckaert et al., 2016)
or HP-PRRSV-2 (Roca et al, 2012), PRRSV-1 MLV (UNISTRAIN® PRRS),

et al, 2019). , the hani of IL-10 ind foll
vaccination by the IM and ID routes are not understood.

g

dm ini: d through the IM route, can confer a partial protection as
evidenced by reduced viremia. The mechanism of partial cross
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protection of the PRRSV-1 MLV against heterologous PRRSV-2 is not
known but might be due to the induction of cross neutralizing reactivity
against heterologous HP-PRRSV-Z. This was observed by increased SN
titers against HP-PRRSV-2 in the vaceinated pigs in the present study. In
additon, different type of PRRSV-1 MLV could potentially have various
activities against PRRSV-2. A previous report compering the efficacy of
2 different PRRSV-1 MLV vaccines demonstrated that one PRRSV-1
MLV had low protection against HP-PRRSV-2 (Madapong et al., 2020).
However, further investigations are needed to be performed.

Genetic similarity between the vaccine and field virus is not a good
indicator of the protective efficacy provided by a PRRSV MLV vaccine
(Opriessnig et al., 2002). The protective efficacy of a PRRSV MLV is
usually determined by the reduction in viremia and lung lesions fol-
lowing challenge with virulent viruses (Labarque et al., 2003). PRRSV
wviremia plays a central role to its p\aﬂaogencsis. High PRRSV in serum

iated with the devel iclung lesions
(Han et al, 2013). 'l‘hereﬂ:re, vandne modiated reduction of PRRSV
wiremia is critical for controlling the infection pigs. Our results are in
accordance with previous studies on the efficacy of PRRSV MLV vac-
cination showing that all vaccine species provide partial protection
against challenge with heterologous PRRSV strains with a wide range of
protection (Bonckaert et al., 2016; Ferrari et al., 2013; Martelli et al,
2000; Roca et al.,, 2012). Notably, ID vaccinated pigs had significanty
lower macroscopic and microscopic lung lesion scores than IM-vacci-
nated pigs. This finding could be because the ID route induce a strong
cell-mediated immune response as evidenced by the number of IFN-y-
5C.

5. Conclusion

In conclusion, the results of the study suggested that PRRSV-1 MLV
administered by either IM or ID can provide partial heterologous pro-
tection against challenge with HP-PRRSV-2, either alone or in con-
junction with PRRSV-1, as demonstrated by reduced lung lesions and
wviremia. The [D route might represent an alternative to improve vaccine
efficacy, as it induced lower IL-10 levels and more IFN-y-5C.

Declaration of Competing Interest

The authors declare ﬂ:atﬂ:cyha“:nokmvmoompcﬂngﬂnanda]
or 1 relationships that could have appeared to influ-

enoetheworkmponedinﬂ:ispaper

Acknowledgements

This study was s Research and Researchers for
Industries (RRI, grant number PHD5910040), and Agricultural Research
Development Agency (Public Organization), (ARDA, grant number
CRPS70501990). Furthermore, the partial funding was supported by
Chulalongkorn University Special Task Force for Activation Research
(CU-STAR); swine virus evolution and vaccine research (SVEVE).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doihttps://dol.org/10.1016/. vetmic. 2020.108655.

References

Bonckaert, ©, van der Meulen, K, Rodrigues Ballara, 1, Pedrauela Sane, R., Martines,
MF., Nawwynck, HL, 2016. Medifieddive PRESV subtype 1 vaccine UNISTRAIN(R)
PRES provides a partial clinical and viralogical protection wpon challenge with Esst
Eurpean subtype 3 PRESV strain Lena. Porcine Health Manag. 2, 12,

Cavanagh, D., 1957. Nidovirales a new order comprising Coronaviridae and
Aneriviridse. Arch. Virol 142, 625-633.

Chen, N, Cag, Z,, Yu, X., Deng, X., Zhao, T., Wang, L, liv, Q., Li, X, Tian, K, 2011
Emergence of novel Eiropean genatype porcine reproductive and respimtory

Veterinary Microbiology 244 (2020) 108655

syndrome virus in mainland China. J. Gen. Virol. 92, BBO-892.

Choi, K, Lee, I, Park, C., Jeong, L, Chae, C, 2015. Compmrison of the pathogenssis of
single or dual infections with type 1 and type 2 porcine reproductive aned respimtory
syndrome virus. J. Comp. Pathol. 152, 317-324.

Combadiere, B., Liard, C, 2011. and ination. Hum.
Vacein. 7, 811-827.

Egli, ©, Thur, B, Lis, L, Hofmann, M.A., 2001. Quantitative TagMan RT-PCR for the
detection and differentistion of European and North American strains of porcine
reproduetive and respirtory syndrome vines L Visl Methods 08, 6375

Ferrard, L., Borghetti, P., Gozie, 5., De Angelis, E, Ballots, L, Smeets, J., Blanchaert, A,
Martelli, P, 2011. Evaluation of the immime response induced by intradermal vac-
cination by using a needie-less system in comparison with the intmmuscular route in
conventional pigs. Res. Vet Sei. 90, 64-71.

Ferrari, L, Martelli, P., Saleri, ., De Angelis, ., Cavalli, V., Bressola, M., Benetti, M.,
Borghent, P, 3013, Lymphocye activation a cytokine gene expresion and seretion
isrelated to the porcine P iruss (PRRSV) isalate
after invitro homelogous and heterologous recall of peripheral blood mononuclear
cells (PEMC) from pigs vaccinated and exposed to natural infection. Vet. Immunal
Immunepathol. 151, 193-206.

Flores-Mendoza, L, Silva-Campa, E, Resendiz, M., Osorin, F.A, Hemandes, J., 2008,
Porcine reproductive and nspimtory syndrome vins infects mature porcine dendritic
eells and up-regulates interleukin-10 production. Clin. Vaceine Immunol. 15,
T20-725.

Forsberg, R, Storgaand, T, Nielsen, HLS., Oleksiewicz, MB., Cordioli, P., Sala, G., Hein,
1., Botner, A., 2002. The genetic diversity of European type PRRSV is similar to that
of the North American type but i geographically skewed within Europe. Virslogy
205, 3847,

Giutice, EL, Campbell, LT, 2006. Neadle-free vaccine delivery. Adv. Drig Deliv. Rev.
58, 68-85.

Halbur, P., Paul, P., Frey, M., Landgraf, J., Eernisse, K, Meng, X-J., Lmu.'H.AmmeJ
Rathje, J., 1595, Comparison of the icity of two US pored
respiratry syndmme virs isolases with that of the Lelystad vinu Ver. Pahel. 32,
648-660.

Han, K., Sen, HW., Oh, ¥, Kang, L, Park, C., Chae, C, 2013. Comparisan of the virdence
of Eiropean and North American of poreine rep and resp
syndrome vinus in experimentally infected pigs. Vet J. 195, 313-318.

Kim, KK, Park, S.1, Rho, SM., Hin, LY., Nguyen, V.G., Park, BE, 2011. One year's
study of dynamic and evolution of types T and ITPRRSV in a swine fam. Vet
Microbiol 150, 230-238.

Kuhn, JH., Lauck, M., Bailey, AL, Shehetinin, AM., Vishnewskaya, TV., Bao, ¥ M., Ng,
T.EF, LeBreton, M., Schneider, 5.5, Gillis, A, Tamoufe, U, Diffo, JL, Takuo, JM.,
Kondov, N.O., Coffey, LL, Wolfe, ND., Delwart, E, Clawson, AN, Pastnkowa, E,
Bollinger, L, Lackemeyer, M.G., Radeshitzky, SR, Palacios, G., Wada, L, Shevisova,
Z.V., Jahrling, P.E., Lapin, B.A., Deriabin, P.G., Dunowska, M., Akhowky, 5.V,
Rogers, L, Friedrich, T.C., O'Connor, D.H., Galdberg, TL, 2016. Reorganization and
expansion of the nidoviral family Ateriviridae. Arch. Virol 161, 75768

Labarque, G, Van Gueht, 5., Van Reeth, K., Nawwynck, H, Pensiert, M., 2003.
Respiratory tract protection upon challenge of pigs vaceimted with attenuated por-
eine reproductive and respiratory syndrome virus vaceines. Vet. Microbiol 55,
187-157.

LeRoith, T., Hammond, 5., Todd, SM_, Ni, Y., Cecere, T, Peber, K., 2011 A modified
live PRRSV vaceine and the T eells in pigs
naturally infected with
140, 312-316.

Madspong, A, Temeeyasen, G., Saeng-Chuto, K., Tripipat, T., Navasakuljinda, W.,
Boonsoongnern, A., Tantituvanont, A., Nilubol, D, 2017. Humoral inusine eponess
and viral shedding following vaceination with modified 1i
repirary syndmme vins vaecines. Arch Virel 162, 119 ‘146,

Madapong, A, Saeng Chuto, K., Bomsoongnem, A, Tantitwvanont, A, Nilubol, D., 2020,
Cell-mediated immume response and protective efficacy of porcine rproductive and

ified & hallenge with PRESV-1

Vet. Immunol.

virue
amd PRRSV-2. 56 Rep. 10, 1649,

Martelli, P., Gozie, §., Ferrar, L, Rosina, 5., De Angelis, E, Quintavall, C., Bottarelli, E,
Borghetti, P, 2008, Efficacy of a modified live porcine reproductive and respimtory
syndrome virus (PRRSV) vaceine in pigs naturally exposed 1o a heterokgous
European (Ttalian chuster) fiekd strain: elinieal protection and cell-mediated im-
mumity. Vaccine 27, 3788-3799.

Nilubol, D, Platt, KB., Halbur, P.G., Torremorell, M., Harris, DL, 2004. The effect of a
killed poreine reproductive and respiratory syndmme virus (PRRSV) vactine treat
ment an virus shedding in previously PRRSV infected pige Vet. Microbiol 102,
11-18.

Nilubol, D, Tripipat, T., Hoomsuwan, T., Kortheerakul, K, 2012 Porcine reproductive
and respimtory syndrome virus, Thailand, 2010-2011. Emerg. Infect. Dis. 18,
2035-2043.

Nilubol, D, Tripipat, T., T, Ti P, 1, 2013.
Genetic diversity of the ORFS gene of porcine reproductive and respiratory syndmome
wirts (PRRSV) genatypes Tand 11 in Thailand. Arch. Virol 158, $43-953.

Opriesanig, T, Halbur, P.G., Yoon, KL, Pogranichniy, RM., Harmon, KM, Evans, R,
Key, KT, Pallarss, F.L, Thomas, P., Meng, X.J., 2002. Comparism of molecular and
bicdogical characteristios of a modified live porcine reproductive and respirtory
syndrome virus (PRRSV) vaceine (ingelvac PRRS MIV), the parent strain of the
vaccine (ATCC VR2332), ATCC VR385, and two recent field isolites of PRRSV. .
Virol 76, 11837-11844.

Park, C, Seo, HW , Han, K, Kang, I, Chae, C, 2014 Fvaluation of the efficacy of a new
modified live porcine reproductive and respiratory syndrome virus (PRESV) vaccine
(Fostera PRRS) against heterologous PRESV challnge. Vet Microbiol 172, 432442

181



A Madapong, o al.

Roca, M, Gimens, M., Briguera 5., Segales, I, Dise, 1, Galindo-Canliel, LI, Martines,
E., Darwich, L., Fang, Y., Maldonado, J, March, B, Makeu, E, 2012, Effects of

Veterinary Microbiology 244 (2020) 108655

fve and respirmtory syndmme vinses J. Virol 84, BT00-8711.
Stadejek, T., Oleksiewice, MB., Scherbakov, AV, Timina, AM., Krabbe, 15, Chabms, K.,

challenge with a virulent genotype 11 strain of porcine ductive and
syndmome vines o piglets vaccinated with an attenuated genotype T stmin vaceine.
Vet J. 193, 92-96.

Saraiva, M, 0'Garm, A, 2010. The regulation of IL-10 production by immune cells Nat
Rev. Immunel. 10, 170-181.

Bhi, M., Lam, T.T., Hem, C.C., Murtaugh, M.P., Davies, PR., Hui, LK, Li, J., Wong, LT,
Vip, CW., Jiang, LW., Leung, F.C., 2010. Phylogeny based evolutimary, demo-
graphical, and geographical dissection of North American type 2 porcine

1., 2008, Definition of subtypes in the European genotype of porcine
repmductive and mspimatory syndmme vines nuceocapsid charmeteristics and geo-
graphical distribution in Europe. Arch. Virel 153, 14791488,

Tesfaye, DY, Gudjonson, A, Bogen, B, Fossum, E., 2019, Targeting conventional
dendritic cells to fine-tune antibody responses. Front. Tmmumal. 10, 1529,

van Reeth, K., Nauwynck, H., 2000. Proinflammatory evtokines and viral respiratory
dhisense in pige. Vet Res 1, 187-213.

182



VITA

NAME Adthakorn Madapong
DATE OF BIRTH 06 April 1989
PLACE OF BIRTH Phetchaboon, Thailand

INSTITUTIONS ATTENDED  2007-2010
Bachelor of Science degree (Veterinary Technology),
Faculty of Veterinary Technology, Kasetsart University,
Bangkok, Thailand

HOME ADDRESS 138/85 Ramintra 117, Min Buri, Bangkok, 10510, Thailand

PUBLICATION 1. Madapong, A., Saeng-chuto, K., Lorsirikool, A.,
Teemeyasen, G., Srijangwas, A., Tripipat, T., Wegner, M.
and Nilubol, D. 2016. Complete genome sequence of
porcine deltacoronavirus isolated in Thailand in 2015.
Genome Announcement. 4(3): e00408-16
2. Madapong, A., Teemeeyasen, G., Saeng-chuto, K,
Tripipat, T., Navasakuljinda, W., Boonsoongnern, A.,
Tuvanont, A. and Nilubol, D. 2017. Humoral immune
responses and viral shedding following vaccination with
modified live porcine reproductive and respiratory
syndrome virus vaccines. Archives of Virology. 162: 139-
146, https://doi.org/10.1007/500705-016-3084-4
3. Madapong, A., Saeng-chuto, K., Boonsoongnern, A,
Tantituvanont, A., Nilubol, D. 2020. Cell-mediated immune
response and protective efficacy of porcine reproductive
and respiratory syndrome virus modified-live vaccines
against co-challenge with PRRSV-1 and PRRSV-2. Scientific
Reports. 10: 1649, https://doi.org/10.1038/541598-020-
58626-y



184

4. Madapong, A., Saeng-chuto, K., Chaikhumwang, P.,
Tantituvanont, A., Saardrak, K., Pedrazuela S.R., Miranda
A.J., Nilubol, D. 2020. Immune response and protective
efficacy of intramuscular and intradermal vaccination with
porcine reproductive and respiratory syndrome virus 1
(PRRSV-1) modified live vaccine against highly pathogenic
PRRSV-2 (HP-PRRSV-2) challenge, either alone or in
combination with of PRRSV-1. Veterinary Microbiology.
244: 108655, https://doi.org/10.1016/j.vetmic.2020.108655



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER 1
	IMPORTANT AND RATIONALE

	CHAPTER 2
	OBJECTIVES, HYPOTHESES AND CONCEPTUAL FRAMEWORK
	2.1 Objectives of study
	2.2 Hypotheses
	2.3 Keywords (Thai):
	2.4 Keywords (English):
	2.5 Conceptual framework
	2.6 Place of study
	2.7 Advantage of study

	CHAPTER 3
	LITERATURE REVIEW
	3.1 Porcine reproductive and respiratory syndrome virus (PRRSV)
	3.2 PRRSV genome characterization
	3.3 PRRSV cell tropism and replication
	3.4 Humoral immune response against PRRSV infection
	3.5 Cell-mediated immune response against PRRSV infection
	3.6 Genetic diversity and evolution of PRRSV
	3.7 vaccine against PRRSV

	CHAPTER 4
	Genetic diversity of porcine reproductive and respiratory syndrome virus in Thailand during 2001-2017
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and Methods
	4.3.1 Sample collection
	4.3.2 PCR and sequence determination
	4.3.3 Sequence analysis

	4.4 Results
	4.4.1 PRRSV detection by PCR
	4.4.2 Phylogenetic analysis of Thai PRRSV isolates

	4.5 Discussion and Conclusion

	CHAPTER 5
	Pathogenesis of Thai field porcine reproductive and respiratory syndrome virus
	5.1 Abstract
	5.2 Introduction
	5.3 Materials and Methods
	5.3.1 PRRSV isolates
	5.3.2 Experimental design
	5.3.3 Serological analysis
	5.3.4 PRRSV detection and quantification
	5.3.5 Pathological examination and immunohistochemistry (IHC)
	5.3.6 Statistical analysis

	5.4 Results
	5.4.1 Clinical signs and rectal temperature
	5.4.2 PRRSV-specific antibody response
	5.4.3 Quantification of PRRSV in blood
	5.4.4 Macroscopic lung lesions
	5.4.5 Microscopic lesions
	5.4.6 Immunohistochemistry

	5.5 Discussion and Conclusion

	CHAPTER 6
	Humoral immune responses and viral shedding following vaccination with modified live porcine reproductive and respiratory syndrome virus vaccines
	6.1 Abstract
	6.2 Introduction
	6.3 Materials and Methods
	6.3.1 Ethics statement
	6.3.2 Experimental design
	6.3.3 Vaccines and viruses
	6.3.4 Clinical evaluation
	6.3.5 Quantification of PRRSV RNA in serum and RT-PCR in tonsil scraping samples
	6.3.6 Antibody detection
	6.3.7 Sentinel pigs
	6.3.8 Statistical analysis

	6.4 Results
	6.4.1 Rectal temperature and clinical observations
	6.4.2 Quantification of PRRSV RNA in serum
	6.4.3 RT-PCR in tonsil scrapings
	6.4.4 Antibody responses as measured by ELISA
	6.4.5 Antibody responses as measured by serum neutralization (SN) assay
	6.4.6 Sentinel pigs

	6.5 Discussion and Conclusion

	CHAPTER 7
	Cell-mediated immune response and protective efficacy of porcine reproductive and respiratory syndrome virus modified-live vaccines against co-challenge with PRRSV-1 and PRRSV-2
	7.1 Abstract
	7.2 Introduction
	7.3 Materials and Methods
	7.3.1 Ethical statement for experimental procedures
	7.3.2 Virus isolates
	7.3.3 Isolation of peripheral blood mononuclear cells
	7.3.4 Lymphocyte proliferation assay
	7.3.5 Lymphocytes producing either IL-10 or IFN-(
	7.3.6 Enzyme-linked immunospot (ELISPOT) assay
	7.3.7 Quantification of porcine interleukin-10
	7.3.8 Quantification of PRRSV RNA
	7.3.9 Pathological examination and immunohistochemistry
	7.3.10 Statistical analysis

	7.4 Results
	7.4.1 Lymphocyte proliferation response using CFSE
	7.4.2 Lymphocyte populations producing IL-10
	7.4.3 Lymphocyte populations producing IFN-(
	7.4.4 The number of PRRSV-specific IFN-(-PC
	7.4.5 Porcine IL-10 production
	7.4.6 PRRSV RNA in serum
	7.4.7 Pathological examination
	7.4.8 Immunohistochemistry

	7.5 Discussion and Conclusion

	CHAPTER 8
	Immune response and protective efficacy of intramuscular and intradermal vaccination with porcine reproductive and respiratory syndrome virus 1(PRRSV-1) modified live vaccine against highly pathogenic PRRSV-2 (HP-PRRSV-2) challenge, either alone or in...
	8.1 Abstract
	8.2 Introduction
	8.3 Materials and Methods
	8.3.1 Experimental design
	8.3.2 PRRSV vaccine and viruses
	8.3.3 Clinical evaluation
	8.3.4 Antibody detection
	8.3.5 Isolation of porcine PBMC
	8.3.6 Porcine interleukin-10
	8.3.7 PRRSV-specific interferon-(-secreting cells
	8.3.8 Quantification of PRRSV RNA
	8.3.9 Pathological examination
	8.3.10 Statistical analyses

	8.4 Results
	8.4.1 Reduced clinical disease following challenge in vaccinated pigs
	8.4.2 IM and ID vaccination induced similar antibody response as measured by ELISA
	8.4.3 IM and ID vaccination induced similar antibody response as measured by SN assay
	8.4.4 ID vaccination induced lower IL-10 production than IM vaccination
	8.4.5 ID vaccination induced higher IFN-(-SC than IM vaccination
	8.4.6 IM and ID vaccination reduced PRRSV viremia and nasal shedding following challenge
	8.4.7 IM and ID vaccination reduced macroscopic and microscopic lung lesions following challenge

	8.5 Discussion and Conclusion

	CHAPTER 9
	GENERAL CONCLUSION

	REFERENCES
	APPENDIX
	Appendix A
	Appendix B
	Appendix C

	VITA

