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Abstract

Porcine Reproductive and Respiratory Syndrome
Virus Vaccine on Reproductive Performance
(Supervisor: Chanhee Chae, D.V.M., Ph.D.)

Jiwoon Jeong

Veterinary Pathobiology and Preventative Medicine (Pathology)
Department of Veterinary Medicine
Graduate School of Seoul National University

Porcine Reproductive and Respiratory Syndrome (PRRS) is one of the most economically
important diseases in the swine industry worldwide. PRRS was first recognized in the late
1980s. Clinical signs of a PRRSV infection include reproductive failure in sows and
respiratory distress in piglets. Many studies were performed to evaluate PRRSV vaccine
on piglets. However, the vaccine efficacy of PRRSV vaccine on reproductive
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performance is still unclear. Therefore, the study of PRRSV vaccine on reproductive
performance is essential to evaluate the vaccine efficacy.
First study was performed to determine the efficacy of a commercially available
porcine reproductive and respiratory syndrome virus (PRRSV)-1 modified-live virus
(MLV) vaccine against PRRSV-1 and PRRSV-2 challenge in late term pregnancy gilts.
Gilts were vaccinated with the PRRSV-1 MLV vaccine at 4 weeks prior to breeding and
then challenged intranasally with PRRSV-1 or PRRSV-2 at 93 days of gestation. After
PRRSV-1 challenge, vaccinated pregnant gilts had a significantly longer gestation period,
significantly higher numbers of live-born and weaned piglets, and a significantly lower
number of stillborn piglets at birth compared to unvaccinated pregnant gilts. No
significant improvement in reproductive performance was observed between vaccinated
and unvaccinated pregnant gilts following PRRSV-2 challenge. Vaccinated pregnant gilts
also exhibited a significantly improved reproductive performance after challenge with
PRRSV-1 compared to vaccinated pregnant gilts following PRRSV-2 challenge. The
PRRSV-1 MLV vaccine was able to reduce PRRSV-1 but not PRRSV-2 viremia in
pregnant gilts. Vaccinated gilts also showed a significantly higher number of PRRSV-1
specific IFN-γ secreting cells (IFN-γ-SC) compared to PRRSV-2 specific IFN-γ-SC. The
data presented here suggest that the vaccination of pregnant gilts with a PRRSV-1 MLV
vaccine provides good protection against PRRSV-1 but only limited protection against
PRRSV-2 challenge in late term pregnancy gilts based on improvement of reproductive
performance, reduction of viremia, and induction of IFN-γ-SC.
In second study, the efficacy of a porcine reproductive and respiratory syndrome
(PRRS) modified-live virus vaccine in reproductive performance was evaluated under
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field conditions. Three PRRS endemic farms were selected based on their history of
PRRS-associated reproductive failures. On each farm, a total of 40 sows were randomly
allocated to either vaccinated (n =20) or unvaccinated (n =20) groups. Sows were
vaccinated six weeks prior to breeding. Clinical data showed a significant improvement in
reproductive performance in vaccinated sows. Sows in the vaccinated groups had a
significantly (P < 0.05) reduced number of stillborn piglets in all 3 farms. Sows in the
vaccinated groups also had a significantly (P < 0.05) higher number of live-born piglets
in one of the farms. Sows in the vaccinated groups had a significantly (P < 0.05) higher
number of weaned piglets in two of the farms. Premature farrowing, one of the late
gestation symptoms of PRRS, was also reduced due to vaccination as suggested by the
maintenance of gestation length and the reduction in the number of stillborn piglets. No
adverse systemic or local side effects relative to vaccination were observed during the
entire gestation. No vaccine strain was detected in the vaccinated sows from all three
farms at 70 and 114 days post vaccination and in live-born piglets at the time of
farrowing. Vaccination of sows with this PRRS vaccine was effective in improving
reproductive performance in endemic PRRS farms.
Third study was to evaluate the reproductive performance of sows after vaccination
with a porcine reproductive and respiratory syndrome (PRRS) subunit vaccine
(PRRSFREETM PRRS subunit vaccine, Reber Genetics Co. Ltd., Taiwan, Republic of
China) under field conditions. The study was performed in 3 farms with endemic
infections with both PRRS virus (PRRSV)-1 and PRRSV-2, a situation representative of
most Korean farms. Pregnant sows were immunized intramuscularly with 2.0 mL of the
PRRS subunit vaccine at 58 and 79 days of gestation (8 and 5 weeks antepartum)
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according to the manufacturer’s recommendation. Vaccination did not result in any
observed adverse reaction. Vaccinated sows exhibited a significant improvement in
reproductive performance (reduction of abortions) and litter characteristics (increase of
weaned pigs) compared to unvaccinated sows. Vaccinated sows had significantly (P <
0.05) higher PRRSV ELISA S/P ratio and number of PRRSV-specific interferon-γ
secreting cells compared to the unvaccinated sows in control group. The results of this
study demonstrate that the PRRS subunit vaccine can improve the reproductive
performance of sows in farms with endemic PRRSV infection.
Conclusively, PRRSV-1 vaccine can provide a more effective protection against
PRRSV-1 challenge than PRRSV-2 challenge in the reproductive performance of gilts.
Also, PRRSV-2 vaccine and PRRS subunit vaccine can improve the reproductive
performance of sows in PRRS endemic farms.
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GENERAL INTRODUCTION

Porcine Reproductive and Respiratory Syndrome (PRRS) is one of the most economically
important diseases in the swine industry worldwide. PRRS was first recognized in the late
1980s. The causative agent, PRRS virus (PRRSV), is an enveloped, single-stranded
positive-sense RNA virus that belonging to the genus Porartevirus, in the family
Arteriviridae, and order Nidovirales (Adams et al., 2016; Adams et al., 2017). PRRSV is
classified into two main types based on genetic, antigenic, and pathogenic differences,
PRRSV-1 (former Type 1 genotype from European origin) and PRRSV-2 (former Type 2
genotype from North American origin) (Forsberg et al., 2002; Murtaugh et al., 2010;
Stadejek et al., 2013).
Generally in swine farm situation, PRRSV-2 is more virulent than PRRSV-1 in terms
of its ability to cause respiratory diseases. Many articles reported that PRRSV-2 infected
pigs exhibited significantly higher loads of PRRSV-2 than PRRSV-1 loads exhibited by
PRRSV-1 infected pigs, in blood and lung tissues (Halbur et al., 1995; Martinez-Lobo et
al., 2011; Han et al., 2012). Different amounts of PRRSV in blood and lung between two
genotypes may be due to different affinity of the two genotypes to viral receptors on
macrophages and monocytes. Different affinity between two genotypes to the scavenger
receptor is found in several CD163 expressed recombinant cell lines (Calvert et al., 2007).
Clinical signs of a PRRSV infection include reproductive failure in sows and
respiratory distress in piglets (Zimmerman et al., 1997; Corzo et al., 2010). Many studies
were performed to evaluate PRRSV vaccine on piglets (Osorio et al, 1998; Meng, 2000;
Murtaugh et al, 2002; Osorio et al, 2002; Lopez et al, 2004; Scortti et al, 2007; Cano et al,
1

2007; Okuda et al, 2008; Vanhee et al., 2009; Han et al., 2012). However, the vaccine
efficacy of PRRSV vaccine on reproductive performance is still unclear (Han et al., 2014).
Therefore, the study of PRRSV vaccine on reproductive performance is essential to
evaluate the efficacy of the commercial PRRS vaccines.
To evaluate vaccine efficacy, both the humoral immunity and the cellular immunity
have to be evaluated. Reproductive performance is evaluated by reproductive parameters,
such as the number of total born piglets, live-born piglets, stillborn piglets, weaned
piglets, and gestation length. The humoral immunity and the cellular immunity have to be
evaluated to correlate the vaccination with improved reproductive performance.
The objective of the present study was to evaluate the efficacy of three commercial
PRRSV vaccines on reproductive performance of sows and gilts throughout experimental
challenge model and field study.
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LITERATURE REVIEW

1. Historical background
Porcine reproductive and respiratory syndrome (PRRS) has been recognized as one of the
most economically important viral diseases to the global swine industry since its
emergence in the late 1980s. The causative agent, PRRS virus (PRRSV), is an enveloped,
single-stranded positive-sense RNA virus that belonging to the genus Porartevirus, in the
family Arteriviridae, and order Nidovirales (Adams et al., 2016; Adams et al., 2017).
PRRSV is classified into two main types based on genetic, antigenic, and pathogenic
differences, PRRSV-1 (former Type 1 genotype from European origin) and PRRSV-2
(former Type 2 genotype from North American origin) (Forsberg et al., 2002; Murtaugh
et al., 2010; Stadejek et al., 2013). The virus is further classified within each PRRSV
species based on genetic differences with at least four subtypes of PRRSV-1 and nine of
PRRSV-2 (Shi et al., 2010; Stadejek et al., 2013).
PRRS was first described in 1987 in United States as “mystery swine disease” and
subsequently discovered in 1990 in Europe. The PRRSV that emerged in United States
had limited genetic relationship to the PRRSV that emerged in Europe. The two emerged
viruses had only a 60-70% nucleotide homology and were distinctly genetically
distinguished (Allende et al., 1999).
In 1990, the important strain Lelystad which was considered a prototype of PRRSV-1
and was isolated and completely sequenced in the Netherlands. Lelystad formed highly
genomic homology with strains sampled from Belgium, France, Germany, Britain and
3

Spain (Suarez et al., 1996; Drew et al., 1997; Le Gall et al., 1998). VR-2332 is considered
as the prototype of PRRSV-2. The global phylogenetic study (Shi et al., 2010) divided
PRRSV-2 isolates into nine lineages, including five large clusters and four small groups,
each separated with higher than 10% genetic distance (Madsen et al., 1998; Kang et al.,
2004; Nguyen et al., 2014). In South Korea, PRRSV-2 was isolated in the early 1990 and
PRRSV-1 was first detected in 2005. Those two genotypes are intermingled and spread in
the country (Kweon et al., 1994; Kim et al., 2006).

2. PRRSV Genome
PRRSV has a genome of 15kb which encodes at least ten open reading frames (ORFs)
(Johnson et al., 2011). ORFs 2a, ORF2b, ORF3, ORF4, ORF5, and ORF5a encode
envelope glycoproteins (GP2a, GP2b, GP3, GP4, GP5, and GP5a, respectively), while
ORF6 and ORF7 encode the matrix (M) and nucleocapsid (N) proteins, respectively. The
largest and most conserved genes are ORF1a and ORF1b, which encode the viral RNA
polymerase (Johnson et al., 2011; Allende et al., 1999; Firth et al., 2011). Genetic and
antigenic differences have revealed two distinct types: PRRSV-1, mainly comprising
viruses from Europe, and PRRSV-2, mainly comprising viruses from North America
(Murtaugh et al., 1999; Dea et al., 1996; Nelsen et al., 1999; Snijder et al., 2013).

3. Variation in virulence of genotypes
Generally in swine farm situation, PRRSV-2 is more virulent than PRRSV-1 in terms of
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its ability to cause respiratory diseases. Many articles reported that PRRSV-2 infected
pigs exhibited significantly higher loads of PRRSV-2 than PRRSV-1 loads exhibited by
PRRSV-1 infected pigs, in blood and lung tissues (Halbur et al., 1995; Martinez-Lobo et
al., 2011; Han et al., 2012). Different amounts of PRRSV in blood and lung between two
genotypes may be due to different affinity of the two genotypes to viral receptors on
macrophages and monocytes. Different affinity between two genotypes to the scavenger
receptor is found in several CD163 expressed recombinant cell lines (Calvert et al., 2007).
As difference of affinity, PRRSV-2 may have higher tropism and replicates more
efficiently in cells of the monocytic lineage when compared to PRRSV-1, leading to
higher levels of PRRSV-2 in blood and lung in infected pigs. And also, PRRSV-2 is
better adapted to the pulmonary target cells, such as interstitial and alveolar macrophages,
and type II pneumocytes.
Even with difference between heterogeneous strains, PRRSV-2 has almost a thousand
times as much as PRRSV-1 has in blood of piglet. In experimental study, Lelystad virus,
representative PRRSV-1, induced only mild transient pyrexia, dyspnea and tachypnea,
but North American isolates included in the study induced severe symptoms, such as
laboured respiration, pyrexia, lethargy, anorexia and patchy dermal cyanosis (Halbur et
al., 1995).

4. Interaction with other pathogens
PRRSV can induce damage to alveolar macrophage and change local immunity. It may
be important in the pathogenesis of PRRSV-induced increased susceptibility to other
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pathogens such as porcine circovirus type2 (PCV2) (Allan et al, 2000), swine influenza
virus (SIV) (Pol et al., 1997), classical swine fever virus (CSFV) (Albina et al., 2000),
Streptococcus suis (Galina et al., 1994), Haemophilus parasuis (Solano et al., 1997),
Mycoplasma hyopneumoniae (Thacker et al., 1998), Actinobacillus pleuropneumoniae,
and Pasteurella multocida (Carvalho et al., 1997; Pol et al., 1997). The clinical
expression of combined infections is more pronounced and complicated, which is not
easy to be diagnosed. This complex disease syndrome makes the swine herds expose to
infection.
With infection of PCV2 in swine farm, change of PRRSV titer in serum is some
controversial. One experimental study reported that co-infection with PCV2 could
reinforce PRRSV replication in alveolar macrophage and induce more severe lesion by
PRRSV (Harms et al, 2001). But other study being associated with same authors has
shown there is no evidence of effect of co-infection with PCV2 (Allan et al, 2000). This
means PRRSV infection and replication may be dependent on variable conditions of
experiments.

5. Economic loss
The economic impact of PRRS outbreaks cannot be easily calculated. Most losses are
related to direct losses in breeding herds and nursing piglets, but, more severe and
continuous losses are caused by endemic PRRS infection. The economic impact by
endemic PRRS infection is caused by respiratory infection of nursery piglets and grower
pigs resulting in reduced growth rates.
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Most reports related to the economic losses of PRRSV infections are based on
observations of acute and severe outbreaks. On a herd basis, most acute outbreaks are
estimated to decrease the annual production 5%-20%. (1-1.5 pigs per sow per year, 2-2.5
pigs per sow per year, 3.8 pigs per sow per year; and 10%-15%) (Mortensen et al., 1992;
Blackburn et al., 1991; van Alstine et al., 1991; Zimmerman et al., 1991; William et al.,
1994). Polson (Polson et al., 1992) published a study regarding the economic impact of
PRRS in farrow-to-finish herds. The reduction of profits due to a PRRS outbreak was US
$236/female, which represented an 80% reduction in expected profits in the year of the
outbreak. The same study estimated the cost of PRRS infection in the grower-finisher
population to average $6.25-15.25 per pig (combined nursery and finishing stage).
The economic impact on the grower-finisher segment of production has been rarely
investigated. One study which did examine the economic loss associated with infected
nursery herds, estimated that PRRS resulted in an increased mortality (from 1.9 % to
10.2 %), reduced average daily gain (from 0.38 to 0.26 kg/d), increased treatment cost per
pig (from $0.73 to $18.21) and reduced feed efficiency (feed to gain ratio from 1.77 to
1.91)(Neumann et al., 2005). For the grower-finishing phase estimated values were set for
increased mortality, decreased feed efficiency, and reduction ADG. The estimated value
of increase cost per PRRS affected group of pigs was $7.67 per pig.

6. Clinical sign and Pathogenesis
Within a herd, pigs in all stages of production could be infected concomitantly or
sequentially. Clinical presentation varies greatly from herd to herd from infection with no
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apparent clinical signs to outbreaks involving high mortality rates. Since cases are usually
complicated with secondary infections (De Jong et al., 1991; Blackburn et al., 1991;
Blaha et al., 1992; Mortensen et al., 1992), measuring the effects of PRRSV infection
alone is almost impossible in herds except in high health herds (Mortensen et al., 1992;
Robertson, 1991; Zimmerman et al., 2012).
The reproductive failure and the respiratory disease are the two major symptoms of the
PRRSV infection. The symptoms related to the reproductive failure are late gestation
abortions, increasing numbers of stillbirths and mummified fetuses, a high rate of returns,
weak neonates and high pre-weaning mortality (Corzo et al., 2010). The reproductive
aspect of the disease usually lasts from 4 to 5 months followed by a return to normal
performance. Recurrent incidents are described when replacements gilts are introduced
with insufficient time to mount protective immunity (Dee, 1997). Some of the infected
herds return to a near normal reproductive performance, but other herds never achieve
pre-infection performance levels (Baysinger et al., 1997).
The respiratory disease characterized by anorexia, fever, dyspnea, polypnea, coughing,
and low growth rates mostly affecting suckling and weanling pigs (Zimmerman et al.,
1997). The morbidities and mortalities of infected herds vary and are influenced by coinfections with Streptococcus suis, Hemophilus parasuis, Actinobacillus suis, etc.
(Zimmerman et al., 1997). Studies have shown that PRRSV interacts synergistically with
Mycoplasma hyopneumoniae in producing a more serious respiratory disease (William et
al., 1994) as well as that a similar relationship most likely exists between PRRSV and
other swine respiratory pathogens.
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7. Host Immunity
When PRRSV infect their host, piglet cannot produce proper antiviral immune response
because of PRRSV special immunological modulations as viral replication. The unusual
characteristics of the immune response against PRRSV suggest that the virus strongly
modulates the immune response. First, Pigs infected by PRRSV seldom produce
neutralizing antibodies (NAs). For humoral immunity, Circulating anti-PRRSV
antibodies are detectable in pigs by 5 days post infection (dpi) and all pigs have
seroconverted by 14 dpi (Yoon et al., 1992; Yoon et al., 1995). PRRSV-specific
immunoglobulin M (IgM) reaches a peak at 14 dpi and then declines to undetectable
levels by 42 dpi. IgG titers reach a maximum at 21-49 dpi (Vezina et al., 1996; Loemba et
al., 1996). However, this rapid IgM and IgG response does not correspond to neutralizing
antibodies (Yoon et al., 1994). These early development of non-NAs may have rather a
significant effect on the development of PRRS. It has been shown that non-NAs enhance
viral replication in alveolar macrophages, a phenomenon known as antibody-dependent
enhancement (ADE) (Yoon et al., 1996; Yoon et al., 1997). Targets for these antibodies
are mainly GP5 and N proteins (Yoon et al., 1996). The non-neutralizing humoral
response may act as a Trojan horse for PRRSV by coating the virus and enhancing the
internalization of viral particles into macrophages.
NAs may be detected by 28 days post infection or later for both type 1 or 2 strains of
PRRSV (Yoon et al., 1994; Meier et al., 2003; Diaz et al., 2005). These NAs are mainly
directed against GP5, which contains the major neutralisation epitope (Nelson et al., 1994;
Pirzadeh and Dea, 1997,1998; Gonin et al., 1999). It has been claimed that GP4, M, and
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N proteins also contain neutralising epitopes (Meulenberg et al., 1997; Gonin et al., 1999;
Weiland et al., 1999) However, these proteins seem to be of minor biological significance
compared to GP5. The main neutralization epitope of PRRSV is located in the N-terminal
ectodomain of GP5 (amino acids 37–44) in both type 1 and 2 strains (Ostrowski et al.,
2002; Plagemann et al., 2002; Plagemann, 2004). But this neutralization epitope is
flanked by glycosylation sites.
An additional immunodominant epitope is located in the N-terminal ectodomain of
GP5 (amino acids 27 and 31) and has the characteristics of a decoy epitope, similar to that
in human immunodeficiency virus type 1 (Ostrowski et al., 2002). The decoy epitope may
interfere with the immune response to the main neutralization epitope, resulting in a delay
in the NA response. It suggests that the proximity of the decoy epitope is important in
delaying the main NA response.
Second, Cell-mediated immunity (CMI) is also produced slowly and weekly. CMI is
extremely important in protection of PRRS infection and viral clearance. However, the
virus-specific IFN-γ secreting cells hardly appeared in the third week post infection,
fluctuated erratically from 50–100 per million peripheral blood mononuclear cells
(PBMCs) for the next ten weeks (Meier et al., 2003). IFN-γ secreting cells were mainly
CD4+CD8+ cells, with a small proportion of CD4−/CD8αβ+ cytotoxic T cells.
Early studies showed that PRRSV is highly susceptible to the action of type I IFNs and
suggested that the virus was able to inhibit IFN-α responses, since this cytokine could not
be detected in the lungs of pigs in which PRRSV was actively replicating (Albina et al.,
1998; Buddaert et al., 1998). IFN-α levels in the lungs of PRRSV infected pigs were
much lower than in the lungs of pigs infected with porcine coronavirus or swine influenza
10

virus (van Reeth et al., 1999).
IL-10 may have an important role in the regulation of the immune response to PRRSV.
After infection with either type 1 or 2 strains of PRRSV, levels of IL-10 mRNA were
increased in porcine PBMCs (Suradhat and Thanawongnuwech, 2003) and concentrations
of IL-10 were increased in bronchoalveolar lavage (BAL) fluid (Thanawongnuwech et al.,
2004). Some type 1 strains of PRRSV induce strong IL-10 responses in PBMCs from
naïve pigs, suggesting that this is not a memory feature (Diaz et al., 2006). Pigs
vaccinated with IL-10-inducing strains had lower frequencies of PRRSV-specific IFN-γ
secreting cells than animals vaccinated with a non-IL-10 inducing strain (Diaz et al.,
2006). Monocytes and natural killer cell appear to be the major source of IL-10 in
PRRSV infection (Charerntantanakul et al., 2006). This cytokine release seems to make
the virus modulate host CMI and replicate enhanced for early infection.

8. Vaccine efficacy
Both modified live and inactivated PRRS vaccines have been developed and licensed for
commercial use. It is generally considered that modified-live (MLV) PRRSV vaccines
confer solid protection against clinical disease induced by homologous infection, but
none of the current vaccines is able to completely prevent respiratory infection,
transplacental transmission, as well as pig-to-pig transmission of the virus. For example,
one study compared three commercial vaccines in their ability to induce protection
against PRRSV strains of high virulence, and found that these vaccines confer protection
against clinical disease, but not against infection. On challenge, Pigs had still viremia and
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antigen in lung lobes (Osorio et al, 1998). It is further evident that the current vaccines,
based on a single PRRSV strain, are not or only partially effective in protecting against
infections with genetically diverse field strains of PRRSV (Meng, 2000; Murtaugh et al,
2002; Scortti et al, 2007; Okuda et al, 2008). Several experiments show the contribution
of vaccination using a modified live vaccine on transmission and persistence of pigs
previously infected, a so-called therapeutic vaccine intervention. This vaccination
protocol did not eliminate wild-type PRRSV, but it significantly reduced the number of
pigs persistently infected with a homologous strain, but not of pigs persistently infected
with a heterologous strain (Cano et al, 2007).
Several inactivated PRRSV vaccines have also been developed to induce virus
neutralizing antibodies but the vaccines offer only limited protection or even adverse
effect upon challenge (Vanhee et al., 2009). The vaccines were considered ineffective or
of limited efficacy at best, even against homologous challenge. While PRRSV
neutralizing antibodies are believed to prevent infection and transplacental infection of
pregnant sows, a killed vaccine that induced neutralizing antibodies failed to protect pigs
against an in vivo challenge (Zuckermann et al., 2007). Together, the study suggests the
significance role of cell-mediated immunity in PRRSV protection.
Altogether correlates of protection following vaccination have not been clearly defined.
Both neutralizing antibodies and virus-specific IFN-γ producing cells have been examined
in this respect (Zuckermann et al., 2007; Osorio et al, 2002; Lopez et al, 2004). The levels
of PRRSV-neutralizing antibodies and virus-specific IFN-γ producing cells have been
reported to correlate with viremia level but many other authors report there is no definite
correlation with virus titer and immunity level against it (Murtaugh et al, 2011). Until now,
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there has been no clear explanation about the vaccines against viral infection.
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Abstract
The objective of this study was to determine the efficacy of a commercially available
porcine reproductive and respiratory syndrome virus (PRRSV)-1 modified-live virus
(MLV) vaccine against PRRSV-1 and PRRSV-2 challenge in late term pregnancy gilts.
Gilts were vaccinated with the PRRSV-1 MLV vaccine at 4 weeks prior to breeding and
then challenged intranasally with PRRSV-1 or PRRSV-2 at 93 days of gestation. After
PRRSV-1 challenge, vaccinated pregnant gilts had a significantly longer gestation period,
significantly higher numbers of live-born and weaned piglets, and a significantly lower
number of stillborn piglets at birth compared to unvaccinated pregnant gilts. No
significant improvement in reproductive performance was observed between vaccinated
and unvaccinated pregnant gilts following PRRSV-2 challenge. Vaccinated pregnant gilts
also exhibited a significantly improved reproductive performance after challenge with
PRRSV-1 compared to vaccinated pregnant gilts following PRRSV-2 challenge. The
PRRSV-1 MLV vaccine was able to reduce PRRSV-1 but not PRRSV-2 viremia in
pregnant gilts. Vaccinated gilts also showed a significantly higher number of PRRSV-1
specific IFN-γ secreting cells (IFN-γ-SC) compared to PRRSV-2 specific IFN-γ-SC. The
data presented here suggest that the vaccination of pregnant gilts with a PRRSV-1 MLV
vaccine provides good protection against PRRSV-1 but only limited protection against
PRRSV-2 challenge in late term pregnancy gilts based on improvement of reproductive
performance, reduction of viremia, and induction of IFN-γ-SC.
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1. Introduction
Porcine reproductive and respiratory syndrome (PRRS) has had a tremendous economic
impact to the swine industry worldwide since its emergence in the late 1980s. This
syndrome is characterized by reproductive disorders in sows, including mid- to late-term
abortions, increased numbers of early embryonic death, mummified fetuses, stillborn pigs,
and a decreased farrowing rate. In addition, symptoms of respiratory distress are
characterized by anorexia, fever, lethargy, slow growth, and pneumonia from nursery to
finishing (Zimmerman et al., 2012). The etiological agent is the PRRS virus (PRRSV),
which is an enveloped, single-stranded positive-sense RNA virus that belongs to the
family Arteriviridae, order Nidovirales (Snijder & Meulenberg, 1998). PRRSV is
classified into two main types based on genetic, antigenic, and pathogenic differences,
PRRSV-1 (European origin) and PRRSV-2 (North American origin) (Forsberg et al.,
2002).
PRRSV-1 was first isolated in Korea in 2000 (Lee et al., 2010) and then, 3 years later,
a PRRSV-1 modified-live virus (MLV) vaccine (UNISTRAIN PRRS, Hipra, Amer,
Spain) was first licensed in Korea. This PRRSV-1 MLV vaccine can protect against both
PRRSV types based on the manufacturer’s claims (www.hipra.com). However, this claim
has been somewhat controversial since experimental data about cross-protection of this
PRRSV-1 MLV vaccine against respiratory disease caused by PRRSV-2 in growing pigs
do not support this claim (Kim et al., 2015). Furthermore, vaccine efficacy against
PRRSV-1- or PRRSV-2-caused reproductive failure in gilts or sows has not yet been
tested. Efficacy studies in gilts and sows are important because most Korean pig farmers
vaccinate sows more often than growing pigs. The objective of this study was to test the
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efficacy of a PRRSV-1 MLV vaccine against PRRSV-1 and PRRSV-2 challenge in late
term pregnancy gilts and evaluate their reproductive performance based on clinical,
immunological, virological, and pathological outcomes.

2. Materials and Methods
2.1. PRRSV isolates
PRRSV-1 (SNUVR090485, pan-European subtype 1) and PRRSV-2 (SNUVR090851,
lineage 1) were used as challenge inocula (Han et al., 2011, 2014). The vaccine virus
shares 88.1% and 59.3% nucleotide sequence identity for ORF5 with PRRSV-1
(GenBank no. JN315686) and PRRSV-2 (GenBank no. JN315685) challenge strains,
respectively. The viruses used in this experiment were selected because of their virulence
and their difference from the current vaccine strains. The PRRSV-1 strain
(SNUVR090485) causes abortion in pregnant sows (Han et al., 2011). The PRRSV-2
strain (SNUVR090851) caused abortions in our preliminary experiments. Neither virus
has been used as a vaccine strain. The PRRSV-1 strain was isolated in 2009 in Korea,
way before the PRRSV-1 MLV vaccine was registered in 2014. The PRRSV-2 strain is
lineage 1 while the two PRRSV-2 MLV vaccines currently used in Korea are lineage 5
and 8.

2.2. Experimental design
Thirty six clinically healthy, cross-bred, gilts were purchased from a commercial PRRSV
free farm without any prior vaccination against PRRSV. Gilts were negative for PRRSV
and porcine circovirus type 2 (PCV2) as measured by antibody ELISA and real-time
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polymerase chain reaction (RT-PCR) (Wasilk et al., 2004; Gagnon et al., 2008).
This study was done in duplicate. The animals for each replicate were from the same
breeding herd, environmental conditions and challenge inoculum titration. Eighteen gilts
were randomly assigned into 6 groups (3 gilts in each group) using the random number
generation function (Excel, Microsoft Corporation, Redmond, WA, USA) (Table 1). Each
group was housed in a separate room which contained 3 pens and each gilt was randomly
assigned to an individual pen.
At 121 days pre-challenge (4 weeks prior to breeding), gilts in Vac/Ch1 and Vac/Ch2
were intramuscularly injected with a 2.0 mL dose of PRRSV-1 MLV vaccine
(UNISTRAIN PRRS, Lot No. 71HW1I). Gilts in UnVac/Ch1, UnVac/Ch2, and
UnVac/UnCh were intramuscularly injected with 2.0 mL of phosphate buffered saline
(PBS, 0.01M, pH 7.4).
At 0 days post-challenge (93 days of gestation), pregnant gilts in Vac/Ch1 and
UnVac/Ch1 were inoculated intranasally with 6 mL of tissue culture supernatant
containing 104 TCID50/mL of PRRSV-1 (SNUVR090485, 2nd passage in alveolar
macrophages). Pregnant gilts in Vac/Ch2 and UnVac/Ch2 were inoculated intranasally
with 6 mL of tissue culture supernatant containing 104 TCID50/mL of PRRSV-2
(SNUVR090851, 2nd passage in alveolar macrophages). Pregnant gilts in Vac/UnCh and
UnVac/UnCh were similarly inoculated with PBS.
Blood samples from all pregnant gilts were collected by jugular venipuncture at 121 (4
weeks prior to breeding), 93 (0 day of gestation), 65 (28 days of gestation) days prechallenge and 0 (98 days of gestation, 3 weeks before farrowing), 7 (100 days of
gestation), and 21 (114 days of gestation) days post-challenge. Two live-born piglets from
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each of the gilts in the 6 groups were selected using the random number generation
function (Excel, Microsoft Corporation) and euthanized by an intravenous overdose of
pentobarbital for tissue collection (lung, inguinal lymph node, heart, tonsil, and thymus)
and pathologic evaluation. Methods used in this study were approved by the Seoul
National University Institutional Animal Care and Use Committee.

2.3. Reproductive performance
The pregnant gilts were monitored daily for rectal temperature after challenge by the
same personnel. Farrowing data, including litter size [piglet total number, live birth,
stillborn, mummified, and light (< 1 Kg body weight) per litter] at birth and piglet
weaned at 21 days of age, were also recorded.

2.4. Quantification of PRRSV RNA in blood
Serum samples from pregnant gilts were collected and RNA was extracted as previously
described (Wasilk et al., 2004; Han et al., 2011). The primers for both challenge virus
were designed based on the highly conserved ORF7 region. For the PRRSV-1, the
forward and reverse primers were 5'- TGGCCAGTCAGTCAATCAAC-3' and 5'AATCGATTGCAAGCAGAGGGAA-3', respectively. For PRRSV-2, the forward and
reverse

primers

were

5'-TGGCCAGTCAGTCAATCAAC-3'

and

5'-

AATCGATTGCAAGCAGAGGGAA-3', respectively (Wasilk et al., 2004). For
UNISTRAIN

vaccine

virus,

GTTGCCCAGCCATTTTGAC-3'

the

forward
and

and

reverse

primers

were

5'-

5'-CACGCTGCTGAGTACATACC-3',

respectively (Kim et al., 2015). RT-PCR for PRRSV was used to quantify PRRSV
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genomic cDNA copy numbers using RNA extracted from serum samples as previously
described (Wasilk et al., 2004; Park et al., 2014).

2.5. Serology
The serum samples were tested for total PRRSV-specific antibodies using a commercially
available PRRSV ELISA (HerdCheck PRRS X3 Ab test, IDEXX Laboratories Inc.,
Westbrook, ME, USA). Serum samples were considered positive for anti-PRRSV
antibody if the sample-to-positive control ratio was equal to or greater than 0.4 (S/P ≥
0.4), according to the manufacturer’s instructions. Serum virus neutralization tests were
performed with either challenge PRRSV-1 or PRRSV-2 strain which had been adapted for
two passages on MARC-145 cells as previously described (Yoon et al., 1994, Wu et al.,
2001, Zuckermann et al., 2007). The presence of virus-specific cytopathic effect (CPE) in
each well was recorded after incubating for 5 days. The presence of virus in wells without
CPE was further determined by immunofluorescence microscopy using an SDOW17FITC conjugate. The neutralizing antibody titers of each serum were determined as the
reciprocal of the highest dilution in which no evidence of virus growth was detected.
Serum samples were considered to be positive for virus neutralizing antibody if the titer
was greater than 2.0 (log2) (Zuckermann et al., 2007).

2.6. Enzyme-linked immunospot (ELISPOT) assay
The numbers of PRRSV-specific interferon-γ secreting cells (IFN-γ-SC) were measured
in peripheral blood mononuclear cells (PBMC) as previously described (Meier et al.,
2003; Diaz, et al., 2005) with some modifications. Briefly, 100 µL of RPMI 1640 medium
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supplemented with 10% fetal bovine serum (HyClone Laboratories, Inc., SelectScience,
Bath, UK), 1mM non-essential amino acids (Invitrogen, Carlsbad, CA, USA), 1 mM
sodium pyruvate, 5 mM 2-mercaptoethanol, 50000 IU/L penicillin l, and 50 mg/L
streptomycin, containing 5 × 105 PBMC was seeded into each well of plates that were
precoated overnight at 4 oC with anti-porcine IFN-γ monoclonal antibody (10 μg/mL,
MABTECH, Mariemont, OH, USA). The cells were stimulated with 100 µL of either
challenge PRRSV-1 or PRRSV-2 strain diluted in RPMI 1640 medium (106 TCID50/mL)
for 20 h at 37 oC in a 5% humidified CO2 atmosphere. The linear response was tested at a
multiplicity of infection (MOI) between 0.01 and 0.1. Phytohemagglutinin (10 µg/mL,
Roche Diagnostics GmbH, Mannheim, Germany) and culture medium were used as
positive and negative control, respectively. Next, the wells were washed five times with
PBS (200 µL per well). Thereafter, the procedure was conducted according to the
manufacturer’s instructions using the commercial ELISPOT Assay Kit (MABTECH). In a
typical PRRSV-specific reaction, the background caused by the non-PRRSV stimulated
wells (negative control) did not exceed five spots per cell and the obtained values were
subtracted from the respective counts obtained from the stimulated wells. The IFN-γ
positive spots on the membranes were imaged, analyzed and counted using an automated
ELISPOT Reader (AID ELISPOT Reader, AID GmbH, Strassberg, Germany). ELISPOT
assay was repeated twice.

2.7. Statistical analysis
Prior to statistical analysis, RT-PCR and neutralizing antibody data were transformed to
log10 and log2 values, respectively. Statistical analysis was performed on the data from
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duplicate studies with 6 gilts in each treatment group. Reproductive data between
vaccinated challenged and unvaccinated challenged gilts were analyzed with a
generalized linear mixed model. The data (logarithm transformed PRRSV RNA
quantification, ELISA, logarithm transformed NA titers, and IFN-γ-SC,) were analyzed as
following with a generalized linear mixed model assuming only a certain time point was
being analyzed. P < 0.05 (two-tailed) indicated statistical significance.

3. Results
3.1. Reproductive performance
In the PRRSV-1 challenge study, 3 out of 6 pregnant gilts from the UnVac/Ch1 group
were anorectic at 3 to 5 dpc. Pregnant gilts from the UnVac/Ch1 group aborted between
102 and 107 days of gestation. No significant difference was observed in the rectal
temperature of pregnant gilts from the Vac/Ch1, Vac/UnCh, UnVac/Ch1, and
UnVac/UnCh groups. Pregnant gilts from the Vac/Ch1, Vac/UnCh, and UnVac/UnCh
groups had a significantly (P < 0.05) longer gestation period compared to pregnant gilts
from the UnVac/Ch1 group. Pregnant gilts from the Vac/Ch1, Vac/UnCh, and
UnVac/UnCh groups had significantly (P < 0.05) higher numbers of live-born and
weaned piglets compared to pregnant gilts from the UnVac/Ch1 group. Pregnant gilts
from the Vac/Ch1, Vac/UnCh, and UnVac/UnCh groups had a significantly (P < 0.05)
lower number of stillborn piglets at birth compared to pregnant gilts from the UnVac/Ch1
group (Table 1).
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Table 1. Reproductive parameters of gilts among 6 groups.

Vaccination
Challenge

Vac/Ch1

UnVac/Ch1

Vac/Ch2

UnVac/Ch2

Vac/UnCh

UnVac/UnCh

Yes

None

Yes

None

Yes

None

PRRSV-1

PRRSV-1

PRRSV-2

PRRSV-2

None

None

Gilts
Gestation length

114.17 ± 0.69*†

104.83 ± 1.77

106.67 ± 1.70

105.50 ± 1.71

114.00 ± 0.58

113.83 ± 0.69

11.50 ± 1.71

11.17 ± 1.34

10.50 ± 1.71

11.00 ± 1.29

11.00 ± 1.29

11.50 ± 1.71

Piglets/litter
Total born
Live-born

9.83 ± 1.07*†

1.83 ± 0.69*

1.83 ± 1.07†

2.00 ± 0.58

10.67 ± 1.11

11.17 ± 1.46

Stillborn

1.67 ± 1.11*†

9.00 ± 1.15*

8.33 ± 0.94†

8.50 ± 0.96

0.33 ± 0.47

0.33 ± 0.47

0±0

0.33 ± 0.47

0.33 ± 0.47

0.33 ± 0.47

0±0

0±0

Light (< 1 Kg)

0.50 ± 0.76

0±0

0±0

0±0

0.17 ± 0.37

0.17 ± 0.37

Splay-legs

0.17 ± 0.37

0±0

0±0

0±0

0.17 ± 0.37

0.33 ± 0.47

Mummified

Weaned
9.17 ± 1.07*†
1.5 ± 0.76
1.83 ± 1.07
2.00 ± 0.58
10.17 ± 1.07
10.33 ± 0.94
Significant difference is indicated at (P < 0.05*) value between Vac/Ch1 and UnVac/Ch1 and at (P < 0.05†) value between
Vac/Ch1 and Vac/Ch2.
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For the PRRSV-2 challenge study, 2 out of 6 pregnant gilts from the UnVac/Ch2 group
were anorectic at 3 and 4 dpc. Pregnant gilts from the Vac/Ch2 group aborted between
104 and 109 days of gestation and pregnant gilts from the UnVac/Ch2 group aborted
between 103 and 108 days of gestation. No significant difference was observed in the
rectal temperatures of pregnant gilts from the Vac/Ch2, Vac/UnCh, UnVac/Ch2, and
UnVac/UnCh groups. Pregnant gilts from the Vac/UnCh, and UnVac/UnCh groups had a
significantly (P < 0.05) longer gestation period compared to pregnant gilts from the
Vac/Ch2 and UnVac/Ch2 groups. Pregnant gilts from the Vac/UnCh and UnVac/UnCh
groups had significantly (P < 0.05) higher numbers of live-born and weaned piglets
compared to pregnant gilts from the Vac/Ch2 and UnVac/Ch2 groups. Pregnant gilts from
the Vac/UnCh and UnVac/UnCh groups had a significantly (P < 0.05) lower number of
stillborn piglets at birth compared to pregnant gilts from the Vac/Ch2 and UnVac/Ch2
groups (Table 1).

3.2. Quantification of PRRSV RNA in sera
No genomic copies of PRRSV were detected in the serum of any of the pregnant gilts
used in this study at the time of vaccination (–121 dpc, 4 weeks prior to breeding) and
challenge (0 dpc, 98 days of gestation). Pregnant gilts from the Vac/Ch1 group had a
significantly (P < 0.05) lower number of genomic copies of PRRSV-1 RNA in their sera
compared to pregnant gilts from the UnVac/Ch1 group at 7 and 21 dpc (Fig. 1A). No
significant difference was observed in the number of genomic copies of PRRSV-1 RNA
between the Vac/Ch2 and UnVac/Ch2 groups (Fig. 1B). No PRRSV-1 genomic copies
were detected in the sera of pregnant gilts from the Vac/Ch2 and UnVac/Ch2 groups and
vice versa. No PRRSV was detected in the sera of any of the pregnant gilts from the
Vac/UnCh and UnVac/UnCh groups throughout the experiment.
36

Fig. 1. Mean values of the genomic copy number of PRRSV-1 (1A) and PRRSV-2 (1B)
RNA in serum from Vac/Ch1 (), UnVac/Ch1 (), Vac/Ch2 (), UnVac/Ch2 (),
Vac/UnCh (●), and UnVac/UnCh (●) groups. Variation is expressed as the standard
deviation. Significant difference is indicated at P value < 0.05* (Vac/Ch1 vs UnVac/Ch1).
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3.3. Serology
At the time of PRRSV vaccination (–121 dpc, 4 weeks prior to breeding), pregnant gilts
from all 6 groups were seronegative. Anti-PRRSV antibodies were detected before
challenge using ELISA only in vaccinated pregnant gilts from the Vac/Ch1, Vac/Ch2, and
Vac/UnCh groups. Pregnant gilts from the Vac/Ch1 group had a significantly (P < 0.05)
higher ELISA S/P ratio compared to pregnant gilts from the Vac/UnCh and UnVac/Ch1
groups at 7 and 21 dpc. Pregnant gilts from the Vac/UnCh group had a significantly (P <
0.05) higher ELISA S/P ratio compared to pregnant gilts from the UnVac/Ch1 group at 7
dpc. Pregnant gilts from the UnVac/Ch1 group had significantly (P < 0.05) higher ELISA
S/P ratio compared to pregnant gilts from the Vac/UnCh group at 21 dpc (Fig. 2A).
Pregnant gilts from the Vac/Ch2 group had a significantly (P < 0.05) higher ELISA S/P
ratio compared to pregnant gilts in the Vac/UnCh and UnVac/Ch2 groups at 7 and 21 dpc.
Pregnant gilts from the Vac/UnCh group had a significantly (P < 0.05) higher ELISA S/P
ratio compared to pregnant gilts from the UnVac/Ch2 group at 7 dpc. Pregnant gilts from
the UnVac/Ch2 group had a significantly (P < 0.05) higher ELISA S/P ratio compared to
pregnant gilts from the Vac/UnCh group at 21 dpc (Fig. 2B). Anti-PRRSV antibody was
not detected in pregnant gilts from the UnVac/UnCh group throughout the study.
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Fig. 2. Mean values of the PRRSV ELISA S/P ratio in PRRSV-1 challenge groups (2A)
and PRRSV-2 challenge groups (2B) from Vac/Ch1 (), UnVac/Ch1 (), Vac/Ch2 (),
UnVac/Ch2 (), Vac/UnCh (●), and UnVac/UnCh (●). Variation is expressed as the
standard deviation. Significant difference is indicated at P value < 0.05* (Vac/Ch1 vs
UnVac/Ch1) and P value < 0.05† (Vac/Ch2 vs UnVac/Ch2).
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Neutralizing antibody titers against PRRSV were detected in vaccinated pregnant gilts
only from the Vac/Ch1, Vac/Ch2, and Vac/UnCh groups before challenge. Pregnant gilts
from the Vac/Ch1 group had significantly (P < 0.05) higher neutralizing antibody titers
against PRRSV-1 compared to pregnant gilts from the UnVac/Ch1 group at 7 and 21 dpc
(Fig. 3A). No significant differences on neutralizing antibody titers against PRRSV-2
were observed between Vac/Ch2 and UnVac/Ch2 groups throughout the study (Fig. 3B).
No neutralizing antibody was detected in pregnant gilts in the UnVac/UnCh group
throughout the experiment.
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Fig. 3. Neutralizing antibody (NA) titers against PRRSV-1 (3A) and PRRSV-2 (3B) from
Vac/Ch1 (), UnVac/Ch1 (), Vac/Ch2 (), UnVac/Ch2 (), Vac/UnCh (●), and
UnVac/UnCh (●) groups. Variation is expressed as the standard deviation. Significant
difference is indicated at P value < 0.05* (Vac/Ch1 vs UnVac/Ch1).
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3.4. Interferon-γ secreting cells
In the PRRSV-1 challenge study, pregnant gilts from the Vac/Ch1 group had significantly
(P < 0.05) higher numbers of PRRSV-1 specific IFN-γ-SC compared to pregnant gilts
from the UnVac/Ch1 group at 0, 7 and 21 dpc. Pregnant gilts from the Vac/UnCh group
had significantly (P < 0.05) higher numbers of PRRSV-1 specific IFN-γ-SC compared to
pregnant gilts from the UnVac/Ch1 group at 0 and 7 dpc. Pregnant gilts from the
UnVac/Ch1 group had significantly (P < 0.05) higher numbers of PRRSV-1 specific IFNγ-SC compared to pregnant gilts from the Vac/UnCh group at 21 dpc (Fig. 4A).
In the PRRSV-2 challenge study, pregnant gilts from the Vac/Ch2 group had
significantly (P < 0.05) higher numbers of PRRSV-2 specific IFN-γ-SC compared to
pregnant gilts from the UnVac/Ch2 group at 0, 7 and 21 dpc. Pregnant gilts from the
Vac/UnCh group had significantly (P < 0.05) higher numbers of PRRSV-1 specific IFNγ-SC compared to pregnant gilts from the UnVac/Ch2 group at 0 and 7 dpc. Pregnant gilts
from the UnVac/Ch2 group had significantly (P < 0.05) higher numbers of PRRSV-1
specific IFN-γ-SC compared to pregnant gilts in the Vac/UnCh group at 21 dpc (Fig. 4B).
The mean numbers of PRRSV-specific IFN-γ-SC in pregnant gilts from the UnVac/UnCh
group, remained at basal levels (< 20 cells/106 PBMC) throughout the study.
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Fig. 4. Frequency of PRRSV-1 (4A) and PRRSV-2 (4B) specific IFN-γ-SC/106 PBMC in
Vac/Ch1 (), UnVac/Ch1 (), Vac/Ch2 (), UnVac/Ch2 (), Vac/UnCh (●), and
UnVac/UnCh (●) groups. Variation is expressed as the standard deviation. Significant
difference is indicated at P value < 0.05* (Vac/Ch1 vs UnVac/Ch1) and P value < 0.05†
(Vac/Ch2 vs UnVac/Ch2).
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4. Discussion
The results presented in this study provide evidence that vaccination of gilts with a
PRRSV-1 MLV vaccine can provide protection against heterologous PRRSV-1 challenge
but it can only confer limited protection against heterologous PRRSV-2 challenge. These
data are consistent with a previous study which showed that the same PRRSV-1 MLV
vaccine provides protection against respiratory disease caused by heterologous PRRSV-1
challenge but provided only limited protection against heterologous PRRSV-2 challenge
(Kim et al., 2015). However, our results should be interpreted carefully because this study
was conducted with only one strain for each genotype. A previous study demonstrated
that the same PRRSV-1 MLV vaccine was able to provide partial cross-protection, in
growing pigs, against respiratory disease from heterologous challenge with a different
PRRSV-2 strain (Roca et al., 2012; Ko et al., 2016). These results suggest that protection
against respiratory symptoms does not necessarily mean protection against reproductive
disorders.
Improvement of reproductive performance is evident for the PRRSV-1 MLV vaccine
against PRRSV-1 but not PRRSV-2 challenge. Administration of the PRRSV-1 MLV
vaccine to gilts at 4 weeks prior to breeding appears to be appropriate in order to confer
protection from PRRSV-1 infection. Late pregnancy disorders such as the number of
stillborn and live-born piglets were substantially improved by vaccination. Premature
farrowing, which is a characteristic clinical symptom of PRRSV infection during late
term gestation, was also reduced by vaccination. In addition, the number of weaned pigs,
one of the most important parameters in reproductive performance, was significantly
increased in vaccinated gilts after PRRSV-1 challenge. Overall, the reproductive
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performance of gilts when challenged with PRRSV-1 was significantly improved through
vaccination with the PRRSV-1 MLV.
Detection of the virus in the fetus is evidence that the virus crosses the placenta. It is
possible that PRRSV replication at the site of fetal implantation may contribute to the
reproductive disorders (Karniychuk et al., 2011). Even though the mechanism of infection
is poorly understood, evidence points to viremia playing an important role in the ability of
the virus to cross from the pregnant gilt to the fetus. Therefore, reduction of viremia is a
main parameter in determining the efficacy of PRRSV vaccines against reproductive
failure. Vaccination of gilts with the PRRSV-1 MLV vaccine leads to a significant
reduction of PRRSV-1 but not PRRSV-2 viremia. The decrease in the numbers of
stillborn and the increase in the number of live-born and weaned piglets correlated with a
decrease in PRRSV-1 viremia. On the other hand, failure to reduce PRRSV-2 viremia
may be one of the reasons why the PRRSV-1 MLV vaccine provides only a limited
protection against PRRSV-2. However, the exact protective immune responses resulting
in viremic reduction are not yet clear. Despite the low neutralizing antibody levels in
vaccinated gilts at the time of PRRSV-1 challenge, vaccinated sows are still able to
efficiently clear PRRSV-1 viremia. Reduction of PRRSV-1 viremia coincides with the
appearance of PRRSV-1 specific IFN-γ-SC. Interestingly, the overall numbers of IFN-γSC against PRRSV-1 and PRRSV-2 were also significantly different after vaccination.
These results suggest that PRRSV-1 specific IFN-γ responses induced by PRRSV-1 MLV
are responsible for the clearance of PRRSV-1 viremia. However, further studies are
needed to elucidate the precise immune mechanisms of protection elicited by the PRRSV1 MLV vaccine.
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This experimental model was designed to mimic field conditions. It is difficult to
decide the time of PRRSV challenge because the duration of immunity (DOI) of this
vaccine is 16 weeks (www.hipra.com). In PRRSV studies, pregnant gilts are typically
challenged at 13 weeks of pregnancy (3 weeks prior to farrowing) because PRRSV does
not cross the placenta during early to mid-gestation (Christianson et al., 1993; Han et al.,
2014). However, Korean producers administer this vaccine once per pregnancy at 4
weeks prior to breeding. Therefore, challenge at 3 weeks prior to farrowing corresponds
to one week after the end of valid DOI of the vaccine. This could be one reason why the
PRRSV-1 MLV vaccine is less efficient against PRRSV-2 challenge, because heterotypic
immune responses (neutralizing antibody titers against PRRSV-2 and IFN-γ-SC for
PRRSV-2) are lower than homotypic immune responses (neutralizing antibody titers
against PRRSV-1 and IFN-γ-SC for PRRSV-1).
To our knowledge, this is the first experimental challenge study to evaluate the efficacy
of this commercial PRRSV-1 MLV vaccine against heterologous PRRSV-1 and PRRSV-2
challenge in terms of female reproductive failure. In our hands, the PRRSV-1 MLV
vaccine is more efficacious against PRRSV-1 than PRRSV-2. Since both PRRSV-1 and
PRRSV-2 have equal pathogenicity in terms of female reproductive failure (Han et al.,
2014), limited cross-protection of PRRSV-1 MLV vaccine against PRRSV-2 is clinically
significant.
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Abstract
The efficacy of a porcine reproductive and respiratory syndrome (PRRS) modified-live
virus vaccine in reproductive performance was evaluated under field conditions. Three
PRRS endemic farms were selected based on their history of PRRS-associated
reproductive failures. On each farm, a total of 40 sows were randomly allocated to either
vaccinated (n =20) or unvaccinated (n =20) groups. Sows were vaccinated six weeks prior
to breeding. Clinical data showed a significant improvement in reproductive performance
in vaccinated sows. Sows in the vaccinated groups had a significantly (P < 0.05) reduced
number of stillborn piglets in all 3 farms. Sows in the vaccinated groups also had a
significantly (P < 0.05) higher number of live-born piglets in one of the farms. Sows in
the vaccinated groups had a significantly (P < 0.05) higher number of weaned piglets in
two of the farms. Premature farrowing, one of the late gestation symptoms of PRRS, was
also reduced due to vaccination as suggested by the increase in gestation length and the
reduction in the number of stillborn piglets. No adverse systemic or local side effects
relative to vaccination were observed during the entire gestation. No vaccine strain was
detected in the vaccinated sows from all three farms at 70 and 114 days post vaccination
and in live-born piglets at the time of farrowing. Vaccination of sows with this PRRS
vaccine was effective in improving reproductive performance in endemic PRRS farms.
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1. Introduction
Porcine reproductive and respiratory syndrome (PRRS) is one of the most economically
important swine infectious diseases affecting the swine industry worldwide. The
causative agent is PRRS virus (PRRSV) which belongs to the order Nidovirales, family
Arteriviridae, and genus Arterivirus. Antigenic and genetic analyses have established two
major PRRSV genotypes, PRRSV-1 (European genotype) and PRRSV-2 (North American
genotype), which share approximately 60% nucleotide identity genome-wide (Allende et
al., 1999; Snijder et al., 2013; Dea et al., 1996; Murtaugh et al., 1995; Nelsen et al., 1999).
Infection with PRRSV is associated with reproductive failure in sows and respiratory
distress in growing pigs (Zimmerman et al., 2012).
PRRSV infection can be epidemic and endemic. Epidemic infection occurs when
immunologically naïve hosts are infected regardless of the individual’s age. Endemic
infection occurs in susceptible subpopulations that have either declining or no immunity.
To date, PRRS remains endemic in most Korean swine farms despite wide use of
commercial vaccines against it. Instead of eradication, PRRSV control may be a more
efficient and realistic strategy based on the common use of continuous production
systems with high pig densities and high PRRSV prevalence. One of the most common
control strategies for endemic PRRSV in Korean farms is vaccination. In the field, in
PRRSV-positive pig farms, 89% of sows typically receive a PRRS vaccine
(http://www.kahpa.or.kr).
A commercially available PRRS modified-live virus (MLV) vaccine (FosteraTMPRRS,
Zoetis, Parsippany, NJ, USA), based on a virulent US PRRSV isolate (P129 strain,
PRRSV-2) and attenuated using CD163-expressing cell lines, was licensed for protection
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against respiratory diseases in 2012 and reproductive failure in 2015. Vaccination with
this PRRS MLV vaccine led to improved growth performance and decreased mortality in
growing pigs when evaluated under field conditions (Park et al., 2014a). However, no
field studies evaluating the efficacy in reproductive performance of vaccinated sows have
been performed to date. The objective of this field study was to evaluate the effect of this
vaccine on the reproductive performance of sows from endemic farms.

2. Materials and methods
2.1. Farm history
The clinical field trial was conducted on 3 pig farms with a history of endemic PRRSV
infection. Farm A is a 230-sow farrow-to-finish farm with all-in/all-out in the farrowing
and nursery rooms, and continuous flow in growing and finishing rooms. Six months
after the initial outbreak, the reproductive performance and mortality in suckling pigs
returned almost back to the levels before the PRRS outbreak; nevertheless abortion
(abortion rate 2.3−4.7%) has recurred sporadically in pregnant sows and mortality in
nursery pigs was still high (6.5%). The seroprevalence of PRRSV was 57.4% (132 out of
230 sows) at the start of the study. Farm B is a 420-sow farrow-to-finish farm with allin/all-out in the farrowing and nursery rooms, and continuous flow in growing and
finishing rooms. Five months after the initial outbreak the reproductive performance and
mortality in suckling pigs returned to the levels before PRRSV was present however,
recurring increases in abortion (abortion rate 2.8−5.3%) and in nursery mortality had been
reported. The seroprevalence of PRRSV was 76.9% (323 out of 420 sows) at the start of
the study. Farm C is a 230-sow farrow-to-finish farm with all-in/all-out production system.
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Eight months after the initial outbreak the reproductive performance and mortality in
suckling pigs returned to the levels before PRRSV was present. Nursery mortality was 2.9%
(average) for the 6 months before the PRRSV infection and 6.5% for 8 months after the
outbreak. Abortion (abortion rate 3.3−6.8%) also recurred sporadically in pregnant sows
for 8 months after the outbreak. The seroprevalence of PRRSV was 63.4% (146 out of
230 sows) at the start of the study.
Prior to the beginning of this study, fetal tissues and thoracic fluid from Farm A and
aborted fetuses from Farm B and C were submitted to the Department of Veterinary
Pathology in Seoul National University. Lung, spleen, kidney, and thoracic fluid were
pooled, homogenized, and cultured in MARC-145 cells and porcine alveolar
macrophages. PRRSV-2 was isolated from tissue homogenates; SNUVR160590
(GenBank no. KY883689, lineage 5) from Farm A, SNUVR160593 (GenBank no.
883690, lineage 5) from Farm B, and SNUVR160313 (GenBank no. KY883686, lineage
1) from Farm C based on analysis of open reading frame 5 (ORF5) (Shi et al., 2010). The
vaccine strain (P129) and field PRRSV-2 viruses share 91.0% (Farm A), 86.5% (Farm B),
and 86.5% (Farm C) identity for deduced amino acid sequence of ORF5, respectively.

2.2. Experimental design
All work was done in accordance with the registration guidelines of the Republic of
Korea’s Animal, Plant & Fisheries Quarantine & Inspection Agency (QIA,
http://qia.go.kr). Forty sows from each of the 3 farms were allocated into 2 groups (20
sows per group) with a completely random design using the random number generation
function (Excel, Microsoft Corporation, Redmond, Washington, USA). Sows in VacA
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(average parity = 2.85), VacB (average parity = 2.9), and VacC (average parity = 2.8)
groups were from Farms A, B, and C, respectively (Table 1), and were intramuscularly
injected with a 2.0 mL dose of the PRRS MLV vaccine (FosteraTMPRRS, Zoetis, Lot No.
114917, Serial No. 108333A/109762, Expiration date 06DEC16, PRRS Potency 4.3log10
TCID50/dose) at 6 weeks prior to breeding. Sows in UnVacA (average parity = 2.8),
UnVacB (average parity = 2.85), and UnVacC (average parity = 2.85) groups were from
Farms A, B, and C (Table 1), respectively, and were intramuscularly injected with a 2.0
mL of phosphate buffered saline (PBS, 0.01M, pH 7.4) at the same time. Following
vaccination, the sows were monitored daily for a period of one week for their physical
condition. Blood samples were collected from each sow by jugular venipuncture at −42,
28, and 114 days of gestation. In all the 3 farms, the vaccinated and unvaccinated sows
were co-mingled in the same barn and housed in stalls during the gestation. The pregnant
sows were placed in farrowing crates no later than the 108th day of gestation and were
allowed to farrow naturally under supervision.
After farrowing, five live-born piglets from vaccinated and unvaccinated sows
respectively, from each of the three farms were selected randomly using the random
number generation function (Excel, Microsoft Corporation). Blood samples were
collected by jugular venipuncture at 1 day of age. The piglets were humanely euthanized
with an intravenous overdose of pentobarbital for tissue collection at 1 day of age. The
methods used in this study were approved by the Seoul National University Institutional
Animal Care and Use Committee.
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2.3. Reproductive performance
Farrowing data, including litter size (total number born, live-born, stillborn and
mummified per litter) at birth, were recorded. The number of splay-legged piglets, as well
as the number of light piglet (< 1 Kg) at birth were also recorded. At weaning, the number
of piglet per litter was recorded. During the gestation, all expelled fetuses (mummified
and stillborn) from all sows were recorded and necropsied for tissue collection.

2.4. Quantification of PRRSV RNA
All serum samples were tested for PRRSV-2 genomic cDNA and copy number were
quantified by real-time PCR as previously described (Wasilk et al., 2004; Park et al.,
2014a,b).

For

the

PRRSV-2,

TGGCCAGTCAGTCAATCAAC-3'

the

forward

and

and

reverse

primers

were

5'-

5'-AATCGATTGCAAGCAGAGGGAA-3',

respectively (Wasilk et al., 2004). For vaccine virus, the forward and reverse primers
were

5'-CTTGACACAGTTGGTCTGGTTACT-3'

and

5'-

GTTCTTCGCAAGCCTAATAACG-3', respectively (Park et al., 2014b).

2.5. Serology
All serum samples were tested for the presence of anti-PRRSV antibodies using a
commercial ELISA (HerdCheck PRRS X3 Ab test, IDEXX Laboratories Inc). Serum
samples were considered positive for PRRSV antibody when the S/P ratio ≥0.4, according
to the manufacturer’s instructions. Virus neutralization tests were also performed with
field virus isolated from each of the three farms, as previously described (Yoon et al.,
1994). Serum samples were considered to be positive for neutralizing antibodies (NA) if
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the titer was greater than 2.0 (log2) (Zuckermann et al., 2007).

2.6. Enzyme-linked immunospot assay
The numbers of PRRSV-2 specific interferon-γ secreting cells (IFN-γ-SC) were
determined in peripheral blood mononuclear cells (PBMC) using field viruses isolated
from each of the three pig farms used in this study as previously described (Diaz and
Mateu, 2005; Meier et al., 2003; Park et al., 2014b).

2.7. In situ hybridization
In situ hybridization for the detection of PRRSV-2 nucleic acid in fetal tissues was
performed as previously described (Han et al., 2013) and analyzed morphometrically
(Halbur et al., 1996).

2.8. Statistical analysis
The data was analyzed across all three types of farms. Reproductive data between
vaccinated and unvaccinated sows from the three farms were analyzed with a generalized
linear mixed model. The data (logarithm transformed PRRSV RNA quantification,
ELISA, logarithm transformed NA titers, IFN-γ-SC, and the rank of the in situ
hybridization scores for PRRSV) were analyzed as following with a generalized linear
mixed model assuming only a single time point was being analyzed. P < 0.05 (two-tailed)
indicated statistical significance.
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3. Results
3.1. Reproductive performance
Sows in VacB and VacC groups had a significantly (P < 0.05) longer gestation length
compared to sows in UnVacB and UnVacC groups. Sows in VacC group had significantly
(P < 0.05) higher numbers of live-born piglets compared to sows in UnVacC group. Sows
in VacA, VacB, and VacC groups had significantly (P < 0.05) lower number of stillborn
piglets at birth compared to sows in UnVacA, UnVacB, and UnVacC groups. No
significant difference was observed in the number of mummified fetuses between
vaccinated and unvaccinated groups in all 3 farms. Sows in VacA, VacB, and VacC
groups had significantly (P < 0.05) lower number of light piglets (< 1 Kg) at birth
compared to sows in UnVacA, UnVacB, and UnVacC groups. The number of the pigs
with splay-legs did not differ between vaccinated and unvaccinated groups in all 3 farms.
Sows in VacB and VacC groups had a significantly (P < 0.05) higher number of weaned
piglets compared to sows in UnVacB and UnVacC groups (Table 1). No adverse systemic
or local reactions or side effects relative to vaccination were observed throughout the
entire pregnancy period.
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Table 1. Sow and piglet reproductive parameter, and newborn piglet in situ hybridization
(ISH) score between vaccinated (Vac) and unvaccinated (UnVac) group on 3 farms.
Farm B

Farm A

Farm C

VacA

UnVacA

VacB

UnVacB

VacC

UnVacC

1

5

5

4

3

3

3

2

4

5

5

7

6

7

3

5

4

5

5

6

4

4

3

1

4

1

2

3

Sow
No. of parity

5

2

2

0

3

3

2

6

0

3

1

1

0

1

7

1

0

1

0

0

0

total

20

20

20

Gestation length

20
*

113.35 ± 1.59 113.05 ± 2.18 114.05 ± 1.32 112.05 ± 2.97

20
*

113.85 ± 1.42

20
*

111.95 ± 3.28*

Piglets/litter
Total born

11.30 ± 1.19

11.80 ± 1.47

12.95 ± 1.43

13.25 ± 1.44

12.35 ± 1.77

Live-born

11.05 ± 1.16

10.55 ± 1.83

12.00 ± 1.67

11.05 ± 2.44

11.65 ± 1.65*

9.80 ± 2.50*

Stillborn
Mummified

0.25 ± 0.43*

1.15 ± 1.56*

0.85 ± 0.73*

1.95 ± 1.83*

0.70 ± 0.64*

2.05 ± 1.91*

0 ±0

0 ±0

0.10 ± 0.30

0.20 ± 0.87

0±0

0±0

Light (< 1 Kg)

0.95 ± 1.02

Splay-legs

0.10 ± 0.30

Weaned

11.95 ± 1.47

*

1.80 ± 1.44
0.15 ± 0.36

*

0.80 ± 0.98

*

0.10 ± 0.30

2.05 ± 1.40

*

0.25 ± 0.43
*

9.30 ± 2.57

0.25 ± 0.43

*

0.05 ± 0.22
*

10.75 ± 1.48

0.80 ± 1.03*
0.10 ± 0.30

*

8.80 ± 2.20*

10.05 ± 1.66

9.10 ± 2.23

10.95 ± 1.16

0.26 ± 0.52

0.34 ± 0.43

0.40 ± 0.53

0.66 ± 0.55

0.46 ± 0.57

0.80 ± 0.69

Lung

1.0 ± 2.00

0.6 ± 0.80

1.0 ± 1.55

2.2 ± 1.83

1.0 ± 1.26

2.4 ± 2.06

Lymph node

1.8 ± 3.60

2.6 ± 3.20

2.2 ± 3.12

6.2 ± 5.46

2.8 ± 3.49

7.2 ± 6.18

Thymus

2.8 ± 5.60

6.0 ± 7.59

5.0 ± 6.75

14.0 ± 11.54

4.8 ± 5.91

12.2 ± 10.55

Tonsil

1.4 ± 2.80

4.0 ± 4.94

2.6 ± 3.20

7.8 ± 6.58

2.6 ± 3.56

6.2 ± 6.49

Heart

0.4 ± 0.80

0.6 ± 0.80

0.4 ± 0.80

1.4 ± 1.20

0.8 ± 1.17

1.2 ± 1.17

Pathology
Lung lesion score
PRRSV ISH score

*

Significant difference (P < 0.05) between vaccinated and unvaccinated group within the
same farm.
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3.2. Quantification of PRRSV RNA
There was significant difference in genomic copies of PRRSV-2 RNA in the sera between
vaccinated and unvaccinated sows from Farm A at 114 days of gestation. There was no
significant difference in genomic copies of PRRSV-2 RNA in the sera between vaccinated
and unvaccinated sows from Farm B and C at −42, 28, and 114 days of gestation (Fig. 1).
No vaccine virus was detected in vaccinated and unvaccinated sows from all three farms
at −42, 28, and 114 days of gestation.
There was no significant difference in genomic copies of PRRSV-2 RNA in the sera
between live-born piglets from vaccinated sows and live-born piglets from unvaccinated
sows in all three farms at the time of farrowing. No vaccine virus was detected in liveborn piglets from vaccinated and unvaccinated sows in all three farms at the time of
farrowing.
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Fig. 1. Mean values of the genomic copy number of PRRSV-2 RNA in serum from sows
in VacA (■), UnVacA (●), VacB (■), UnVacB (●), VacC (■), and UnVacC (●).
Significant difference is indicated at P value < 0.05 (*for VacA and UnVacA) between
vaccinated and unvaccinated groups within the same farm.
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3.3. Serology
PRRSV ELISA S/P ratio was significantly (P < 0.05) higher in sows from VacA, VacB,
and VacC groups compared to sows from UnVacA, UnVacB, and UnVacC groups at 28
and 114 days of gestation (Fig. 2).

63

Fig. 2. Mean values of the PRRSV ELISA S/P ratio from sows in VacA (■), UnVacA
(●), VacB (■), UnVacB (●), VacC (■), and UnVacC (●). Significant difference is
indicated at P value < 0.05 (*for VacA and UnVacA, †for VacB and UnVacB, and ‡for
VacC and UnVacC) between vaccinated and unvaccinated groups within the same farm.
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PRRSV-2 specific NA titers were significantly (P < 0.05) higher in sows from VacA,
VacB, and VacC groups compared to sows from UnVacA, UnVacB, and UnVacC groups
at 28 and 114 days of gestation (Fig. 3).
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Fig. 3. Mean values of the PRRSV-2 specific neutralizing antibodies (NA) titers from
sows in VacA (■), UnVacA (●), VacB (■), UnVacB (●), VacC (■), and UnVacC
(●). Significant difference is indicated at P value < 0.05 (*for VacA and UnVacA, †for
VacB and UnVacB, and ‡for VacC and UnVacC) between vaccinated and unvaccinated
groups within the same farm.
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3.4. Interferon-γ secreting cells
Sows in VacA, VacB, and VacC groups had significantly (P < 0.05) higher numbers of
PRRSV-2 specific IFN-γ-SC at 28 and 114 days of gestation compared to sows in
UnVacA, UnVacB, and UnVacC groups (Fig. 4).
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Fig. 4. Mean values of the PRRSV-2 specific IFN-γ-SC/106 PBMC from sows in VacA
(■), UnVacA (●), VacB (■), UnVacB (●), VacC (■), and UnVacC (●). Significant
difference is indicated at P value < 0.05 (*for VacA and UnVacA, †for VacB and UnVacB,
and ‡for VacC and UnVacC) between vaccinated and unvaccinated groups within the
same farm.
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3.5. Pathology
The score for the mean number of PRRSV-2 positive cells per unit area of the fetal lymph
node, thymus, lung, tonsil, and heart examined did not differ significantly (P < 0.05)
between the litters from vaccinated (VacA, VacB, and VacC groups) and unvaccinated
sows (UnVacA, UnVacB, and UnVacC groups) (Table 1).

4. Discussion
The current study provides strong evidence that this PRRS MLV vaccine confers
heterologous protection to sows in endemic PRRS farms. Comparison of the ORF5
nucleotide sequence between the isolated field viruses (lineage 5 from two farms and
lineage 1 from one farm) and the vaccine virus (lineage 8) show a sequence identity
between 86.5 and 91%. This means that the field circulating viruses from all the farms are
considered quiet genetically distinct from the vaccine virus, suggesting that the improved
reproductive performance of the vaccinated sows compared to the unvaccinated sows
may be due to the antigenic similarity rather than genetic similarity between the field
viruses and the vaccine virus. This conclusion is further supported by previous findings,
in which the genetic similarity between the field virus and the vaccine virus does not
necessarily correlate with vaccine efficacy (Opriessnig et al., 2005; Prieto et al., 2008).
The clinical data show a significant level of protection in regard to the reproductive
performance in sows (e.g. duration of pregnancy) and piglet health and viability (e.g.
increase of the number of live-born and weaned pigs, and decrease of stillborn).
Premature farrowing, one of the late gestation symptoms (Zimmerman et al., 2012), was
also reduced by vaccination as can be concluded by the increased gestation length and the
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reduction in the number of stillborn piglets. These results are in agreement with previous
findings where vaccination of sows with another commercial PRRS MLV vaccine had
beneficial effects on their reproductive performance in farms with endemic PRRSV
infection (Alexopoulos et al., 2005; Pejsak et al., 2006).
For PRRS MLV vaccine administered to sows, safety is also important. In the current
study, no adverse side effects such as fever, anorexia, and reproductive failures were
observed in the vaccinated sows during the entire gestation. In addition, no vaccine virus
was detected in the vaccinated sows from all three farms at 70 and 114 days post
vaccination and in live-born piglets at the time of farrowing. These results are in
agreement with previous studies, where the same vaccine virus could not be detected in
vaccinated growing pigs at 28 days post vaccination under experimental conditions
(Madapong et al., 2017) and at 49 days post vaccination under field conditions (Kang et
al., 2017).
A numerical, but not statistically significant reduction of viral load was observed in
vaccinated sows compared to unvaccinated sows under field conditions. These results
were also observed in a previous study in growing pigs under field conditions (Park et al.,
2014a). However, under experimental conditions, vaccination of growing pigs with the
same PRRS vaccine is able to reduce the viral load in blood significantly (Park et al.,
2014b). It is unclear why there is a discrepancy about the reduction of viremia between
field and experimental studies. In the present field study, some sows had no detectable
field viruses at the time of vaccination, but 10 weeks later, the presence of field virus
strains was detected in these vaccinated sows. These observations may indicate that the
sows can be exposed to field viruses continuously because the field virus is constantly
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circulating within the farm. Further experimental challenge studies are needed to
determine the viremic reduction in vaccinated sows followed by challenge with a field
virus.
Neutralizing antibodies play an important role in the protection of the pregnant sows
from reproductive failures. In a previous study, passive transfer of virus-specific
neutralizing antibodies (1:16 titers and above) confers protection against reproductive
failure in pregnant gilts against a virulent strain of PRRSV (Osorio et al., 2002). In this
study, the neutralizing antibodies titers rarely peaked above 1:8, suggesting that the
vaccination did not result in production of effective neutralizing antibodies titers. This
could be due to the heterologous nature of the field viruses. Similarly, the effective
frequency of PRRSV-specific IFN-γ secreting PBMC that prevent abortion in pregnant
sows under field conditions is ≥150 per million as previously reported (Meier et al., 2003).
In our findings, the frequency of PRRSV-specific IFN-γ secreting PBMC rarely peaked
above 150 per million in vaccinated sows. This suggests that the vaccination did not
result in improved the T cell immunity. Unlike neutralizing antibodies, T cell responses
are broad against genetically distinct PRRSV strains (Correas et al., 2017) and the
induction of effective numbers of PRRSV-specific T cells after vaccination is paramount
in providing heterologous PRRSV immunity in addition to induction of cross-neutralizing
antibodies. In our findings, neither of these parameters was achieved and therefore only a
partial protection was observed against reproduction failure in endemic farms.
The results of this field study showed that the duration of immunity of PRRS MLV
vaccine is at least 22 weeks against reproductive failure. Our data is further supported by
the company claims that the duration of immunity remains throughout the gestation
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periods or at least 19 weeks post-vaccination (https://www.zoetis.com). Infection of
PRRSV in sows reduces productivity and is responsible for major economic losses to the
swine industry. The focus recently has shifted to reproductive failures caused by PRRSV.
The relative proportions of losses in the breeding and growing-pig herds in 2011 differed
from those reported in 2005. In 2011, the breeding herd accounts for 45% of the total cost
of PRRSV, compared to 12% in the 2005 (Neumann et al., 2005; Holtkamp et al., 2011).
Therefore, this PRRS MLV vaccine can be used at all stages of production for a whole
herd protection. The present study recommends to the swine practitioners and producers
to vaccinate gilts and sows in endemic PRRS farms.
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Abstract
The objective of this field study was to evaluate the reproductive performance of sows
after vaccination with a porcine reproductive and respiratory syndrome (PRRS) subunit
vaccine (PRRSFREETM PRRS subunit vaccine, Reber Genetics Co. Ltd., Taiwan,
Republic of China) under field conditions. The study was performed in 3 farms with
endemic infections with both PRRS virus (PRRSV)-1 and PRRSV-2, a situation
representative of most Korean farms. Pregnant sows were immunized intramuscularly
with 2.0 mL of the PRRS subunit vaccine at 58 and 79 days of gestation (8 and 5 weeks
antepartum) according to the manufacturer’s recommendation. Vaccination did not result
in any observed adverse reaction. Vaccinated sows exhibited a significant improvement in
reproductive performance (reduction of abortions) and litter characteristics (increase of
weaned pigs) compared to unvaccinated sows. Vaccinated sows had significantly (P <
0.05) higher PRRSV ELISA S/P ratio and number of PRRSV-specific interferon-γ
secreting cells compared to the unvaccinated control group. The results of this study
demonstrate that the PRRS subunit vaccine can improve the reproductive performance of
sows in farms with endemic PRRSV infection.
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1. Introduction
Porcine reproductive and respiratory syndrome (PRRS) is one of the most economically
important infectious diseases for the swine industry and is caused by the PRRS virus
(PRRSV). Symptoms of a PRRSV infection include reproductive failure in sows and
respiratory distress in piglets (Zimmerman et al., 2012). PRRSV is a small, enveloped
virus with a single-stranded positive-sense RNA genome that belongs to the family
Arteriviridae and order Nidovirales. The viral genome contains at least ten open reading
frames (ORFs) (Johnson et al., 2011). ORFs 2a, 2b, 3, 4, 5, and 5a encode envelope
glycoproteins (GP2a, GP2b, GP3, GP4, GP5, and GP5a, respectively), while ORFs 6 and
7 encode the matrix (M) and nucleocapsid (N) proteins, respectively. The largest and
most conserved genes are ORF1a and ORF1b, which encode the viral RNA polymerase
(Johnson et al., 2011; Allende et al., 1999; Firth et al., 2011). Genetic and antigenic
differences have revealed two distinct types: PRRSV-1, mainly comprising viruses from
Europe, and PRRSV-2, mainly comprising viruses from North America (Murtaugh et al.,
1995; Dea et al., 1996; Nelsen et al., 1999; Snijder et al., 2013).
PRRS can exist in both, epidemic and endemic forms. The epidemic form of the
disease is characterized by massive reproductive failure in sows. This includes late-term
abortions, premature farrowing, production of heterogeneous litters (mummified, stillborn
or weak piglets) and a decrease in the number of weaned piglets. In piglets, the disease is
characterized by respiratory disorders, retarded growth and increased mortality
(Christianson et al., 1993). The endemic form of the disease causes fewer clinical signs.
Most infections are subclinical, and the productivity is less affected (Zimmerman et al.,
2012; Christianson et al., 1993).
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To date, PRRS remains endemic in most Korean swine farms despite wide use of
commercial PRRS modified-live virus (MLV) vaccines. In addition, PRRS MLV vaccines
provide limited cross-protection against different types (Han et al., 2014a; Kim et al.,
2015). Both types of PRRSV have been shown to cause reproductive failure in sows on
Korean swine farms therefore, cross-protection against different type is very important.
This is in contrast with Europe and North America where only single PRRSV-1 or
PRRSV-2 type persist (Shi et al., 2010; Stadejek et al., 2013). Another concern for swine
producers is the safety of MLV vaccines in sows since MLV vaccines have been shown to
revert to virulence in the field (Nielsen et al., 2001). The concurrent presence of
genotypes 1 and 2 in most Korean farms underscores the importance of a safe, inactivated
PRRS vaccine that protects against both PRRSV types. The PRRS subunit vaccine
(PRRSFREETM PRRS subunit vaccine, Reber Genetics Co. Ltd., Taipei, Taiwan, Republic
of China) consists of a plasmid containing a detoxified Pseudomonas exotoxin, ORF7,
ORF1b, and ORF6 & 5 chimeric subunits of PRRSV-1 and PRRSV-2 (Yang et al., 2013).
The vaccine claims protection against both PRRSV types which should address the most
critical need of the Korean swine producers. However, no field studies have been
undertaken to evaluate the effect of this vaccine on the reproductive performance of sows.
The objective of this field study was to evaluate the performance of a PRRS subunit
vaccine in improving the reproductive performance of sows from endemic PRRS farms.

2. Materials and methods
2.1. Farms history
The clinical field trial was conducted on three separate pig farms with a history of
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endemic PRRSV infection. Farm A consisted of 1,000-sows with all-in-all-out 2-site
production (farrow-to-nursery and nursery-to finish) system. Between November of 2015
and February of 2016, the herd experienced typical clinical signs of PRRS, including a
low farrowing rates, increase in stillbirths and mummies, and an increase in abortion rate
(approximately 12.5−18.7%) and preweaning mortality (> 18.5%). Preweaning mortality
percentage is calculated as total number born alive minus the number of piglets weaned
from those litters divided by total number born alive multiplied by 100. Four months after
the initial outbreak of PRRSV, reproduction values in sows (abortion rate 3.8−5.6%) and
mortality in suckling pigs (preweaning mortality 8.5−12.5%) gradually improved but did
not reach the ranges recorded prior to infection. Farm B consisted of 1,000 sows with allin-all-out 1-site production (farrow-to-finish) system. During the first quarter of 2016, the
herd experienced an initial PRRSV infection and a clinical outbreak with a sudden
increase in nursery (>3.0%) and then preweaning mortality (>17.8%), late-term abortions
(14%), and premature farrowings. In many litters, weak-born piglets were consistently
observed during this acute outbreak. Six months prior to the field study, abortion
(abortion rate 4.3−7.8%) continued to recur sporadically in pregnant sows and the
preweaning mortality (7.6−10.7%) was still high. Farm C consisted of 1,000-sows with
all-in-all-out 2-site production (farrow-to-nursery and nursery-to finish) system. Clinical
signs were first noted in early January of 2016 and included anorexia in sows, abortion
(rate 17.4−25.4%), premature farrowings, and increased preweaning mortality (rate
18.4−25.7%) with increased weak-born piglets. Three months after the initial outbreak,
reproductive performance and preweaning mortality returned to the levels before
outbreak of PRRS. Since then, recurring increases in abortion in sows (abortion rate
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5.2−8.8%) and preweaning mortality (rate 8.7−12.2%) have been experienced.

2.2. Virus isolation and detection in farms
Prior to the beginning of this study, fetuses from Farm A, B, and C were submitted to the
Department of Veterinary Pathology in Seoul National University. Lung, spleen, kidney,
and thoracic fluid were pooled, homogenized, and cultured in MARC-145 cells and
porcine alveolar macrophages. In addition, twenty samples were collected from each of
the following six age groups; sows in early gestation (approximately 40 days of gestation),
sows in the late gestation (approximately 80 days of gestation), piglets at 3, 9, 16, and 22
weeks of ages to determine the circulation of PRRSV. All the sera were analyzed for the
presence of PRRSV by conventional reverse transcription polymerase chain reaction (RTPCR) as previously described (Nilubol et al., 2014).

2.3. Experimental design
All studies were performed in accordance with the registration guidelines of the Republic
of Korea’s Animal, Plant & Fisheries Quarantine & Inspection Agency (QIA,
http://qia.go.kr). Forty sows from each of the 3 farms were allocated into 2 groups (20
sows per group) with a completely random design using the random number generation
function (Excel, Microsoft Corporation, Redmond, Washington, USA). Pregnant sows in
VacA (average parity = 3.25), VacB (average parity = 3.15), and VacC (average parity =
3.45) groups from Farm A, B, and C, respectively (Table 1), were intramuscularly
injected with a 2.0 mL dose of PRRSFREE PRRS subunit vaccine (Reber Genetics Co.
Ltd., Lot No. F5002) at 58 and 79 days of gestation (8 and 5 weeks antepartum). Pregnant
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sows in UnVacA (average parity = 3.82), UnVacB (average parity = 3.15), and UnVacC
(average parity = 3.45) groups from Farm A, B, and C, respectively (Table 1), were
intramuscularly injected with a 2.0 mL of phosphate buffered saline (PBS, 0.01M, pH 7.4)
at the same time. Following vaccination, the physical condition of the sows was
monitored daily for 1 week. Blood samples were collected from each sow by jugular
venipuncture at 58, 79, and 114 days of gestation. In all of the 3 farms, the vaccinated and
unvaccinated sows were co-mingled in the same barn and housed in stalls during
gestation. Pregnant sows were placed in farrowing crates no later than the 108th day of
gestation and were allowed to farrow naturally under supervision. Cross-fostering was not
performed in this field study. The methods used in this study were previously approved
by the Seoul National University Institutional Animal Care and Use Committee.

2.4. Reproductive performance
Farrowing data, including litter size (total number born, live-born, stillborn and
mummified per litter) at birth, were recorded. The number of light piglets (< 1 Kg), as
well as the number of splay-legged piglets at birth were also recorded. At weaning, the
number of piglet per litter was recorded. During gestation, all expelled fetuses
(mummified and stillborn) from all sows were recorded and necropsied for tissue
collection. Lung, spleen, kidney, and thoracic fluid were collected from fetal tissues and
homogenized. RNA and DNA was extracted and tested by RT-PCR for presence of
PRRSV, porcine parvovirus, and porcine circovirus type 2 as previously descrided
(Nilubol et al., 2014; Kim et al., 2004).
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2.5. Quantification of PRRSV RNA
Within the highly conserved ORF7 region and 3’ untranslated region of the genome of
both

PRRSV

types,

the

forward

GTGAATGGCCGCGATTG-3’
CGGTCACATGGTTCCTGC-3’.

and
The

GTGGTGAATGGCACTGATTG-3’

primer

for

reverse
forward
and

primer
reverse

PRRSV-1
primer
for

was
was

PRRSV-2

primer

5’5’-

was

was

5’5’-

CCCCACACGGTCGCC’-3’. Two type-specific TaqMan probes were that the PRRSV-1
specific probe 5’-TCACCTATTCAATTAGGGCG-3’ was labeled with FAM attached to
the 5’ terminus (reporter) and a non-fluorescent quencher (NFQ) and minor groove binder
(MGB) at its 3’ end (quencher), whereas the PRRSV-2 specific probe 5’TCCTCTAAGTCACCTATTCAATTAGGGCGA-3’ was 5’ labeled with FAM (reporter)
and carried TAMRA at its 3’ end. All serum samples were tested for PRRSV-1 and -2
genomic cDNA and copy numbers were quantified by real-time PCR (Wasilk et al., 2004;
Park et al., 2014a; Park et al., 2014b).

2.6. Serology
All serum samples were tested for the presence of anti-PRRSV antibodies using a
commercially available ELISA (HerdCheck PRRS X3 Ab test, IDEXX Laboratories Inc.).
Serum samples were considered positive for PRRSV antibody when the sample/positive
(S/P) ratio ≥0.4, according to the manufacturer’s instructions. Virus neutralization tests
were also performed with field virus isolated from each of the 3 farms, as previously
described (Yoon et al., 1994). Serum samples were considered to be positive for
neutralizing antibodies (NA) if the titer was greater than 2.0 (log2) (Zuckermann et al.,
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2007). Positive serum samples for neutralizing antibodies against PRRSV-1 and PRRSV2 used in virus neutralization test to ensure that the assay was working (Choi et al., 2016).

2.7. Enzyme-linked immunospot assay
The numbers of PRRSV-1 and PRRSV-2 specific interferon-γ secreting cells (IFN-γ-SC)
were determined in peripheral blood mononuclear cells (PBMC) as previously described
(Park et al., 2014a; Meier et al., 2003; Diaz et al., 2005).

2.8. Statistical analysis
The general linear model (GLM) procedure of SAS (SAS 9.4v, SAS Institute, Inc) was
used to assess the effect of time on the following repeated measures data: log10 genomic
copies of PRRSV/mL, PRRSV ELISA S/P ratio, log2 neutralizing antibody titers, and the
number of PRRSV-specific IFN-γ-SC. A multivariate analysis of variance (ANOVA) was
performed using group as the factor and time as the repeated variable in the model. If a
significant effect of time was identified using this model, the GLM procedure of SAS
with the Bonferroni (Dunn) t test was performed using group as the dependent fixed
factor in the model to identify pair-wise differences between group means at each time
point. For non-repeated measures of data including reproductive parameters and in situ
hybridization scores, the GLM procedure of SAS with the Bonferroni (Dunn) t test was
performed using group as the dependent fixed factor in the model to identify pair-wise
differences between group means. P < 0.05 (two-tailed) indicated statistical significance.
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3. Results
3.1. Virus isolation and detection in farms
Prior to the beginning of this study, PRRSV-1 and PRRSV-2 were isolated from fetal
tissue homogenates in all 3 farms. Phylogenetic analysis was performed for the field
viruses and the vaccine strains based on deduced amino acid sequence of ORF5 (Fig. 1).
In Farm A, PRRSV-1 was detected in sera from sows during early and late gestation,
and from piglets at 3 weeks of age. PRRSV-2 was detected in sera from sows during early
and late gestation, and from piglets at 3 and 9 weeks of age. In Farm B, PRRSV-1 was
detected in sera from sows in the early and late gestation, and from piglets at 3 and 9
weeks of age. PRRSV-2 was detected in sera from sows during early and late gestation,
and from piglets at 3, 9, and 16 weeks of age. In Farm C, PRRSV-1 was detected in sera
from sows during early and late gestation, and from piglets at 3 weeks of age. PRRSV-2
was detected in sera from sows during early and late gestation, and from piglets at 3 and 9
weeks of age.
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Fig. 1. Phylogenetic analysis of ORF5 of the porcine reproductive and respiratory
syndrome virus. An unrooted neighbour-joining tree was constructed from aligned amino
acid sequences of field PRRSV-1 and PRRSV-2 isolated from 3 farms.
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3.2. Reproductive performance
Overall, when combining data from all three farms, sows from the vaccinated group had
significantly (P < 0.05) lower number of stillborn piglets at birth compared to sows from
unvaccinated group. Sows from the VacC group had significantly (P < 0.05) lower
number of stillborn piglets at birth compared to sows from the UnVacC group. Overall,
when combining data from all three farms, sows from the vaccinated group had
significantly (P < 0.05) higher number of weaned piglets at birth compared to sows from
unvaccinated group. Sows from the VacA and VacB groups had a significantly (P < 0.05)
higher number of weaned piglets compared to sows from the UnVacA and UnVacB
groups, respectively (Table 1). No adverse systemic or local reactions or side effects
relative to vaccination were observed throughout the duration of this field study. PRRSV1 was detected in stillborn piglets from sows in VacB (1/17 stillborn piglets), VacC (3/12
stillborn piglets), UnVacA (2/16 stillborn piglets), UnVacB (4/34 stillborn piglets), and
UnVacC (6/27 stillborn piglets) . PRRSV-2 was detected in stillborn piglets from sows
in VacB (1/17 stillborn piglets), VacC (2/12 stillborn piglets), UnVacA (6/16 stillborn
piglets), UnVacB (8/34 stillborn piglets), and UnVacC (6/27 stillborn piglets) groups
(Table 2). Stillborn piglets from both vaccinated and unvaccinated groups from all three
farms were tested for presence of PRRSV-2. The data from all three farms were combined
and then statistically analyzed. Overall, stillborn piglets from the vaccinated groups had
significantly less detectable PRRSV-2 when compared to stillborn piglets from the
unvaccinated groups. No porcine parvovirus and porcine circovirus type 2 was detected in
stillborn piglets from sows in either vaccinated or unvaccinated groups on all three farms.
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Table 1. Reproductive parameter between vaccinated (Vac) and unvaccinated (UnVac) sows on 3 farms
Farm A
VacA

Farm B
UnVacA

VacB

Farm C
UnVacB

VacC

UnVacC

Sow
No. of parity
1

4

4

3

3

3

3

2

4

4

5

5

4

4

3

3

3

5

5

4

4

4

4

4

3

3

3

3

5

3

3

2

2

3

3

6

1

1

1

1

2

2

7

1
20

1
20

1
20

1
20

1
20

1
20

total
Piglets/litter
Total born

11.10 ± 1.92

11.30 ± 1.79

11.65 ± 2.01

11.05 ± 2.16

13.50 ± 2.89

Live-born

11.05 ± 1.83

10.30 ± 2.51

10.55 ± 2.38

9.05 ± 3.09

12.55 ± 3.44

Stillborn

12.90 ± 2.84
11.15 ± 3.10
*

1.35 ± 1.42*

0.05 ± 0.22

0.80 ± 1.81

0.85 ± 1.06

1.70 ± 2.05

0.60 ± 0.66

0±0

0.15 ± 0.48

0.25 ± 0.70

0.30 ± 0.64

0.40 ± 0.73

0.35 ± 1.11

Light (< 1 Kg)

0.20 ± 0.51

0.25 ± 1.09

0.30 ± 0.64

0.65 ± 1.06

1.20 ± 1.17

0.85 ± 1.19

Splay-legs

0.05 ± 0.22

0.15 ± 0.48

0.10 ± 0.30

0±0

0±0

10.85 ± 2.71

9.55 ± 2.04

Mummified

Weaned

10.25 ± 1.67

0±0
*

8.40 ± 2.06

*

*

9.95 ± 2.11

*

8.10 ± 2.91

*

Significant difference (P < 0.05) between vaccinated and unvaccinated group within the same farm.
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Table 2. Detection of PRRSV from stillborn piglets in vaccinated (Vac) and unvaccinated (UnVac) sows on 3 farms
Farm A

Farm B

Farm C

VacA
UnVacA
VacB
UnVacB
VacC
UnVacC
PRRSV-1 PRRSV-2 PRRSV-1 PRRSV-2 PRRSV-1 PRRSV-2 PRRSV-1 PRRSV-2 PRRSV-1 PRRSV-2 PRRSV-1 PRRSV-2
Sow no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
total

0/0
0/0
0/0
0/1
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
0/0
0/0
0/1

0/0
0/0
0/0
0/1
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
0/0
0/0
0/1

0/0
0/0
0/5
0/0
0/0
0/4
0/0
2/6
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
2/16

0/0
0/0
3/5
0/0
0/0
0/4
0/0
3/6
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
6/16

0/1
0/2
1/2
0/1
0/2
0/0
0/1
0/0
0/1
0/0
0/1
0/4
0/0
0/0
0/0
0/0
0/0
0/2
0/0
0/0
1/17

1/1
0/2
0/2
0/1
0/2
0/0
0/1
0/0
0/1
0/0
0/1
0/4
0/0
0/0
0/0
0/0
0/0
0/2
0/0
0/0
1/17
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0/0
0/3
0/4
0/1
0/0
0/0
0/0
0/2
0/0
0/3
0/2
4/7
0/3
0/4
0/5
0/0
0/0
0/0
0/0
0/0
4/34

0/0
0/3
0/4
0/1
0/0
0/0
0/0
2/2
0/0
2/3
0/2
0/7
1/3
1/4
2/5
0/0
0/0
0/0
0/0
0/0
8/34

0/0
0/0
0/1
0/0
0/0
2/2
0/0
0/0
0/1
0/1
0/2
0/0
0/0
1/1
0/1
0/0
0/0
0/1
0/1
0/1
3/12

0/0
0/0
0/1
0/0
0/0
0/2
0/0
0/0
0/1
1/1
0/2
0/0
0/0
1/1
0/1
0/0
0/0
0/1
0/1
0/1
2/12

0/0
0/2
1/1
0/0
0/0
1/2
0/0
0/0
0/1
0/2
0/2
2/4
1/3
0/0
0/3
0/0
0/4
0/0
1/3
0/0
6/27

0/0
0/2
0/1
0/0
0/0
0/2
0/0
0/0
1/1
0/2
0/2
0/4
0/3
0/0
0/3
0/0
3/4
0/0
2/3
0/0
6/27

3.3. Quantification of PRRSV RNA
There was no significant difference in genomic copies of PRRSV-1 and PRRSV-2 RNA
in the sera between vaccinated and unvaccinated sows from all three farms at 58, 79, and
114 days of gestation.

3.4. Serology
PRRSV ELISA S/P ratio was significantly (P < 0.05) higher in sows from the VacA,
VacB, and VacC groups compared to sows from the UnVacA, UnVacB, and UnVacC
groups, respectively, at 79 days of gestation. PRRSV ELISA S/P ratio was significantly
(P < 0.05) higher in sows from the VacB and VacC groups compared to sows from the
UnVacB and UnVacC groups, respectively, at 114 days of gestation (Fig. 2). Virus
specific NA titers against PRRSV-1 and PRRSV-2 were not detected in vaccinated and
unvaccinated sows from all three farms at 58, 79, and 114 days of gestation.
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Fig. 2. Mean values of the PRRSV ELISA S/P ratio from sows in VacA (■), UnVacA
(●), VacB (■), UnVacB (●), VacC (■), and UnVacC (●). Significant difference is
indicated at P value < 0.05 (*for VacA and UnVacA, †for VacB and UnVacB, and ‡for
VacC and UnVacC) between vaccinated and unvaccinated groups within the same farm.
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3.5. Interferon-γ secreting cells
Sows from the VacA group had significantly (P < 0.05) higher numbers of PRRSV-1
specific IFN-γ-SC at 79 and 114 days of gestation compared to sows from the UnVacA
group. Sows from the VacB group had significantly (P < 0.05) higher numbers of
PRRSV-1 specific IFN-γ-SC at 114 days of gestation compared to sows from the UnVacB
group (Fig. 3A). Sows from VacA and VacC groups had significantly (P < 0.05) higher
numbers of PRRSV-2 specific IFN-γ-SC at 114 days of gestation compared to sows from
the UnVacA and UnVacC groups, respectively (Fig. 3B).
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Fig. 3. Mean values of the PRRSV-1 (3A) and PRRSV-2 (3B) specific IFN-γ-SC/106
PBMC from sows in VacA (■), UnVacA (●), VacB (■), UnVacB (●), VacC (■), and
UnVacC (●). Significant difference is indicated at P value < 0.05 (*for VacA and
UnVacA, †for VacB and UnVacB, and ‡for VacC and UnVacC) between vaccinated and
unvaccinated groups within the same farm.
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4. Discussion
The results of this field trial demonstrate that vaccination with the PRRS subunit vaccine
improves the reproductive performance of sows from endemic PRRS farms when
compared to unvaccinated sows. The vaccination of pregnant sows with the PRRS
subunit vaccine did not result in any observed adverse reaction. We observed a significant
increase in the number of weaned pigs from vaccinated sows, which is in agreement with
a previous finding, where vaccination with a PRRSV-1 inactivated vaccine resulted in a
significant reduction of premature farrowing and abortions and an increase of the number
of live-born and weaned pigs (Papatsiros et al., 2006). This field study was performed in
three separate farms with endemic PRRSV infections, a situation which is representative
of most Korean farms. PRRSV has been shown to persist within the same herd for up to
three and a half years after the initial outbreak (Larochelle et al., 2003). PRRSV has the
ability to cross the placenta at the late stages of gestation, which leads to abortions and
premature farrowings (Christianson et al., 1993; Mengeling et al., 1994; Cheon et al.,
2001; Han et al., 2014b). Therefore, the timing of vaccination at 58 and 79 days of
gestation is appropriate in order to protect pregnant sows from infection during late
pregnancy.
In the present study, vaccination resulted in a significant reduction in the number of
stillborn piglets and a significant increase in the number of weaned piglets therefore,
significantly improving the reproductive performance of sows. Interestingly, detection of
PRRSV-2 in stillborn piglets was significantly reduced in vaccinated sows compared to
unvaccinated sows. PRRSV-1 detection was also reduced albeit not significantly. This
improvement in reproductive performance is due to the overall protective effect of the
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vaccine. We also observed an increase in PRRSV ELISA S/P ratio in unvaccinated sows
from 58 to 114 days of gestation in Farms A and B, with more significant fluctuations in
Farm A. This suggests the presence of circulating PRRSV field strains. Nevertheless, the
number of weaned pigs increased significantly in vaccinated sows compared to
unvaccinated sows. Overall, the results presented here provide swine producers with
clinically meaningful information because this vaccine protected sows during the active
transmission of field viruses throughout the entire gestation period. One drawback,
however, is the fact that we were unable to analyze a vaccine-specific response precisely
because of the active circulation of field PRRSV. Further studies are needed with naïve
animals that are immunized in order to gain a better understanding of what the vaccinespecific response can be.
The exact mechanisms of protection are not clear although both humoral and cellular
immunity has been observed following administration of the inactivated PRRS vaccine
(Plana-Duran et al., 1997; Piras et al., 2005). In the current study, vaccination resulted in
a significant increase in the frequency of IFN-γ-SC but not of neutralizing antibodies
titers at day 114 of gestation which is 8 weeks post vaccination. These data suggest that
PRRSV-specific IFN-γ responses contribute to the protection against reproductive failure
after vaccination with the PRRS subunit vaccine.
To the best of our knowledge, this is the first field study assessing the efficacy of a
PRRS subunit vaccine in the reproductive performance of sows. The protection of the
PRRS subunit vaccine can provide swine producers with clinically relevant information.
The majority of the losses caused by PRRSV infection are due to the reproductive failures
rather than respiratory distress. In 2011, the breeding herds accounted for 45% of the total
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cost of PRRSV, compared to 12% in the 2005 (Neumann et al., 2005; Holtkamp et al.,
2013). The additional advantage of a PRRS subunit vaccine is that of safety. PRRS MLV
vaccines have the risk of reversion to virulence, in the field which can cause acute PRRSlike symptoms (Botner et al., 1997; Dewey et al., 1990). Both PRRSV-1 and PRRSV-2
have similar virulence when causing reproductive failure while PRRSV-2 is more virulent
than PRRSV-1 when causing respiratory disease in growing pigs (Han et al., 2014b;
Halbur et al., 1995; Martinez-Lobo et al., 2011; Han et al., 2013). Therefore, the PRRS
subunit vaccine is clinically useful and a powerful tool in protecting pregnant sows from
reproductive failure caused by PRRSV-1 and PRRSV-2 infection.

98

References

Allende, R., Lewis, T.L., Lu, Z., Rock, D.L., Kutish, G.F., Ali, A., Doster, A.R., Osorio,
F.A., 1999. North American and European porcine reproductive and respiratory
syndrome viruses differ in non-structural protein coding regions. Journal of
General Virology 80, 307-315.
Botner, A., Strandbygaard, B., Sorensen, K.J., Have, P., Madsen, K.G., Madsen, E.S.,
Alexandersen, S., 1997. Appearance of acute PRRS-like symptoms in sow herds
after vaccination with a modified live PRRS vaccine. Veterinary Record 141, 497499.
Cheon, D.S., Chae, C., 2001. Distribution of porcine reproductive and respiratory
syndrome virus in stillborn and liveborn piglets from experimentally infected
sows. Journal of Comparative Pathology 124, 231-237.
Choi, K., Park, C., Jeong, J., Chae, C., 2016. Comparison of protection provided by type
1 and type 2 porcine reproductive and respiratory syndrome field viruses against
homologous and heterologous challenge. Veterinary Microbiology 191, 72-81.
Christianson W.T., Choi, C.S., Collins, J.E., Molitor, T.W., Morrison, R.B., Joo, H.S.,
1993. Pathogenesis of porcine reproductive and respiratory syndrome virus
infection in mid-gestation sows and fetuses. Canadian Journal of Veterinary
Research 57, 262-268.
Dea, S., Gagnon, C.A., Mardassi, H., Milane, G., 1996. Antigenic variability among
North American and European strains of porcine reproductive and respiratory

99

syndrome virus as defined by monoclonal antibodies to the matrix protein. Journal
of Clinical Microbiology 34, 1488-1493.
Dewey, C.E., Wilson, S., Buck, P., Leyenaar, J.K., 1990. The reproductive performance
of sows after PRRS vaccination depends on stage gestation. Preventive Veterinary
Medicine 40, 233-241.
Diaz, I., Mateu, E., 2005. Use of ELISPOT and ELISA to evaluate IFN-gamma, IL-10
and IL-4 responses in conventional pigs. Veterinary Immunology and
Immunopathology 106, 107-112.
Firth, A.E., Zevenhoven-Dobbe, J.C., Willis, N.M., Go, Y.Y., Balasuriya, U.B., Atkins,
J.F., Snijder, E.J., Posthuma, C.C., 2011. Discovery of a small arterivirus gene
that overlaps the GP5 coding sequence and is important for virus production.
Journal of General Virology 92, 1097-1106.
Halbur, P.G., Paul, P.S., Frey, M.L., Landgraf, J., Eernisse, K., Meng, X.J., Lum, M.A.,
Andrews, J.J., Rathje, J.A., 1995. Comparison of the pathogenicity of two US
porcine reproductive and respiratory syndrome virus isolates with that of the
Lelystad virus. Veterinary Pathology 32, 648-660.
Han, K., Seo, H.W., Oh, Y., Kang, I., Park, C., Chae, C., 2013. Comparison of the
virulence of European and North American genotypes of porcine reproductive and
respiratory syndrome virus in experimentally infected pigs. Veterinary Journal
195, 313-318.
Han, K., Seo, H.W., Park, C., Chae, C., 2014a. Vaccination of sows against type 2
porcine reproductive and respiratory syndrome virus (PRRSV) before artificial

100

insemination protects against type 2 PRRSV challenge but does not protect
against type 1 PRRSV challenge in late gestation. Veterinary Research 45, 12
Han, K., Seo, H.W., Park, C., Kang, I., Youn, S.K., Lee, S.Y., Kim, S.H., Chae, C.,
2014b. Comparative virulence of reproductive diseases caused by type 1
(European-like) and type 2 (North American-like) porcine reproductive and
respiratory syndrome virus in experimentally infected pregnant gilts. Journal of
Comparative Pathology 150, 297-305.
Holtkamp, D.J., Kliebenstein, J.B., Neumann, E.J., Zimmerman, J.J., Rotto, H.F., Yoder,
T.K., Wang, C., Yeske, P.E., Mowrer, C.L., Haley, C.A., 2013. Assessment of the
economic impact of porcine reproductive and respiratory syndrome virus in
United States pork producers. Journal of Swine Health and Production 21, 72-84.
Johnson, C.R., Griggs, T.F., Gnanandarajah, J., Murtaugh, M.P., 2011. Novel structural
protein in porcine reproductive and respiratory syndrome virus encoded by an
alternative ORF5 present in all arteriviruses. Journal of General Virology 92,
1107-1116.
Kim, J., Jung, K., Chae, C.. 2004. Prevalence of porcine circovirus type 2 in aborted
fetuses and stillborn piglets. Veterinary Record 155, 489-492.
Kim, T., Park, C., Choi, K., Jeong, J., Kang, I., Park, S.J., Chae, C., 2015. Comparison of
two commercial type 1 porcine reproductive and respiratory syndrome virus
(PRRSV) modified live vaccines against heterologous type 1 and type 2 PRRSV
challenge in growing pigs. Clinical and Vaccine Immunology 22, 631-640.

101

Larochelle, R., D’Allaire, S., Magar, R., 2003. Molecular epidemiology of porcine
reproductive and respiratory syndrome virus (PRRSV) in Quebec. Virus Research
96, 3-14.
Martinez-Lobo, F.J., Diez-Fuertes, F., Segales, J., Garcia-Artiga, C., Simarro, I., Castro,
J.M., Prieto, C., 2011. Comparative pathogenicity of type 1 and type 2 isolates of
porcine reproductive and respiratory syndrome virus (PRRSV) in a young pig
infection model. Veterinary Microbiology 154, 58-68.
Meier, W.A., Galeota, J., Osorio, F.A., Husmann, R.J., Schnitzlein, W.M., Zuckermann,
F.A., 2003. Gradual development of the interferon-gamma response of swine to
porcine reproductive and respiratory syndrome virus infection or vaccination.
Virology 309, 18-31.
Mengeling, W.L., Larger, K.M., Vorwald, A.C., 1994. Temporal characterization of
transplacental infection of porcine fetuses with porcine reproductive and
respiratory syndrome virus. American Journal of Veterinary Research 55, 13911398.
Murtaugh, M.P., Elam, M.R., Kakach, L.T., 1995. Comparison of the structural protein
coding sequences of the VR-2332 and Lelystad virus strains of the PRRS virus.
Archives of Virology 140, 1451-1460.
Nelsen, C.J., Murtaugh, M.P., Faaberg, K.S., 1999. Porcine reproductive and respiratory
syndrome virus comparison: divergent evolution on two continents. Journal of
Virology 73, 270-280.
Neumann, E.J., Kliebenstein, J.B., Johnson, C.D., Mabry, J.W., Bush, E.J., Seitzinger,
A.H., Green, A.L., Zimmerman, J.J., 2005. Assessment of the economic impact of

102

porcine reproductive and respiratory syndrome on swine production in the United
States. Journal of the American Veterinary Medical Association 227, 385-392.
Nielsen, H.S., Oleksiewicz, M.B., Forsberg, R., Stadejek, T., Botner, A., Storgaard, T.,
2001. Reversion of a live porcine reproductive and respiratory syndrome virus
vaccine investigated by parallel mutations. Journal of General Virology 82, 12631272.
Nilubol, D., Tripipat, T., Hoonsuwan, T., Tipsombatboon, P., Piriyapongsa, J., 2014.
Dynamic and evolution of porcine reproductive and respiratory syndrome virus
(PRRSV) ORF5 following modified live PRRSV vaccination in a PRRSVinfected herd. Archives of Virology 159, 1781-1798.
Papatsiros, V.G., Alexopoulos C., Kritas, S.K., Koptopoulos, G., Nauwynck, H.J.,
Pensaert, M.B., Kyriakis, S.C., 2006. Long-term administration of a commercial
porcine reproductive and respiratory syndrome virus (PRRSV)-inactivated
vaccine in PRRSV-endemically infected sows. Journal of Veterinary Medicine. B,
Infectious Disease and Veterinary Public Health 53, 266-272.
Park, C., Seo, H.W., Han, K., Kang, I., Chae, C., 2014a. Evaluation of the efficacy of a
new modified live porcine reproductive and respiratory syndrome virus (PRRSV)
vaccine (Fostera PRRS) against heterologous PRRSV challenge. Veterinary
Microbiology 172, 432-442.
Park, C., Seo, H.W., Kang, I., Jeong, J., Choi, K., Chae, C., 2014b. A new modified live
porcine reproductive and respiratory syndrome vaccine improves growth
performance in pigs under field conditions. Clinical and Vaccine Immunology 21,
1350-1356.

103

Piras, F., Bollard, S., Laval, F., Joisel, F., Reynaud, G., Charreyre, C., Andreoni, C.,
Juillard, V., 2005. Porcine reproductive and respiratory syndrome (PRRS) virusspecific interferon-γ+ T-cell responses after PRRS virus infection or vaccination
with an inactivated PRRS vaccine. Viral Immunology 18, 381-389.
Plana-Duran, J., Bastons, M., Urniza, A., Vayreda, M., Vila, X., Mane, H., 1997. Efficacy
of an inactivated vaccine for prevention of reproductive failure induced by porcine
reproductive and respiratory syndrome virus. Veterinary Microbiology 55, 361370.
Shi, M., Lam, T.T., Hon, C.C., Hui, R.K., Faaberg, K.S., Wennblom, T., Murtaugh, M.P.,
Stadejek, T., Leung, F.C., 2010. Molecular epidemiology of PRRSV: a
phylogenetic perspective. Virus Research 154, 7-17.
Snijder, E.J., Kikkert, M., Fang, Y., 2013. Arterivirus molecular biology and
pathogenesis. Journal of General Virology 94, 2141-2163.
Stadejek, T., Stankevicius, A., Murtaugh, M.P., Oleksiewicz, M.B., 2013. Molecular
evolution of PRRSV in Europe: Current state of play. Veterinary Microbiology
165, 21-28.
Wasilk, A., Callahan, J.D., Christopher-Hennings, J. Gay, T.A., Fang, Y., Dammen, M.,
Reos, M.E., Torremorell, M., Polson, D., Mellencamp, M., Nelson, E., Nelson,
W.M., 2004. Detection of U.S., Lelystad, and European-like porcine reproductive
and respiratory syndrome viruses and relative quantitation in boar semen and
serum samples by real-time PCR. Journal of Clinical Microbiology 42, 4453-4461.
Yang, H.P., Wang, T.C., Wang, S.J., Chen, S.P., Wu, E., Lai, S.Q., Chang, H.W., Liao,
C.W., 2013. Recombinant chimeric vaccine composed of PRRSV antigens and

104

truncated Pseudomonas exotoxin A (PE-K13). Research in Veterinary Science 95,
742-751.
Yoon, I.J., Joo, H.S., Goyal, S.M., Molitor, T.W., 1994. A modified serum neutralization
test for the detection of antibody to porcine reproductive and respiratory syndrome
virus in swine sera. Journal of Veterinary Diagnostic Investigation 6, 289-292.
Zimmerman, J.J., Benfield, D.A., Dee, S.A., Murtaugh, M.P., Stadejek, T., Stenvenson,
G.W., Torremorell, M., 2012. Porcine reproductive and respiratory syndrome virus
(porcine arterivirus). In Zimmerman, J.J., Karriker, L.A., Ramirez, A., Schwartz,
K.J., Stevenson, G.W. (Eds.), Diseases of Swine, 10th ed, Wiley-Blackwell, West
Sussex, UK, (pp. 461-486).
Zuckermann, F.A., Garcia, E.A., Luque, I.D., Christopher-Hennings, J., Doster, A., Brito,
M., Osorio, F., 2007. Assessment of the efficacy of commercial porcine
reproductive and respiratory syndrome virus (PRRSV) vaccines based on
measurement of serologic response, frequency of gamma-IFN-producing cells and
virological parameters of protection upon challenge. Veterinary Microbiology 123,
69-85.

105

GENERAL CONCLUSION

The objective of the thesis presented here was to evaluate the efficacy of three PRRSV
vaccines on reproductive performance of sows and gilts throughout experimental
challenge model and field study. The efficacy of the vaccines was evaluated by clinical,
virological, immunological and pathological analyses.
The results of the first study with pregnant gilts demonstrated that the PRRSV-1 MLV
vaccine provided good protection against reproductive failure against heterologous
PRRSV-1 challenge, but not provide enough protection against heterologous PRRSV-2
challenge. The improvement of reproductive performance was based on reduction of
viremia, and induction of IFN-γ-SC.
The results of the second study with sows in endemic PRRS farms indicated that the
PRRSV-2 MLV vaccine improved reproductive performance under field conditions. The
improvement of reproductive performance was based on high value of neutralizing
antibodies and IFN-γ-SC.
The results of the third study with sows in endemic PRRS farms demonstrated that the
PRRS subunit vaccine improved reproductive performance under field conditions. The
induction of IFN- γ-SC was key parameter correlated with reproductive performance.
Generally, anti-PRRSV neutralizing antibody titers and PRRSV-specific IFN-γ-SC
were the two immunological data correlated with the vaccine efficacy. However, the full
mechanism of vaccine efficacy of PRRSV vaccine on reproductive performance is still
unclear.
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국문 논문 초록

돼지 생식기 호흡기 증후군 바이러스 모돈 백신
(지도 교수: 채 찬 희, 수의사, 수의학박사)

정 지 운
서울대학교 대학원
수의학과 수의병인생물학 및 예방수의학 전공

돼지 생식기 호흡기 증후군은 전세계적으로 양돈산업에 가장 큰 경제적
피해를 일으키는 질병으로, 1980년대 후반에 처음 확인되었다. 이 질병은
모돈에서는 유산 및 사산과 같은 생식기 질환을 일으키고, 포유자돈과
이유자돈에서는 호흡기 질환을 유발한다. 많은 연구들이 돼지 생식기 호흡기
증후군 바이러스 자돈 백신에 초점을 맞추어 진행되어 이미 많은 평가결과를
확인할 수 있다. 그러나, 돼지 생식기 호흡기 증후군 바이러스 모돈 백신에
대한 연구는 부족한 실정이다. 이에 본 연구에서는 모돈에서의 돼지 생식기
호흡기 증후군 바이러스 백신을 임상학적, 바이러스학적, 면역학적, 병리학적
측면에서 분석하여 백신효능을 평가하였다.
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첫

번째

바이러스-1

실험에서는 임신말기
생독백신의

모돈

모돈에서 돼지

백신

효능을

돼지

생식기

호흡기 증후군

생식기

호흡기

증후군

바이러스-1과 돼지 생식기 호흡기 증후군 바이러스-2 공격접종에 대하여
평가하였다. 종부 4주 전에, 백신군 모돈에게 돼지 생식기 호흡기 증후군
바이러스-1

생독백신을

접종하였다.

임신

백신군과

93일에,

양성대조군

모돈에게 돼지 생식기 호흡기 증후군 바이러스-1 또는 돼지 생식기 호흡기
증후군 바이러스-2를 비강으로 공격접종하였다. 돼지 생식기 호흡기 증후군
바이러스-1을 공격접종한 경우, 백신군이 양성대조군에 비해 임신기간은
유의적으로 더 길었고, 생시자돈수와 이유자돈수는 유의적으로 더 많았으며,
사산돈의 수가 유의적으로 더 적었다. 돼지 생식기 호흡기 증후군 바이러스2를 공격접종한 경우에는, 분만성적에서 백신군과 양성대조군 간의 유의적인
차이를 확인할 수 없었다. 즉, 백신군은 돼지 생식기 호흡기 증후군 바이러스2 공격접종보다 돼지 생식기 호흡기 증후군 바이러스-1 공격접종 후에
유의적으로 향상된 분만성적을 보여주었다. 돼지 생식기 호흡기 증후군
바이러스-1
바이러스

생독백신은
역가는

돼지

감소시킬

생식기
수

호흡기

있었지만,

증후군

돼지

바이러스-1의

생식기

호흡기

혈청
증후군

바이러스-2의 혈청 바이러스 역가는 감소시키지 못하였다. 또한, 백신군은
돼지 생식기 호흡기 증후군 바이러스-2에 특이적인 인터페론-감마보다 돼지
생식기 호흡기 증후군 바이러스-1에 특이적인 인터페론-감마를 유의적으로 더
많이 분비하였다. 결론적으로 모돈에 돼지 생식기 호흡기 증후군 바이러스-1
생독백신을 접종하면, 돼지 생식기 호흡기 증후군 바이러스-1에 대해서는
효과적인 방어능을 보여주지만, 돼지 생식기 호흡기 증후군 바이러스-2에
대한 교차방어 능력은 비교적 낮은 것으로 확인되었다.
두 번째 실험에서는 돼지 생식기 호흡기 증후군 바이러스-2 생독백신의
모돈에서의 효능을 돼지 생식기 호흡기 증후군 상재농장에서 평가하였다.
돼지 생식기 호흡기 증후군에 의한 임신 말기 유산이 발생하는 농장 세 곳을
선택하여 야외임상 실험을 실시하였다. 각 농장별로 40두의 모돈을 선발하여,
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백신군과

대조군으로 20두씩 임의로

나누었다.

종부

6주 전에,

백신군

모돈에게 돼지 생식기 호흡기 증후군 바이러스-2 생독백신을 근육접종하였다.
백신접종 후에, 여러 분만성적 지표에서 백신군의 분만성적이 대조군에 비해
유의적으로 향상되었다. 3개 농장 모두에서 백신군의 사산이 대조군에 비해
유의적으로 감소하였다. 한 농장에서는 백신군의 산자수가 대조군에 비해
유의적으로

증가하였고,

2개

농장에서는

이유자돈수가

대조군에

비해

유의적으로 증가하였다. 백신접종의 효과로 돼지 생식기 호흡기 증후군에
의한

조기분만(조산)도

감소되었다.

즉,

백신군에서

정상

임신기간을

유지하였고, 사산이 감소하였다. 백신접종과 관련된 전신 또는 국소적인
부작용은 임신기간 내에 관찰되지 않았다. 백신접종 70일과 114일 후에,
백신군 모돈과 분만자돈에서 백신 바이러스는 검출되지 않았다. 이 실험을
통해 돼지 생식기 호흡기 증후군 상재농장에서 돼지 생식기 호흡기 증후군
바이러스-2

생독백신을

모돈에

사용하면

분만성적을

향상시키는

데에

효과적인 것을 확인하였다.
세

번째

실험에서는

돼지

생식기

호흡기

증후군

서브유닛

백신의

모돈에서의 효능을 돼지 생식기 호흡기 증후군 상재농장에서 평가하였다.
돼지 생식기 호흡기 증후군 상재농장 세 곳을 선택하여, 각 농장별로 임신돈
40두를 선발한 후, 백신군 20두와 대조군 20두로 구분하였다. 백신군 모돈에게
돼지 생식기 호흡기 증후군 서브유닛 백신을 임신 58일(분만 8주 전)과 79일
(분만 5주 전)에 2 mL 씩 총 2회 근육접종하였다. 실험기간동안 백신접종으로
인한 부작용은 관찰되지 않았다. 백신군은 대조군에 비해 유의적으로 향상된
분만성적(유산 감소와 이유자돈 증가)을 보여주었다. 돼지 생식기 호흡기
증후군

바이러스

항체가와

돼지

생식기 호흡기

증후군 바이러스 특이

인터페론-감마 분비세포수는 백신군이 대조군에 비해 유의적으로 높았다.
실험결과, 돼지 생식기 호흡기 증후군 바이러스 서브유닛 백신이 돼지 생식기
호흡기 증후군 상재농장에서 모돈의 분만성적을 향상시킬 수 있는 것을
확인하였다.
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종합해보면,

돼지

생식기 호흡기 증후군 바이러스-1

백신은 모돈에서

동일한 유전형 바이러스의 감염에 대해 더 효과적인 방어능력을 가지며,
상이한 유전형 바이러스의 감염에 대한 교차방어능력은 비교적 낮다. 또한,
돼지 생식기 호흡기 증후군 바이러스-2 백신과 돼지 생식기 호흡기 증후군
서브유닛 백신은 돼지 생식기 호흡기 증후군 상재농장에서 모돈의 분만성적을
향상시키는 데에 효과적이다.

주요어:
돼지 생식기 호흡기 증후군 바이러스; 생독백신; 서브유닛 백신; 모돈;
분만성적; 백신 효능
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