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1.1 PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME 
VIRUS 

1.1.1 HISTORY 

In the late 1980’s, a so-called ‘mystery swine disease’ of unknown etiology emerged 

on pig farms in the United States and shortly thereafter in Europe.  The disease was 

characterized by a high frequency of late-term abortions and stillbirths in sows, 

together with respiratory disease in young pigs that often died shortly after birth.  

Affected animals were generally depressed, had fever and showed inappetence, and in 

some cases a red-blue discoloration of the ears was observed, which gave rise to the 

name ‘blue-eared pig disease’ or, in Dutch, ‘abortus blauw’.  Several other names 

have also been used to indicate the syndrome, such as ‘porcine epidemic abortion and 

respiratory syndrome’ or ‘swine infertility and respiratory syndrome’, but the disease 

is nowadays known worldwide as ‘porcine reproductive and respiratory syndrome’ or 

PRRS (Christianson et al., 1992; Collins et al., 1992; Wensvoort et al., 1991).  In 

1991, researchers from Lelystad (The Netherlands) succeeded to isolate a virus from 

affected animals, which they called ‘Lelystad virus’, and the clinical picture of PRRS 

could be experimentally reproduced by inoculation of pregnant sows with this virus 

(Terpstra et al., 1991; Wensvoort et al., 1991).  Shortly thereafter, the etiology of 

PRRS was further confirmed by isolation of a virus and experimental reproduction of 

the disease in the US (Benfield et al., 1992; Collins et al., 1992).  In the years 

following the first isolation of porcine reproductive and respiratory syndrome virus 

(PRRSV), the virus was detected around the world, not only in Europe and the United 

States, but also in Canada and some Asian countries (Baron et al., 1992; Dea et al., 

1992; Hopper et al., 1992; Jiang et al., 2000; Plana et al., 1992; Shimizu et al., 1994).  

Attenuated and inactivated vaccines were developed and commercialized, but despite 

their efficacy under experimental conditions and at farm level, extensive application 

of these vaccines in the field did not at all lead to eradication of the virus.  PRRSV is 

nowadays present in a majority of swine-producing countries worldwide, where it 

causes a variety of problems from subclinical infections to severe reproductive failure 

in sows and respiratory disease in piglets.  Some exceptionally serious PRRS 

outbreaks with a high frequency of abortions and sow mortality have been reported in 

the US around 1996, and more recently, China and surrounding countries have 

suffered from an extremely severe epidemic that was attributed to a highly virulent 
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PRRSV strain (Halbur & Bush, 1997; Hurd et al., 2001; Normile, 2007; Tian et al., 

2007).  The yearly economic losses due to PRRSV in the US have been roughly 

estimated on half a billion dollar (Neumann et al., 2005), and the acute outbreaks in 

China led to a huge increase in pork prices, which contributed to the highest inflation 

in the country in a decade (The New York Times, August 16, 2007).  The real 

economic impact of the disease is however difficult to assess, since PRRS-related 

problems are not always directly visible, and often involve other viral and bacterial 

pathogens (Brockmeier et al., 2002; Thacker, 2001).  Nevertheless, researchers, 

veterinarians and pig farmers worldwide agree on the idea that PRRS is a major, if not 

the most important disease affecting the swine industry.   

The origin of PRRSV and the seemingly independent emergence of the virus on two 

separated continents are poorly understood.  Retrospective serological studies provide 

evidence for virus circulation back in 1979, and it is generally agreed that PRRSV 

shares a common ancestor with the lactate-dehydrogenase elevating virus (LDV) in 

mice (Carman et al., 1995; Hanada et al., 2005; Plagemann, 2003).  There exists 

however no consensus about the divergence time of PRRSV, and the history of this 

virus before its emergence in the swine industry remains largely unknown (Forsberg, 

2005; Hanada et al., 2005).   

 

1.1.2 TAXONOMY AND GENETIC DIVERSITY 

PRRSV belongs to the genus Arterivirus, which is classified within the Arteriviridae 

family in the order Nidovirales (Cavanagh, 1997; Conzelmann et al., 1993; 

Meulenberg et al., 1993).  Other nidovirus families are the Coronaviridae, comprising 

the well-known SARS coronavirus, and the Roniviridae.  The group of Toroviridae 

was originally also considered a separate family of this order, but is now classified as 

subfamily of the Coronaviridae (Gonzalez et al., 2003; Gorbalenya et al., 2006).  

Nidoviruses are enveloped positive-stranded RNA viruses that share a specific 

genome organization.  The transcription process is characterized by the generation of 

a 3’ coterminal nested set of polycistronic mRNAs with a common leader sequence at 

the 5’ end.  The only unique feature that discriminates nidoviruses from other RNA 

viruses however is the particular organization and composition of the multidomain 

replicase gene. Although they are derived from a common ancestor and share 

properties in genome organization, the members of the different nidovirus families are 



Chapter 1 

4 

quite different in for example virion morphology, number and composition of 

structural proteins, host and cell tropism and pathogenesis (Gorbalenya et al., 2006).   

Arteriviruses are particularly small nidoviruses, with a genome length of 13-16 

kilobases (kb) compared to the 26-32 kb genome length for the other Nidovirales 

families (Gorbalenya et al., 2006).  In addition to PRRSV, the family Arteriviridae 

contains the lactate-dehydrogenase elevating virus (LDV) in mice, the equine arteritis 

virus (EAV) in horses and the simian hemorrhagic fever virus (SHFV) in certain 

monkey species (Conzelmann et al., 1993).  All arteriviruses have a virion diameter 

of 40-60 nm, and show a specific tropism for cells of the monocyte/macrophage 

lineage, while the number of structural proteins is different amongst the members of 

this family (Chen & Plagemann, 1995).  Phylogenetic analysis based on the most 

conserved regions in open reading frame 1b (ORF1b) indicates that PRRSV is most 

closely related to LDV, but the estimated divergence time of PRRSV and LDV from a 

common ancestor is still a matter of debate (Chen & Plagemann, 1995; Forsberg, 

2005; Hanada et al., 2005).   

PRRSV was isolated almost simultaneously in Europe and the US, but it became 

rapidly clear that viruses isolated on either of the continents were genetically quite 

different.  Therefore, PRRSV strains are classified into a European genotype (EU 

type or type 1) and a North-American genotype (NA type or type 2), with the EU 

prototype Lelystad virus (LV) and the NA prototype VR-2332 differing more than 

40% at amino acid level (Collins et al., 1992; Nelsen et al., 1999; Wensvoort et al., 

1991).  There is no evidence for the existence of intermediate virus variants that 

cluster in between the two genotypes, indicating that EU- and NA-type viruses 

evolved from two different ancestors during a considerable amount of time before 

PRRS became apparent in the swine industry (Murtaugh et al., 2010).  Within both 

genotypes, a large variability exists, and efforts have been made to group virus strains 

in phylogenetic clusters, and for EU-type PRRSV in four subgenotypes (Shi et al., 

2010; Stadejek et al., 2008).  However, the virus continues to evolve rapidly, and the 

reliability and biological relevance of phylogenetic clustering is questionable.  

Furthermore, NA-type PRRSV strains are frequently isolated in Europe nowadays and 

vice versa, and both genotypes are circulating in Asia as well (Murtaugh et al., 2010; 

Nielsen et al., 2001; Ropp et al., 2004; Shi et al., 2010).    

As a result of its high mutational rate, which is an immanent feature of many RNA 

viruses, PRRSV can exist in single animals as a cluster of different virus variants, 



                                                                                                                 1.1 PRRSV 

  5          

either monophyletic (all variants are derived from a common ancestor), or 

paraphyletic (different variants have different ancestral roots).  Therefore, PRRSV 

was suggested to exist as ‘quasispecies’, in the sense that it appears almost uniquely 

under the form of distributions or ‘clouds’ of closely related viral genotypes, rather 

than as single genotypes (Chang et al., 2002; Goldberg et al., 2003).  The term 

‘quasispecies’ however reaches further than this, and should in fact be considered an 

evolutionary concept, indicating that the fitness of individual genotypes within a 

quasispecies population is subordinate to the general fitness of the entire genotype 

population (Holmes, 2009).  Whether or not PRRSV evolution indeed follows 

quasispecies dynamics was never investigated, and therefore we will use the term 

‘quasispecies’ in this thesis strictly to indicate a monophyletic cluster of directly 

linked virus genotypes. 

 

1.1.3 STRUCTURAL BIOLOGY 

PRRSV virions are spherical or oval-like particles with a diameter between 50 and 60 

nm that consist of a nucleocapsid core of about 40 nm, surrounded by a lipid 

bilayered envelope (Dokland, 2010).  Virus particles are stable and remain infectious 

for a considerable amount of time at -20°C and -70°C, but infectivity decreases after a 

few days at 4°C and a few hours at 37°C.  The virus is sensitive to acidic and alkalic 

pH, and because of its envelope it is not resistant to lipid solvents and chloroform 

(Benfield et al., 1992; Bloemraad et al., 1994).   

 

 
Figure 1.  PRRSV genome organization.  Blocks indicate open reading frames (ORFs).   
RFS = ribosomal frameshift. 
 

The PRRSV genome consist of a positive single-stranded RNA molecule that contains 

9 ORFs, and is expressed through a 3’ coterminal nested set of polycistronic mRNAs 

with a common leader sequence at the 5’ end (Fig. 1).  The ORF1a and ORF1ab 

genes are translated into two different polyproteins via a ribosomal frameshift.  Both 

polyproteins are posttranslationally processed, resulting in 14 non-structural proteins. 

ORF2-ORF7 encode 7 structural proteins.  Some structural ORFs are partially 

overlapping, and certain parts of different proteins are therefore encoded by the same 
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gene sequences.  Furthermore, the ORF2b, encoding the E protein, is entirely 

embedded in ORF2a, encoding the glycoprotein GP2 (Conzelmann et al., 1993; 

Meulenberg et al., 1993).  For a comprehensive description of PRRSV genome 

organization, transcription and replication, readers are referred to Gorbalenya et al. 

(2006). 

 

 

Figure 2: Schematic representation of a PRRSV virion.   

 

The nucleocapsid of PRRSV is built up by nucleocapsid protein (N), encoded by 

ORF7.  The nucleocapsid was initially supposed to be of icosahedral shape, but recent 

cryo-electron tomographic analysis indicates that the viral capsid does not show a 

clear isometric structure (Fig. 2).  More probably, dimers of the N protein are 

organized in a roughly helical organization around the viral RNA and interact with it 

via the N-terminal RNA-binding domain (Dokland, 2010; Spilman et al., 2009).  The 

PRRSV envelope surrounds the nucleocapsid and contains six structural proteins: the 

unglycosylated proteins M and E, and the glycoproteins GP2, GP3, GP4 and GP5 that 

carry complex-type N-linked glycans.  GP5 and M are present in the virion as 

disulphide-linked heterodimers and are considered ‘major’ envelope proteins, while 

the remaining envelope proteins are most likely present in much lower amounts and 

are generally designated as ‘minor’ proteins (Meulenberg & Petersen-den Besten, 

1996; Meulenberg et al., 1995; van Nieuwstadt et al., 1996; Wu et al., 2005).  Unlike 



                                                                                                                 1.1 PRRSV 

  7          

M and GP5, the minor proteins are probably not essential for virion assembly, but the 

entire set of envelope proteins needs to be incorporated to render virus particles 

infectious.  Furthermore, GP2, GP3 and GP4 need to be expressed simultaneously for 

incorporation in the virion, which indicates that these proteins interact with each 

other.  However, in contrast to other arteriviruses, there is no evidence for the 

existence of disulphide linkages between the minor proteins of PRRSV (Wieringa et 

al., 2003; Wissink et al., 2005).   

Very recently, the existence of a novel structural PRRSV protein, encoded by a so-

called ORF5a (overlapping with ORF4 and ORF5) was reported.  It concerns a short 

putative transmembrane protein that would be essential for virus production and is 

probably present in all arterivirus species (Firth et al., 2011; Johnson et al., 2011).  

Since this protein was only discovered during the very final stadium of this thesis, it 

was not further considered here.      

 

Putative structure of the envelope proteins 

Despite the unraveling of the PRRSV virion structure by electron microscopy, the 3-

dimensional structure of the viral proteins remains largely obscure to date.  

Notwithstanding, some putative structural features can be assigned to the viral 

proteins by means of topology prediction models, knowledge about posttranslational 

modifications and analogies with other arteriviruses.  Since the prototype EU strain 

LV (Genbank accession number M96262) was extensively studied throughout this 

thesis, a short description of the putative structure of the LV envelope proteins is 

given here (Fig. 2).  It should however be kept in mind that the real protein structures 

remain to be elucidated, and that structural differences with other virus strains or 

genotypes cannot be excluded.   

Glycoprotein GP2 (encoded by ORF2a) of LV is 249 amino acids (aa) long and the 

completely processed protein that is incorporated in the virion has a molecular weight 

of about 29-30 kilodalton (kDa) (Meulenberg & Petersen-den Besten, 1996).  

Membrane topology prediction using the ‘hidden Markov model’ (HMMTOP, 

http://www.enzim.hu/hmmtop/) indicates that GP2 is a single-spanning 

transmembrane protein that contains a 37 aa amino-terminal (N-terminal) signal 

peptide, followed by a 166 aa ectodomain, a 25 aa transmembrane helix and a 21 aa 

carboxy-terminal (C-terminal) endodomain.  The putative ectodomain contains two 
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asparagine-linked glycosylation (N-glycosylation) sites, and treatment of virions with 

glycosidases has revealed that both sites are occupied by complex-type N-glycans 

(Meulenberg & Petersen-den Besten, 1996; Wissink et al., 2004).   

The small envelope protein E (ORF2b) is a short protein of 70 aa.  E has no N-

terminal signal sequence, but contains a central hydrophobic sequence (aa 23-47) and 

a C-terminal cluster of basic aa.  These features resemble that of viroporin proteins of 

other RNA viruses, and experimental evidence indicates that homo-oligomers of E are 

formed by non-covalent interactions in the viral envelope that may function as ion 

channels (Lee & Yoo, 2006; Wu et al., 2005).   

GP3 (ORF3) is the largest LV envelope protein, with a length of 265 aa and a native 

protein size of 45-50 kDa (van Nieuwstadt et al., 1996).  A putative signal sequence 

of 25 aa is present at the N-terminus, but one can doubt whether this sequence is 

removed during processing, since the N-terminal sequence of the EAV GP3 analogue 

is not cleaved off (Wieringa et al., 2002).  Hence, the GP3 protein is anchored in the 

membrane with one or two domains, and the ectodomain is predicted to be 156 aa 

long.  A transmembrane helix of 18 aa is situated downstream of the ectodomain, and 

is followed by a 66 aa C-terminal endodomain.  GP3 contains 7 potential N-

glycosylation sites and is heavily glycosylated by complex-type N-glycans (van 

Nieuwstadt et al., 1996).  One of the glycosylation sites is situated in the putative 

transmembrane domain and is probably not occupied.  Although it was clearly shown 

that GP3 is incorporated into the LV virion, the nature of this protein as structural 

component of the virus has been questioned for other virus strains, in particular NA-

type strains (Gonin et al., 1998; Mardassi et al., 1998).  Today it is clear that the 

protein is present in mature virions of both EU- and NA-type strains, but it is not 

excluded that some amount of protein is secreted from infected cells in a soluble form 

(de Lima et al., 2009; Wissink et al., 2005).   

GP4 (ORF4) of LV is a 183 aa envelope glycoprotein with a native size of 31-35 

kDa, and contains 4 N-linked glycosylation sites that are most likely all occupied by 

complex-type N-glycans (Meulenberg et al., 1997).  GP4 contains a hydrophobic N-

terminal sequence, but topology prediction models do not indicate a putative signal 

sequence.  There is also a hydrophobic sequence present in the C-terminus of the 

protein, which may anchor the protein in the membrane.  However, two more 

stretches of hydrophobic aa are present in the protein, and a putative C-terminal 

endodomain is lacking, indicating that GP4 might be anchored in the membrane via a 
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glycosylphosphatidylinositol (GPI) anchor. Software predictions (http://gpi.unibe.ch/) 

favor this hypothesis, and recent experimental data sustain the idea that GP4 is a GPI-

anchored protein, although this issue should be further investigated (Du & Yoo, 

2009).  Irrespective whether GP4 is a type I transmembrane protein or a GPI-

anchored protein, the putative ectodomain is about 160 aa long and includes all four 

glycosylation sites.   

The major envelope protein GP5 (ORF5) is 201 aa long and has a molecular weight 

of about 25 kDa (Meulenberg et al., 1995).  The first 32 aa determine a putative signal 

peptide that is most likely cleaved off, followed by a short ectodomain of 30 aa 

containing 2 putative N-glycosylation sites that are occupied by complex-type glycans 

(Meulenberg et al., 1995; Wissink et al., 2004).  During in vivo virus replication, LV 

rapidly acquires a third glycosylation site in its ectodomain (Costers et al., 2010b).  

Furthermore, a large majority of field virus isolates have 3 glycosylation sites instead 

of 2 (Marc Geldhof, personal communication), indicating that this feature probably 

offers a selective advantage for the virus in vivo.  The putative GP5 ectodomain is 

followed by a long stretch of hydrophobic residues (aa 63-127) that can be subdivided 

into one, two or three membrane-spanning helices.  In case the protein spans the 

membrane one or three times, the long C-terminus should be the GP5 endodomain, 

while this sequence determines a second ectodomain in case the protein spans the 

membrane twice.  The GP5 counterpart of EAV is clearly predicted to be a triple-

spanning envelope protein, favoring the idea that this is also the case for PRRSV GP5 

(Dokland, 2010).   

The unglycosylated membrane protein M (ORF6) is 173 aa long and has a molecular 

weight of about 18 kDa (Meulenberg et al., 1995).  The first 16 aa of the protein 

determine the ectodomain, which is followed by a hydrophobic domain that is 

supposed to span the membrane three times, similar as for the M counterpart of 

different coronaviruses (Meulenberg et al., 1995).  The 86 aa C-terminus of M is 

considered to determine the endodomain.  M forms covalently linked heterodimers 

with GP5 during virion assembly via a disulfide linkage between cysteine 8 of M and 

50 of GP5 (Wissink et al., 2005).   
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1.1.4 VIRAL REPLICATION CYCLE 

The in vivo cell tropism of PRRSV is strictly limited to subsets of differentiated 

macrophages, and the virus is able to replicate in vitro in primary porcine alveolar 

macrophages (PAM), while bone marrow cells and monocytes are refractory (Duan et 

al., 1997a; b; Teifke et al., 2001).  Monocyte-derived and bone-marrow-derived 

dendritic cells can be infected in vitro, but it is questionable whether dendritic cells 

are infected in vivo (Chang et al., 2008; Loving et al., 2007; Wang et al., 2007).  This 

restricted host cell tropism is explained by the involvement of highly specific cellular 

entry mediators in the penetration of PRRSV into the macrophage.  The most crucial 

steps in PRRSV entry into the alveolar macrophage are summarized below, while 

readers are referred to Van Breedam et al. (2010a) for a more comprehensive review 

on this topic. 

Initial contact between the virus and its host cell can occur by interaction of cellular 

heparan sulphate glycosaminoglycans with viral proteins, although this interaction is 

not an essential step in viral entry (Delputte et al., 2002).  Subsequently, the virus 

binds to the macrophage-specific lectin sialoadhesin in a sialic-acid dependent 

interaction involving the viral M/GP5 complex (Delputte et al., 2007; Van Breedam 

et al., 2010b; Vanderheijden et al., 2003).  The virus is internalized by sialoadhesin 

via clathrin-dependent endocytosis, after which viral genome release into the 

cytoplasm can take place (Vanderheijden et al., 2003).  The process of genome 

release is not yet completely unraveled, but it is known that endosome acidification is 

required, and that the macrophage molecule CD163 and certain cellular proteases are 

involved (Misinzo et al., 2008; Nauwynck et al., 1999; Van Gorp et al., 2008).  

Interactions between cellular CD163 and viral GP2 and GP4 have been demonstrated, 

but the exact role of CD163 in the entry process remains obscure (Das et al., 2010).  

Once the viral RNA is delivered into the cytoplasm of the cell, translation is initiated, 

leading to the generation of non-structural proteins.  The genomic RNA is 

subsequently replicated, and structural proteins are produced via the generation and 

translation of subgenomic mRNAs.  Nucleocapsids are assembled in the cytoplasm, 

and virions acquire their envelope by budding into the endoplasmatic reticulum and 

transportation through the Golgi-network, where the envelope proteins are post-

translationally modified.  Virus release probably occurs via exocytosis (Meulenberg et 

al., 1995; Pol et al., 1997; Wissink et al., 2005).  PRRSV prevents the cell for going 
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into apoptosis during its replication, while apoptosis is induced at the end of the 

replication cycle (Costers et al., 2008).   

In addition to primary macrophages, derivates of the green monkey kidney cell line 

MA-104 (e.g. MARC-145) and some genetically engineered cell lines are susceptible 

to in vitro PRRSV replication. The entry process in these cell types can however be 

different from entry in macrophages, and virus adaptation is often necessary to obtain 

efficient growth in these cells (Delrue et al., 2010; Kim et al., 1993; Kim et al., 2006; 

Lee et al., 2010).  Results of experiments that involve cell lines instead of primary 

cells should thus be interpreted with care, and it is always recommended to consider 

the use of alveolar macrophages for in vitro experiments to maximize the potential in 

vivo relevance of the results.   

 

1.1.5 PATHOGENESIS 

The clinical picture of PRRS in the field is quite variable regarding both the range of 

symptoms and severity, and the outcome of a PRRSV infection is often biased by the 

presence of other pathogens, environmental factors and farm management 

(Brockmeier et al., 2002).  Furthermore, virulence can vary between virus strains, as 

exemplified by the severe PRRS-outbreaks in the US around 1996, the emergence of 

highly pathogenic PRRSV in China in 2007, and the isolation of a highly virulent 

strain in Belarus (Halbur & Bush, 1997; Karniychuk et al., 2010; Tian et al., 2007).  

Nonetheless, PRRSV-associated disease always comprises either respiratory distress 

in predominantly young animals, or reproductive failure in sows of all parities.  In 

line with this, experimental reproduction of PRRSV infection demonstrates 

involvement of the lungs and respiratory tract in the pathogenesis.  The two main 

routes of PRRSV infection are direct contact between animals (saliva and nasal 

discharge), and coitus or insemination with semen from infected boars (Prieto et al., 

1997; Rossow, 1998; Wills et al., 1997).  Upon intranasal or oronasal PRRSV 

inoculation, virus-infected cells and infectious virus can initially be detected in 

lymphoid tissues, such as tonsils, spleen, and retropharyngeal, tracheobronchial and 

thoracic aortic lymph nodes.  Shortly thereafter, the virus replicates extensively in the 

lungs, coinciding with a manifest cell-free viremia by which the virus can spread 

towards other target organs such as the reproductive tract of both sows and boars.  

Although viremia is generally cleared within a few weeks, the virus can persist in 
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lungs and lymphoid organs, and virus excretion can last for several months (Allende 

et al., 2000; Beyer et al., 2000; Duan et al., 1997b; Labarque et al., 2000; Rossow et 

al., 1994; Xiao et al., 2004).  PRRSV predominantly infects differentiated 

macrophages in all affected organs, and alveolar macrophages are considered the 

main target cells, while blood monocytes are very rarely infected (Beyer et al., 2000; 

Duan et al., 1997b; Pol et al., 1991).  Lung epithelial cells, testicular germ cells and 

lymph node dendritic cells have also been put forward as in vivo targets for PRRSV, 

but accurate cell phenotyping was never performed, and thus the question remains 

whether cell types other than differentiated macrophages allow in vivo virus 

replication (Halbur et al., 1996; Pol et al., 1991). 

PRRSV replication in the lungs results in apoptosis of infected cells and uninfected 

bystander cells (Labarque et al., 2003a; Sirinarumitr et al., 1998).   The population of 

differentiated macrophages markedly decreases and is subsequently replaced by 

undifferentiated monocytes (Labarque et al., 2000).  Since differentiated alveolar 

macrophages are important primary immune cells that protect the lungs against many 

infectious agents, the exhaustion of this cell population paves the way for secondary 

infections.  PRRSV is one of the most frequently isolated pathogens from cases of 

‘porcine respiratory disease complex’, and studies have demonstrated that co-

infections of PRRSV with several respiratory pathogens can result in a more severe 

clinical picture than single infections (reviewed by Brockmeier et al., 2002).  For 

example, a clear interaction has been demonstrated between PRRSV and 

Streptococcus suis, resulting in increased disease severity and aggravated lesions 

(Galina et al., 1994; Halbur et al., 2000; Thanawongnuwech et al., 2000).  

Furthermore, PRRSV seems to predispose pigs for respiratory disease caused by 

Mycoplasma hyopneumoniae and Actinobacillus pleuropneumoniae, although the 

outcome of these interactions is more variable (Brockmeier et al., 2002; Segales et al., 

1999; Solano et al., 1997; Thacker et al., 1999; Van Alstine et al., 1996).  In general, 

disease severity and clinical symptoms resulting from co-infections with PRRSV and 

other respiratory pathogens often depends on multiple factors.  For example, co-

infection of PRRSV with Pasteurella multocida only leads to severe clinical disease 

in combination with Bordatella bronchiseptica (Brockmeier et al., 2001).  Likewise, 

PRRSV and Salmonella cholerasuis seem to act synergistically only when the general 

immune status of the pigs is suppressed (Wills et al., 2000).  In addition to 

interactions with bacterial pathogens, PRRSV was shown to enhance disease caused 
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by a number of viral infections as well, such as porcine respiratory coronavirus, swine 

influenza virus and porcine circovirus type 2 (Harms et al., 2001; Rovira et al., 2002; 

Van Reeth et al., 1996).  Taken together, PRRSV is clearly involved in multifactorial 

respiratory disease, but it is difficult to assess the synergism between PRRSV and 

single bacterial or viral pathogens.  The predisposition of the respiratory tract to 

secondary infections by PRRSV can be explained by reduction and functional 

impairment of the alveolar macrophage population, cytokine imbalances and 

increased vascular permeability (Brockmeier et al., 2002; Thacker, 2001; van Reeth 

& Nauwynck, 2000).  In addition, PRRSV infection in the lungs causes in an influx of 

monocytes that produce proinflammatory cytokines upon interaction with bacterial 

cell wall components, leading to respiratory disease (Labarque et al., 2000; Van 

Gucht et al., 2005). 

PRRSV-associated reproductive failure generally takes place at the end of gestation 

and is characterized by late-term abortion or early farrowing, with a high number of 

mummified, dead-born or weak-born piglets that often carry infectious virus.  The 

incidence of PRRSV-induced abortion, transplacental spread and the birth of weak or 

dead piglets upon experimental infection is limited to the third trimester of gestation 

(Christianson et al., 1993; Christianson et al., 1992; Mengeling et al., 1994; Terpstra 

et al., 1991).  Pre-implantation embryos do not seem susceptible to PRRSV infection 

up to the hatched blastocyst stadium, but intra-uterine virus inoculation at later stadia 

revealed that fetuses are susceptible to PRRSV-infection throughout the entire 

gestation period (Lager & Mengeling, 1995; Mateusen et al., 2007).  This indicates 

that a barrier in transplacental spread is responsible for the limited time frame during 

which PRRSV-associated reproductive failure can occur.  A possible explanation is 

that the number of susceptible cells in the uterus, placenta and fetal organs increases 

over time during pregnancy, as recently demonstrated (Karniychuk & Nauwynck, 

2009).  It is known that, similar as in the lungs, PRRSV replicates in macrophages in 

fetal implantation sites and causes apoptosis in infected cells and uninfected 

bystanders cells (Karniychuk et al., 2011).  Still, the exact mechanisms of PRRSV-

induced reproductive failure and transplacental spreading remain to be elucidated.   
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1.2 PRRSV-SPECIFIC IMMUNITY 
PRRSV replicates during a considerable amount of time in lungs and tissues of 

infected pigs, and often persists in lymphoid organs, indicating that the immune 

system is incapable of rapidly and profoundly clearing the virus from the body.  This 

prompted certain researchers to suggest that viral clearance from the lungs upon a 

primary PRRSV infection is predominantly dependent on exhaustion of susceptible 

cells, rather than on a significant contribution of immune mechanisms (Xiao et al., 

2004).  Nonetheless, infected pigs are generally well protected against re-infection 

with homologous virus, demonstrating that a protective immune response against 

PRRSV can indeed develop over time (Labarque et al., 2004; Labarque et al., 2003b; 

Lager et al., 1999; Mengeling et al., 2003; Nielsen et al., 1997).  Still, it is clear that 

PRRSV manipulates and evades protective immunity at the level of both the innate 

and adaptive immune system, and despite many efforts, the determinants of protective 

immunity remain largely unidentified to date.  This section summarizes the current 

knowledge on PRRSV-specific immunity and immune evasion.  First, the interaction 

of PRRSV with the innate immune system is discussed.  Next, the hallmarks of 

PRRSV-specific cell-mediated and antibody immunity are outlined. 

 
1.2.1 INNATE IMMUNITY 

PRRSV replicates in differentiated macrophages and some dendritic cell (DC) 

subtypes generated in vitro, and the virus can interact with primary lung DC (Chang 

et al., 2008; Duan et al., 1997b; Loving et al., 2007; Wang et al., 2007).  

Macrophages and DC are central players in the innate immune response, and it should 

thus not be surprising that PRRSV infection is frequently related to impairment and 

dysregulation of several innate immune mechanisms. However, many apparently 

conflicting data exist about the interaction of PRRSV with the innate immune system, 

and the immunological outcome of a PRRSV infection is to a certain extent dependent 

on the virus strain as well as the genetic background of the pig (Ait-Ali et al., 2007; 

Diaz et al., 2006; Gimeno et al., 2011; Lee et al., 2004).  Furthermore, since a single 

innate immune factor (e.g. a certain cytokine) may affect many other innate and 

adaptive responses, it is often hard to distinguish between primary PRRSV-induced 

events and downstream effects or counterbalancing responses.  Nevertheless, some 
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direct effects of PRRSV on the innate immune system have been clearly established, 

and are discussed here. 

Type-I interferons (IFN-α  and IFN-β) are cytokines that play key roles in antiviral 

immunity by stimulating apoptosis in virus-infected cells, rendering cells resistant to 

viral infection, and driving many processes of the cell-mediated immune response.   

In vitro PRRSV replication in alveolar macrophages and monocyte-derived DC 

(moDC) is strongly reduced by IFN-α (Albina et al., 1998a; Buddaert et al., 1998; 

Chang et al., 2005; Lee et al., 2004).  Furthermore, administration of exogenous IFN-

α during PRRSV infection in pigs improves the development of the adaptive immune 

response, and likewise, stimulation of the IFN-α response prior to PRRSV infection 

results in reduced viral replication in the lungs, demonstrating the involvement of this 

cytokine in PRRSV protective immunity in vivo (Buddaert et al., 1998; Loving et al., 

2007; Royaee et al., 2004).  Despite its protective effect however, IFN-α is only 

detected at very low levels in blood and lungs of PRRSV-infected pigs (Albina et al., 

1998a; Buddaert et al., 1998; Van Reeth et al., 1999).  In line with this, in vitro 

stimulation of macrophages, moDC, bone-marrow-derived DC (bmDC), plasmacytoid 

DC (pDC) and primary lung DC (lDC) with the virus does not result in a significant 

type-I interferon response.  Moreover, IFN-α production in alveolar macrophages and 

pDC upon stimulation with transmissible gastroenteritis virus (TGEV) is actively 

inhibited by PRRSV, indicating that the virus not only lacks the potential to induce 

IFN-α, but also interferes with the production of this cytokine (Albina et al., 1998a; 

Calzada-Nova et al., 2011; Loving et al., 2007).  Indeed, PRRSV was shown to 

intefere with the retinoic acid-inducable protein I and toll-like receptor 3 signaling 

pathways in MARC-145 cells, thereby suppressing type-I IFN production (Luo et al., 

2008).  Non-structural proteins are known to be involved in PRRSV interference with 

type-I IFN production, and accordingly, inactivated PRRSV does not abrogate 

TGEV-induced IFN-α production in macrophages (Albina et al., 1998a; Chen et al., 

2010; Kim et al., 2009).   

Interleukin-10 (IL-10) is considered an anti-inflammatory cytokine and is involved 

in suppression of the T-helper 1 response, suppression of specialized antigen-

presenting cells and stimulation of B-cell proliferation and survival.  IL-10 is 

produced by peripheral blood mononuclear cells (PBMC) and broncho-alveolar 

lavage (BAL) cells upon PRRSV infection, and is found in the lungs of infected pigs 
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(Chung & Chae, 2003; Labarque et al., 2003a; Suradhat & Thanawongnuwech, 

2003).  In vitro stimulation of macrophages, PBMC, moDC and bmDC with PRRSV 

also results in IL-10 production, indicating that the virus is directly involved in the 

induction of this cytokine (Park et al., 2008; Peng et al., 2009; Suradhat et al., 2003; 

Thanawongnuwech et al., 2001).  Still, clear differences in IL-10 inducing capacity 

have been demonstrated between virus strains (Gimeno et al., 2011). 

Tumor necrosis factor-α  (TNF-α) is considered a pro-inflammatory cytokine that is 

involved in the induction of fever and the acute-phase response, and is able to 

stimulate macrophage activity.  Conflicting results exist in literature about the 

induction of TNF-α upon PRRSV infection in pigs.  Choi et al. (2002) reported on in 

vivo TNF-α production by alveolar macrophages at inflammatory sites in the lungs of 

infected pigs, while this cytokine was absent or only present in low amounts in other 

studies (Labarque et al., 2003a; Van Reeth et al., 1999).  Furthermore, PRRSV was 

shown to inhibit TNF-α production in PAM upon specific stimulation during a certain 

amount of time, while conversely an induction of TNF-α in PRRSV-stimulated 

moDC and bmDC has been reported (Chiou et al., 2000; Gimeno et al., 2011; Lopez-

Fuertes et al., 2000; Park et al., 2008).  A recent study of Gimeno et al. (2011) 

showed that different EU-type PRRSV isolates possess a different capacity to induce 

both TNF-α and IL-10 in PBMC, PAM and bmDC, which may to a certain extent 

explain these apparent contradictions in literature. 

Although interferon-gamma (IFN-γ) is predominantly associated with adaptive cell-

mediated immune responses, this cytokine is also produced by innate immune cells 

(e.g. natural killer (NK) cells and γδ T-cells), and is able to exert innate antiviral 

effects by stimulating macrophage activity.  Bautista & Molitor (1999) showed that in 

vitro PRRSV replication in PAM can be inhibited by administration of IFN-γ.  An 

influx of NK cells in the lungs early upon PRRSV infection, correlating with a decline 

in virus-infected macrophages, has been described, suggesting that this cell type 

might offer some innate protection (Samsom et al., 2000).  However, the direct effects 

of IFN-γ on virus replication in vivo are unknown, and the involvement of innate IFN-

γ-producing cells in PRRSV-specific immunity remains to be elucidated.  The 

PRRSV-specific IFN-γ response in relation to adaptive immunity is discussed further 

in this chapter.    
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In addition to cytokine production, PRRSV is also known to interfere with the 

expression of cell-surface molecules on specialized antigen-presenting cells, which 

in turn may influence the outcome of the adaptive immune response.  Infection of 

moDC and bmDC results in downregulation of major histocompatibility complex type 

I (MHC-I) and type II (MHC-II) molecules, as well as of the costimulatory molecule 

CD80/86 (Flores-Mendoza et al., 2008; Park et al., 2008; Peng et al., 2009; Wang et 

al., 2007).  In line with this, IFN-γ production and proliferation of lymphocytes in co-

culture with monocytes or moDC is lowered when the latter are stimulated with 

PRRSV.  This effect seems to depend on viral replication, or at least on de novo 

protein synthesis, since it cannot be obtained with inactivated virus 

(Charerntantanakul et al., 2006b; Park et al., 2008).  Gimeno et al. (2011) found some 

correlation between the IL-10-inducing capacity of virus strains and downregulation 

of MHC-I and CD80/86, and blocking of IL-10 can partially restore MHC-I and 

CD80/86 expression, indicating that this cytokine is to a certain extent involved in 

suppression of antigen-presenting cell activity.  Unlike in vitro generated moDC and 

bmDC, ex vivo isolated lDC are refractory to PRRSV infection, and in vivo infection 

of DC was never demonstrated.  This questions the relevance of the observed 

detrimental effects of PRRSV on specialized antigen-presenting cells.  However, 

Loving et al. (2007) showed that, even though primary lDC are not infected, in vitro 

stimulation of these cells with PRRSV results in MHC-I downregulation and 

abrogation of CD80/86 expression.  This indicates that PRRSV probably 

compromises the activation status of antigen-presenting cells in vivo, even without 

establishing productive infection in these cells. 

 

1.2.2 ADAPTIVE IMMUNITY 

PRRSV can induce a protective adaptive immune response with immunological 

memory, since infected pigs are generally well protected against re-infection with the 

same virus strain.  However, protective immunity is weak or absent upon a first 

PRRSV-infection in naïve pigs, allowing the virus to replicate and spread extensively.  

Both PRRSV-specific cell-mediated and antibody-dependent immune mechanisms 

have been investigated, and some determinants of protective immunity have been 

described.  However, it remains unclear to what extent different adaptive immune 

mechanisms contribute to protection against the virus. 
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A. Cell-mediated immunity 

A transient decrease of CD4+ and CD8+ cells in the blood is observed during the first 

days upon PRRSV-infection, together with an influx in the lungs of CD8+ cells that 

initially consist of mainly NK-like cells.  During the next weeks, a rise in the CD8+ 

cell population in blood and lungs takes place, increasingly consisting of cells of the 

cytotoxic T-lymphocyte (CTL) phenotype (Albina et al., 1998b; Diaz et al., 2005; 

Lamontagne et al., 2003; Meier et al., 2003; Nielsen et al., 2003; Samsom et al., 

2000; Shimizu et al., 1996).  Remarkably however, no clear increase in CD8+ cells is 

observed in tonsils and draining lymph nodes of the lungs, which are the sites where 

virus often persists for a long time (Lamontagne et al., 2003; Xiao et al., 2004).  To 

discriminate between non-virus-specific and virus-specific cell-mediated immune 

responses, PMBC of infected pigs are generally restimulated with the virus in vitro, 

followed by assessment of virus-specific cell proliferation.  T-cell proliferation can be 

determined by IFN-γ-based assays, and the exact phenotype of virus-specific 

proliferating cell subsets can be determined by the use of specific markers.  Virus-

specific lymphocytes and IFN-γ-secreting cells are generally not detected earlier than 

three to four weeks upon PRRSV infection.  Once these cells appear, their number 

increases only very gradually during weeks to months.  Both virus-specific CD4+ 

MHC-II-dependent and CD8+ MHC-I-dependent T-cells develop, as well as CD4 and 

CD8 double-positive cells (probably memory cells) (Batista et al., 2004; Bautista & 

Molitor, 1997; Costers et al., 2009; Diaz et al., 2005; Lopez Fuertes et al., 1999; 

Meier et al., 2003; Xiao et al., 2004).  Virus-specific CD4+CD8- T cells can either 

represent T-helper 1 (Th1) or T-helper 2 (Th2) cells.  The strong IL-10 response 

that is often observed favors a shift towards a Th2 response, although conflicting data 

exist about the Th1/Th2 balance upon PRRSV infection (Diaz et al., 2005; Lopez-

Fuertes et al., 2000).  Virus-specific CD4-CD8+ T-cells represent CTL, but Costers et 

al. (2009) demonstrated that these cells are not able to exert cytolytic activity towards 

virus-infected macrophages in vitro.  This indicates that, although PRRSV-specific 

CTL develop and infiltrate in the lungs, they are probably not able to efficiently clear 

infected alveolar macrophages in vivo.  The slow development of adaptive cell-

mediated immune mechanisms and the functional impairment of virus-specific CTL 

remain unexplained to date.  However, the tendency towards an anti-inflammatory 

innate immune response and the effects of PRRSV on specialized antigen-presenting 
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cells most likely contribute to the aberrant development of protective cell-mediated 

immunity.  The absence of a profound IFN-α response in particular has been denoted 

a major cause of impaired T-cell development, since the expansion of IFN-γ-secreting 

cells upon PRRSV infection is positively correlated with IFN-α levels, and since 

administration of exogenous IFN-α during PRRSV immunization benefits T-cell 

development (Meier et al., 2003; Royaee et al., 2004).  Additionally, an inverse 

correlation between IL-10 levels and the presence of IFN-γ-secreting cells has been 

observed in restimulated PBMC cultures, indicating that this cytokine is involved in 

T-cell impairment (Diaz et al., 2006).  Finally, recent studies have demonstrated the 

potential of PRRSV to stimulate the development of regulatory T-cells in vitro, 

although the role of these cells in vivo remains to be elucidated (Silva-Campa et al., 

2009; Wongyanin et al., 2010).  

 

B. Antibody-dependent immunity 

PRRSV-specific antibodies can be detected by cell-based immunoassays using 

infected cells, such as immunoperoxidase monolayer assay (IPMA) or 

immunofluorescense assay, or by detecting antibodies against the nucleocapsid 

protein in enzyme-linked immunosorbant assay (ELISA).  Upon initial PRRSV 

infection, antibodies are generally detected by immunofluorescense assay, IPMA or 

ELISA starting from 5 to 14 days post inoculation (dpi) and antibody titres increase 

rapidly to a maximum level around 4 weeks pi (Fig. 3) (Albina et al., 1998b; Batista 

et al., 2004; Diaz et al., 2005; Labarque et al., 2000; Vezina et al., 1996; Yoon et al., 

1995). The development of antibodies in BAL fluid shows a similar course as in the 

serum (Labarque et al., 2000).  Immunoglobulin M (IgM) titres in serum and BAL 

fluid peak around 14-21 dpi and then rapidly decrease to undetectable levels.  Virus-

specific IgG (both IgG1 and IgG2) reach maximum values around the third or fourth 

week pi and remain at high levels for months (Joo et al., 1997; Labarque et al., 2000; 

Loemba et al., 1996; Mulupuri et al., 2008; Vezina et al., 1996).  However, even 

during persistent infection, antibody titres and plasma cell counts ultimately decline, 

and a secondary contact with the virus often does not result in an anamnestic antibody 

response.  Nevertheless, PRRSV-specific memory B-cells are present in adequate 

amounts in secondary lymphoid tissues, and these can be well stimulated in vitro, 
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indicating that poor recall responses in vivo probably result from a lack of sufficient 

antigen production during persistence or re-infection (Mulupuri et al., 2008). 

While the PRRSV-specific antibody response upon infection in naïve animals 

basically shows a normal course, a different picture arises when talking in terms of 

protection.  Antibodies can protect against viral infections, either by interacting with 

virions and compromising their infectivity, or by binding viral antigens on infected 

cells, followed by lysis by the complement system (antibody-dependent complement-

mediated lysis, ADCML), or by killer cells that recognize the antibody-coated cells 

via Fc-receptors (antibody-dependent cell-mediated cytotoxicity, ADCC).  PRRSV-

infected macrophages are refractory to ADCML and most likely also to ADCC, since 

viral proteins are not expressed on the cell surface, or at least not in a way rendering 

them detectable for antibodies (Costers et al., 2006).  Conversely, interaction of 

antibodies with free virions likely does occur, since in vitro virus neutralization can 

be obtained with antisera and purified antibodies, both in MARC-145 as well as in 

PAM.  Virus-neutralizing antibodies as measured by in vitro seroneutralization 

(SN) test however only appear very slowly and in low amounts upon PRRSV 

infection in naïve animals (Fig. 3).   

 

 
Figure 3.  Schematic overview of viremia and the virus-specific and virus-neutralizing 
antibody response upon PRRSV infection in pigs. 
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Depending on the sensitivity of the SN test used, virus-neutralizing antibodies in 

serum cannot be detected earlier than two to four weeks upon infection in very low 

amounts, and maximum titres are only reached after several months, at about ten-fold 

lower values compared to global antibody titres (Albina et al., 1998b; Batista et al., 

2004; Diaz et al., 2005; Labarque et al., 2000; Vezina et al., 1996; Yoon et al., 1995).  

Virus-neutralizing antibodies generally appear within the time frame of viral 

clearance from lungs and blood, suggesting that they might contribute to resolution of 

infection.  However, SN titres are often very low or absent when viremia starts to 

decline, and on the other hand, the virus sometimes persists in the presence of virus-

neutralizing antibodies, questioning the contribution of neutralizing antibodies in viral 

clearance upon a first PRRSV infection (Diaz et al., 2006; Labarque et al., 2000; Xiao 

et al., 2004).  Nevertheless, virus-neutralizing antibodies are undeniably able to 

protect against PRRSV in vivo, since passive transfer of antibodies from hyper-

immunized pigs to non-immune animals results in clinical and virological protection.  

It was reported in these passive transfer studies that an SN titre of 4 log2 protects gilts 

against reproductive failure and transplacental spread, as well as against virus 

replication in tissues and viremia upon challenge with infectious virus (Osorio et al., 

2002).  Passive transfer of neutralizing antibodies also protects young piglets against 

PRRSV infection, but higher titres (5 log2 or more) are needed to prevent viremia 

(Lopez et al., 2007).  Although the virus-neutralizing antibody response develops 

clearly too slowly and too weakly to prevent extensive virus replication in naïve 

animals, it seems that the presence of sufficient amounts of virus-neutralizing 

antibodies at the onset of infection can be highly protective.  Importantly however, the 

PRRSV-specific neutralizing antibody response is to a large extent strain specific, 

more so than the non-neutralizing antibody response, and a lack of cross-

neutralization is often observed, even between genetically closely related virus strains 

(Kim & Yoon, 2008; Okuda et al., 2008) (own observations).  Since the knowledge 

on PRRSV neutralizing antibody targets and their antigenic variability is incomplete, 

no clue exists to date to cluster virus isolates into serotypes with respect to antibody-

mediated neutralization.   

Because the PRRSV-specific neutralizing antibody response is the main topic of this 

thesis, a more elaborate exploration of this issue is included further in this chapter (§ 

1.3). 
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While it is clear that some subpopulations of PRRSV-specific antibodies can reduce 

viral infectivity in MARC-145 cells and macrophages, it has conversely been 

demonstrated that in some cases antibodies can enhance viral infectivity in 

macrophages.  This phenomenon is called antibody-dependent enhancement of 

infection (ADEI) and is sometimes observed when neutralizing antisera are diluted 

beyond the endpoint of neutralization (Yoon et al., 1996) (own observations).  One 

explanation for ADEI is that antibody-coated virions or naked nucleocapsids are taken 

up by the macrophage via Fc-receptors, ending up in a subcellular compartment 

where productive infection can be accomplished.  The true nature of ADEI remains 

however unknown and it is unclear whether this phenomenon also occurs in vivo.   
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1.3 EXPLORING THE PRRSV-SPECIFIC NEUTRALIZING 
ANTIBODY RESPONSE 

As outlined before, PRRSV replicates extensively in its host prior to the development 

of a protective immune response.  Nevertheless, protective immunity can be 

established by infection or vaccination, and both cell-mediated and antibody-

dependent immune mechanisms were described to be involved in antiviral defence.  

Antibody-mediated virus neutralization can be obtained in vitro, and there is evidence 

that such neutralizing antibodies can contribute to protection in vivo.  PRRSV thus 

contains potential targets (antigens) for virus-neutralizing antibodies in its structural 

proteins.  However, virus-neutralizing antibodies only appear in low amounts and late 

upon infection, and these antibodies are only poorly induced by vaccination, 

indicating that the immunogenicity of these neutralizing antigens is hampered.  

Understanding the poor development of virus-neutralizing antibodies and identifying 

neutralizing antibody targets in the viral proteins are major topics in PRRSV research, 

since the induction of neutralizing antibodies is a principal goal in vaccine 

development.  This section elaborates on the current knowledge about the PRRSV-

specific neutralizing antibody response. 

 

1.3.1 POLARIZATION OF THE ANTIBODY RESPONSE 

An important hallmark of PRRSV-specific immunity is the polarized antibody 

response, with non-neutralizing antibodies appearing early upon infection at high 

levels, while virus-neutralizing antibodies appear much later and in low amounts.   

This sharp contrast in antibody development is poorly understood to date, not the least 

because the viral targets for neutralizing antibodies are not yet fully identified.  Still, 

certain insights have been created into the PRRSV-specific neutralizing antibody 

response, and some possible explanations for the poor development of neutralizing 

antibodies have been proposed.   

(1) The non-neutralizing antibodies that appear shortly after infection are mainly 

directed against the N protein as well as non-structural proteins, while the antibody 

response against the envelope proteins is generally delayed (de Lima et al., 2006; 

Johnson et al., 2007; Loemba et al., 1996; Mulupuri et al., 2008; Nelson et al., 1994; 

Oleksiewicz et al., 2002; Oleksiewicz et al., 2001).  Since targets for neutralizing 

antibodies are obviously situated in the ectodomains of the viral envelope proteins, 
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the impaired neutralizing antibody response may to a certain extent be the outcome of 

a delayed antibody response against the envelope proteins in general.  Still, certain 

(parts of) envelope proteins are more immunogenic than others, and antibodies 

against some of these proteins generally appear before the development of virus-

neutralizing antibodies, indicating that the antibody response against the envelope 

proteins is also biased towards non-neutralizing antibody targets (Kwang et al., 1999; 

Loemba et al., 1996; Mulupuri et al., 2008; Ostrowski et al., 2002; Yoon et al., 1995).  

The strong immunogenicity of non-neutralizing antibody targets in PRRSV may to 

some extent compromise the development of neutralizing antibodies.  In other words, 

non-neutralizing antigens may ‘decoy’ the immune system away from protective 

antigens.  As a well known example, a non-neutralizing epitope in GP5 of NA-type 

viruses has been suggested to act as decoy for a less-immunogenic neutralizing 

epitope situated in its close proximity (Ostrowski et al., 2002).  The real potential of 

certain epitopes in decoying the antibody response should however be evaluated by 

‘dampening’ these epitopes and evaluating the consequent improvement of the 

antibody response against initially less immunogenic epitopes, something that was 

never done for PRRSV (Tobin et al., 2008).   

(2) A second factor that may influence the virus-neutralizing antibody response, in 

addition to the presence of possible decoy epitopes, is related to glycosylation of 

envelope proteins.  Glycans on the envelope proteins in the proximity of potential 

targets for virus neutralization may mask these targets for antibody binding, and may 

compromise affinity maturation of B-cells producing strongly neutralizing antibodies.  

Certain N-glycans in GP3 and GP5 were indeed described to be involved in ‘glycan 

shielding’ of neutralizing antibody targets in PRRSV.  These targets were suggested 

to be situated in the respective proteins, although it is not excluded that glycans on 

GP3 and GP5 influence recognition and/or immunogenicity of antibody targets in 

other proteins (Ansari et al., 2006; Faaberg et al., 2006; Vu et al., 2011).  Taking into 

account the highly glycosylated nature together with the relatively short ectodomains 

of the PRRSV envelope proteins in general, glycans on the entire virion surface most 

likely influence the immunogenicity of multiple antigenic regions.  

(3) A next issue that can complicate the development of virus-neutralizing antibodies 

is the large antigenic variability of certain regions in the envelope proteins.  Since B-

cell maturation is dependent on consecutive high-affinity interactions with the 

original antigen, variation in certain antigenic regions may negatively affect this 
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maturation process.  Indeed, virus-neutralizing epitopes have been identified in 

variable regions of the envelope proteins, indicating that this variability may to some 

extent account for the impaired neutralizing antibody response (Costers et al., 2010a; 

Meulenberg et al., 1997; Ostrowski et al., 2002).  The poor anamnestic virus-

neutralizing antibody response in infection- or vaccination-immune animals in 

particular can well be explained by antigenic differences between the viruses involved 

in priming and boosting of the adaptive immune response.   

(4) As discussed earlier, PRRSV interferes with the innate immune response, and 

influences the functionality of specialized antigen-presenting cells.  This may in turn 

result in a lack in proliferation and maturation of specific T-cell subsets.  Since 

the development of an adaptive B-cell response is usually depending on virus-specific 

helper T-cells, the poor development of PRRSV-specific virus-neutralizing antibodies 

may somehow be attributed to an impaired development of certain T-cell populations.  

(5) To conclude, PRRSV is thought to be involved in polyclonal B-cell activation (= 

proliferation and differentiation of B-cells, regardless of antigen specificity).  This is 

supported by the observation of exceptionally high immunoglobulin levels of low 

virus-specificity, high levels of hydrophobic antibodies, the presence of auto-

antibodies, and reversion to the pre-immune B-cell repertoire upon PRRSV infection 

(Butler et al., 2008; Lamontagne et al., 2001; Plagemann et al., 2005; Weiland & 

Weiland, 2002).  Such polyclonal B-cell activation would compromise proliferation 

and maturation of virus-specific B-cells, amongst which those that produce virus-

neutralizing antibodies.  How polyclonal B-cell activation can be reconciled with an 

apparently normal development of non-neutralizing antibodies is however not clear, 

and this issue requires further investigation.  

Taken together, many potential explanations exist for the abnormally weak 

development of PRRSV-specific neutralizing antibodies, and the virus probably 

exploits multiple immune evasion strategies to avoid antibody-mediated virus 

neutralization by the host. 

 

1.3.2 NEUTRALIZING ANTIBODY TARGETS 

Notwithstanding their poor development, PRRSV-specific neutralizing antibodies 

have a major potential to protect against viremia, virus replication in tissue, viral 

spread and reproductive failure (Lopez et al., 2007; Osorio et al., 2002).  The 
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identification of neutralizing antibody targets in PRRSV is thus of great importance to 

unravel protective immune mechanisms in view of research-driven vaccine 

development.  Studies on PRRSV antigenicity were for a long time limited to the N 

protein and the major envelope proteins M and GP5, since these were initially the 

only known structural proteins, and since early techniques for studying the antibody 

response did not manage to identify other antibody targets.  Today, all structural 

PRRSV proteins, except for the E protein and the recently identified ORF5a protein, 

are known to contain antigenic sites that can induce antibodies in pigs (de Lima et al., 

2006; Katz et al., 1995; Kwang et al., 1994; Loemba et al., 1996; Mulupuri et al., 

2008; Nelson et al., 1994; Oleksiewicz et al., 2002; Oleksiewicz et al., 2001; 

Ostrowski et al., 2002; Yoon et al., 1995).  The current knowledge on antigenic 

properties of the PRRSV envelope proteins is summarized below, and an overview of 

the known neutralizing antibody targets is given in Table 1. 

GP5-specific antibodies develop in a majority of PRRSV-infected pigs as soon as 14 

dpi, although conflicting results exists for NA- and EU-type viruses.  While for NA-

type PRRSV, antibodies are produced against both the predicted C-terminal 

endodomain as well as the N-terminal ectodomain, studies examining the antibody 

response against EU-type viruses only found antibodies against the GP5 C-terminus 

(de Lima et al., 2006; Mulupuri et al., 2008; Oleksiewicz et al., 2002; Rodriguez et 

al., 2001).  This indicates that the antigenic properties of GP5 might differ between 

genotypes.  Several issues point to a role for GP5 of NA-type PRRSV in the induction 

of virus-neutralizing antibodies.  Strong correlations have been reported between the 

appearance of GP5-specific antibodies and virus-neutralizing antibodies (Gonin et al., 

1999; Plagemann et al., 2002).  In addition, gene swapping of ORF5 between 

heterologous viruses strongly influences cross-neutralization by antisera (Kim et al., 

2008).  Furthermore, glycans on GP5 negatively influence the induction of virus-

neutralizing antibodies as well as virus sensitivity to neutralization (although glycans 

in GP5 may shield epitopes in other envelope proteins as well) (Ansari et al., 2006; 

Faaberg et al., 2006; Vu et al., 2011).  Finally, several subunit vaccines based on GP5 

are able to prime and/or induce virus-neutralizing antibodies (Barfoed et al., 2004; 

Bastos et al., 2004; Chia et al., 2011; Kheyar et al., 2005; Li et al., 2009).  Indeed, the 

presence of one or more neutralizing antibody targets in NA-type GP5 has been 

confirmed by the use of mouse monoclonal antibodies (mAbs), and a linear 

neutralizing epitope has been identified in the GP5 ectodomain (Cancel-Tirado et al., 
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2004; Pirzadeh & Dea, 1997; Yang et al., 2000; Zhang et al., 1998).   This epitope 

induces antibodies upon infection in pigs, correlating to some extent with the 

neutralizing antibody response.  However, neutralizing antibodies can regularly be 

detected in the absence of GP5-specific antibodies, indicating that this protein is not 

the only target for virus neutralization (de Lima et al., 2006; Ostrowski et al., 2002).   

While antigenic features of NA-type viruses are frequently extrapolated to EU-type 

viruses, the current knowledge on the antigenicity of GP5 of EU-type PRRSV is not in 

favor of a major role for this protein in antibody-mediated virus neutralization.  

Antibodies against the neutralizing epitope in NA-type GP5 do not neutralize EU-type 

PRRSV, and no evidence exists to date that the corresponding region in EU-type 

viruses also serves as target for neutralizing antibodies (Pirzadeh & Dea, 1997).  Even 

more, a recent study showed that mAbs against the region in GP5 of LV that 

corresponds to the neutralizing epitope in NA-type GP5 do not neutralize the virus, 

indicating that this epitope is not a neutralizing antibody target in EU-type PRRSV 

(Van Breedam et al., 2011).  Nonetheless, a linear neutralizing epitope has been 

identified in GP5 of EU-type viruses by the use of mAbs.  Importantly however, this 

epitope is situated upstream of the neutralizing epitope in NA-type GP5, and only a 

very limited number of in vitro selected virus variants are recognized and neutralized 

by antibodies against this epitope.  Binding of GP5-specific neutralizing mAbs to the 

virus is in fact strictly dependent on a very rare cysteine to proline switch in the 

putative signal peptide, probably resulting in an enlarged GP5 ectodomain.  This virus 

phenotype is never observed in wild type viruses, and the in vivo relevance of this 

epitope is thus extremely questionable (Weiland et al., 1999; Wissink et al., 2003).  In 

summary, while GP5 of NA-type PRRSV is clearly involved in virus neutralization, 

this is uncertain for EU-type GP5. 

GP4 of the prototype EU strain LV contains a neutralizing epitope, as demonstrated 

by the use of mAbs (Costers et al., 2010a; Meulenberg et al., 1997).  This epitope is 

situated in an extremely variable region of the protein, and it is not known to which 

extent the nature of this epitope is conserved amongst (EU-type) virus strains.  GP4 of 

certain EU-type viruses induces antibodies in pigs, but the development of GP4-

specific neutralizing antibodies upon PRRSV infection was never demonstrated, 

(Kwang et al., 1994; Oleksiewicz et al., 2001).  No evidence exists that GP4 of NA-

type viruses also contains a neutralizing epitope.  mAbs against NA-type GP4 are not 

neutralizing, and gene swapping of ORF4 between heterologous viruses does not 
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abrogate cross-neutralization (Kim et al., 2008; Zhang et al., 1998).  Still, antibodies 

against the GP4 region that corresponds to the neutralizing epitope in LV are formed 

upon infection with NA-type viruses (de Lima et al., 2006).  Interestingly however, 

GP4 of EU-type virus was reported to be the most immunogenic amongst the 

envelope proteins, while this is clearly not the case for certain NA-type viruses (de 

Lima et al., 2006; Oleksiewicz et al., 2001).  Similar as for GP5, the antigenic 

properties of GP4 seem to differ to some extent between the two PRRSV genotypes. 

In addition to GP5 and GP4, also M was suggested to be involved in virus 

neutralization.  mAbs against NA-type M were demonstrated to reduce viral 

infectivity in MARC-145 cells to a limited extent, although these mAbs do not 

influence viral replication in macrophages (Cancel-Tirado et al., 2004; Yang et al., 

2000).  Antibodies against M are generally detected in infected pigs, but not in 

correlation with the development of virus-neutralizing antibodies, and the linear 

epitopes in M that have been identified to date are all situated in the putative 

endodomain of the protein, implying that those cannot be involved in virus 

neutralization (de Lima et al., 2006; Kwang et al., 1999; Oleksiewicz et al., 2002).  

Whether or not the very short ectodomain of the M protein is able to induce virus-

neutralizing antibodies thus remains unknown.   

Several antigenic regions and epitopes have been described in GP3, both for EU- and 

NA-type viruses.  Some of these epitopes in the GP3 ectodomain induce antibodies in 

a majority of infected pigs for both genotypes, indicating that this protein has 

conserved antigenic characteristics.  The putative endodomain of GP3 on the other 

hand was shown to be highly immunogenic for certain EU-type viruses, but this 

information cannot be generalized due to a high variability and the frequent presence 

of large deletions in this region (de Lima et al., 2006; Forsberg et al., 2001; Katz et 

al., 1995; Oleksiewicz et al., 2002; Oleksiewicz et al., 2000).  Interestingly, the 

variable C-terminal part of GP3 is encoded by the ORF3/ORF4 overlapping region, 

which implies that the variability in the GP3 C-terminus of EU-type PRRSV is linked 

to variability in GP4.   

Several data point to involvement of GP3 in virus neutralization.  Certain mAbs 

against a yet unidentified region of NA-type GP3 are able to neutralize infection to a 

limited extent (Cancel-Tirado et al., 2004).  In addition, N-glycans in GP3 were 

shown to be involved in glycan shielding of neutralizing epitopes, and gene swapping 

of ORF3 between heterologous NA-type viruses results in reduced cross-
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neutralization by antisera, indicating that GP3 may indeed be a target for neutralizing 

antibodies (Kim et al., 2008; Vu et al., 2011).  Further research will be needed to fully 

explore the involvement of GP3 in antibody-mediated virus neutralization. 

The antigenicity of the ORF2-encoded proteins is only poorly studied.  GP2 of both 

EU- and NA-type viruses is known to contain several epitopes that induce antibodies 

upon infection, but no information exists on potential neutralizing antibody targets in 

this protein (de Lima et al., 2006; Oleksiewicz et al., 2002).  Finally, no data are 

available to our knowledge about the antigenic properties of the E protein. 

 

Table 1.  Overview of the current knowledge on PRRSV neutralizing antibody targets. 

Protein EU-type NA-type 

 Neutralizing 
Ab target? 

Virus 
strain 

Epitope  
aa position 

Neutralizing 
Ab target? 

Virus 
strain 

Epitope 
aa position 

E Unknown   Unknown   

GP2 Unknown   Unknown   

GP3 Unknown   Yes KY-35 Unknown 

GP4 Yes LV 57-68 Unknown   

GP5 Yes I10-PPV 29-35 Yes KY-35 37-45 

M Unknown   Yes (?) KY-35 Unknown 

 

1.3.3 RECOMMENDATIONS FOR FUTURE ANTIGENICITY STUDIES 

When reviewing the current research on PRRSV neutralizing antibody targets, some 

recommendations can be made to maximize the outcome of future antigenicity 

studies.  

(1) Till now, mapping of neutralizing antibody epitopes was uniquely achieved by the 

use of mAbs.  The direct involvement of certain epitopes in the virus-neutralizing 

antibody response in pigs was never demonstrated, leaving correlation studies out of 

account.  It should however be kept in mind that certain regions in the virus may well 

be target for virus-neutralizing antibodies, but are not necessarily potent to induce 

such antibodies in pigs.  A clear distinction should therefore always be made between 

the antigenicity of particular proteins or epitopes (i.e. the degree in which these 

structures can interact with certain antibodies) and the immunogenicity of such 

antigens (i.e. the ability of the antigens to induce an antibody response in the host).  

Although the use of mAbs has greatly contributed to provide insights into the 
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antigenicity of PRRSV, future studies investigating antigenic features of the virus 

should ultimately deal with neutralizing antibody targets that show a potential 

immunogenicity in pigs.    

(2) The huge genetic variability of PRRSV is undoubtedly reflected in antigenic 

variability.   This antigenic variability can be reflected in a lack in cross-recognition 

and/or cross-neutralization between virus strains at the level of certain epitopes.  

Furthermore, different viruses can show different antigenic profiles, and it is not 

excluded that the sensitivity to virus neutralization of particular antigenic regions can 

differ between virus strains or genotypes.  Care should therefore be taken when 

extrapolating information on the antigenicity of one or few virus strains towards 

PRRSV in general.  It should particularly not be forgotten that EU- and NA-type 

viruses evolved strictly separated during a considerable amount of time, which clearly 

resulted in different antigenic properties between both genotypes as illustrated earlier.   

(3) The identification of non-neutralizing and neutralizing antibody epitopes in 

PRRSV proteins has always been limited to the identification of linear epitopes, 

despite the fact that many antibodies are generally directed against discontinuous or 

conformation-dependent epitopes.  While the study of conformational (neutralizing) 

epitopes would greatly improve our understanding of PRRSV antigenicity, a lack of 

knowledge on the PRRSV envelope protein structure unfortunately does not allow 

this kind of investigation at this moment. 

(4) Till now, neutralizing epitopes have been identified in GP4 of EU-type PRRSV 

and GP5 of EU- and NA-type PRRSV, while substantial evidence points to the 

presence of yet unidentified neutralizing epitopes in other proteins.  Studies that aim 

to identify new neutralizing antibody targets in PRRSV should therefore equally deal 

with all envelope proteins, irrespective of their abundance in the virion and not 

taking into account earlier presumptions on their antigenic features.  

 

In conclusion of this section, many efforts have been made to unravel the unusual 

development of PRRSV-specific neutralizing antibodies, and to identify the targets 

for neutralizing antibodies in the PRRSV envelope proteome.  However, many gaps 

are still remaining in the knowledge on PRRSV antigenicity, concerning amongst 

other things the location of neutralizing antibody targets (in particular in the minor 

proteins), the in vivo relevance of known neutralizing epitopes, and antigenic 

variability of the envelope proteins.  Further research on PRRSV antigenicity is 
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needed to fully understand how the virus avoids antibody-mediated neutralization by 

the host, in view of future vaccine development. 
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1.4 PRRSV VACCINES 
Soon after the emergence of PRRSV in the swine industry, vaccines were developed, 

registered, and administered in the field.  However, despite the efficacy of certain 

vaccines under experimental as well as field conditions, eradication of the virus was 

never obtained.  Even more, vaccinated farms regularly experience PRRSV-

associated problems to date, most likely due to a lack of vaccine efficacy against 

genetically divergent field strains.  While the currently registered vaccines are still 

broadly applied, especially in sows, global efforts are made to develop new and better 

PRRSV vaccines.   

 

1.4.1 CURRENT VACCINES 

Two types of PRRSV vaccines are available for field use: modified live virus (MLV) 

or attenuated vaccines, and killed virus (KV) or inactivated vaccines.  The former 

type is generated by in vitro cell culture passage of virulent virus until an attenuated 

phenotype is achieved, while the latter type is generated by chemically or physically 

inactivating virulent virus.  KV vaccines are administered in combination with an 

adjuvant, while most MLV vaccines do not use adjuvants.  Both EU-type and NA-

type-based MLV and KV vaccines have been developed, and are used on both 

continents, since a strict geographical genotype barrier no longer exists. 

 

A. Modified live virus vaccines 

Of both types, MLV vaccines are clearly the most potent in inducing protection.  

MLV vaccination protects to a large extent against viremia and against virus 

replication in lungs and lymphoid tissues upon homologous challenge.  Vaccinated 

animals are hence well protected against respiratory disease and reproductive failure, 

caused by homologous virus, and transplacental infection and virus shedding in 

semen are reduced (Labarque et al., 2004; Labarque et al., 2003b; Martelli et al., 

2007; Nielsen et al., 1997; Scortti et al., 2006b; Zuckermann et al., 2007).  However, 

the efficacy of MLV vaccines is largely subject to the genetic background of the 

challenge virus, and strong to complete protection is only obtained in case the 

challenge virus is nearly identical to the vaccine virus.  In cases where the challenge 

virus differs from the vaccine virus, the best protection is generally obtained using a 

vaccine of the same genotype.  However, within genotypes, no consistent correlation 
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can be drawn at all between the level of genetic homology and cross-protection 

amongst virus strains.  The % of amino acid or nucleotide identity is not a good 

predictive parameter for cross-protection, and no clue exists to date to accurately 

categorize PRRSV strains in this regard, since the determinants of protective 

immunity within the PRRSV genome are poorly known (Diaz et al., 2006; Labarque 

et al., 2004; Labarque et al., 2003b; Mengeling et al., 2003; Nodelijk et al., 2001; 

Okuda et al., 2008; van Woensel et al., 1998a; b; Zuckermann et al., 2007).  The 

immune response upon MLV vaccination suffers from the same weaknesses as 

infection-induced immunity, and is characterized by a slow development of cell-

mediated immune mechanisms and a polarized antibody response, with virus-

neutralizing antibodies appearing very weakly.  Virus-neutralizing antibodies induced 

by MLV vaccination are often only detected in neutralization tests using the vaccine 

virus as antigen, which explains to a certain extent the strain-specific protective 

efficacy of these vaccines (Charerntantanakul et al., 2006a; Meier et al., 2003; Okuda 

et al., 2008; Scortti et al., 2006b; Zuckermann et al., 2007).  Remarkably, the virus-

neutralizing antibody response in MLV vaccinated animals is often not boosted upon 

infection or re-vaccination, although conflicting data exist about this issue: some 

studies reported on a strong anamnestic neutralizing antibody response upon 

infection, even with a heterologous challenge strain, while others did not detect any 

recall of this antibody population (Charerntantanakul et al., 2006a; Scortti et al., 

2006b; Zuckermann et al., 2007).  Similar as in infection-immune animals, the 

absence of an anamnestic humoral immune response upon infection or re-vaccination 

may result from a lack of sufficient virus replication in vaccinated animals, although 

strain differences between the vaccine and challenge virus may also underlay this 

phenomenon.  In addition to antibody immunity, MLV vaccination also induces cell-

mediated immunity, characterized by a gradual development of virus-specific IFN-γ-

producing cells and a recall of these cells upon infection.  Vaccination-induced 

protection in the presence of IFN-γ-producing cells and without virus-neutralizing 

antibodies has been reported.  To which extent cell-mediated immune mechanisms 

contribute to vaccine-induced protection, and which cell types are involved, is 

however not known (Charerntantanakul et al., 2006a; Diaz et al., 2006; Meier et al., 

2003; Zuckermann et al., 2007). 
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MLV vaccines are attenuated to such extent that they do not grow (efficiently) in 

macrophages anymore, and do not cause disease.  However, vaccination with MLV 

vaccines still results in a certain level of virus replication in vivo.  Vaccine virus is 

often detected in blood and lungs of (mostly NA-type) MLV vaccinated animals, 

particularly by virus isolation on MARC-145 cells, the cell type in which the vaccines 

are attenuated (Beilage et al., 2009; Diaz et al., 2006; Labarque et al., 2004; Scortti et 

al., 2006b) (Marc Geldhof, personal communication). Furthermore, infectious virus 

may spread in pregnant sows to the fetuses, and in boars to the semen (Christopher-

Hennings et al., 1997; Nielsen et al., 1997; Scortti et al., 2006a).  This causes a major 

safety risk, since mutant virus variants with increased virulence may emerge during 

vaccine virus replication, and may spread towards negative animals.  The risk of 

reversion to virulence was dramatically illustrated in Denmark during the late 

nineties, where huge outbreaks of PRRSV-associated reproductive disorders occurred 

as a result of a vaccination campaign in a PRRS-negative swine population (Nielsen 

et al., 2001; Nielsen et al., 2002).  PRRSV attenuation and reversion to virulence is 

associated with changes in non-structural proteins, but the specific virulence 

determinants are not yet identified, which compromises the targeted development of 

new and safe attenuated PRRSV vaccines (Kim et al., 2009; Kwon et al., 2008; 

Nielsen et al., 2001). 

Taken together, MLV vaccination induces adaptive immunity, highly resembling the 

immune response induced by natural infection, which leads to protection against 

homologous virus.  However, the efficacy of MLV vaccines is highly subject to strain 

heterogeneity, and the safety of these vaccines is not guaranteed.  No ready-made 

answers to any of these problems exist to date.   

 

B. Killed virus vaccines 

Concerning safety aspects, KV vaccines may be a good alternative for MLV vaccines, 

but although these vaccines are regularly used in the field, they perform very weak 

under experimental conditions.  A beneficial effect of KV vaccination on reproductive 

performance has been reported in case of challenge with the virulent vaccine virus, 

but KV vaccines generally do not influence viremia, virus replication in tissues and 

shedding, even not in nearly homologous conditions (Nielsen et al., 1997; Nilubol et 

al., 2004; Plana-Duran et al., 1997; Scortti et al., 2007; Zuckermann et al., 2007).  
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KV vaccines do not or hardly induce virus-specific antibodies, and only a moderate 

anamnestic antibody response is observed upon challenge of vaccinated animals.  

Moreover, virus-neutralizing antibodies remain completely absent upon KV 

vaccination.  A priming of the virus-neutralizing antibody response has been 

demonstrated in some studies, but the anamnestic response is very weak and does not 

lead to reduction in viremia (Meier et al., 2003; Nilubol et al., 2004; Plana-Duran et 

al., 1997; Scortti et al., 2007; Zuckermann et al., 2007).  Virus-specific IFN-γ-

producing cells are not induced, and are not or poorly primed by KV vaccination, 

indicating that this type of vaccines does not stimulate an adaptive cell-mediated 

immune response.  Still, a non-specific IFN-γ response is induced upon vaccination 

with a particular KV vaccine, though this response is not protective, and is most likely 

caused by an adjuvant compound rather than by the inactivated virus itself (Meier et 

al., 2003; Nilubol et al., 2004; Piras et al., 2005; Zuckermann et al., 2007).  Despite 

the poor efficacy of the current inactivated PRRSV vaccines, Misinzo et al. (2006) 

demonstrated the potential of priming the neutralizing antibody response by 

immunization with a high dose of inactivated PRRSV, leading to certain protection 

against viremia upon homologous challenge.  Furthermore, a recent study by Delrue 

et al. (2009) claims to have found a method for inactivation of PRRSV without 

affecting the antigenicity of the envelope proteins, which may lead to a better 

conservation of neutralizing epitopes.  Hence, there is still some room for 

improvement of inactivated PRRSV vaccines. 

 

1.4.2 PREREQUISITES FOR FUTURE VACCINES 

Although the current PRRSV vaccines have their value, they do not sufficiently meet 

the needs to counter and eradicate the virus.  The quest for safe and effective PRRSV 

vaccines goes on, and it is generally agreed to date that the most ideal vaccine should 

comply with the following criteria (Kimman et al., 2009; Mateu & Diaz, 2008; 

Thanawongnuwech & Suradhat, 2010).   

(1) The vaccine should be safe, in that it does not cause disease, but also in that 

vaccination does not lead to viral spread with a risk of reversion to virulence.  Since 

PRRSV infection may influence the immune system in general, detrimental effects of 

vaccination on the immune response against other pathogens should also be taken into 

account.   
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(2) Of course, the vaccine should be protective against disease.  Protection is 

generally evaluated, based on reduction or elimination of viremia and virus 

replication in tissues, but the efficacy of a vaccine should in the end always be 

evaluated in a disease model.  The efficacy of vaccination against reproductive failure 

can be evaluated by vaccination-challenge studies in pregnant sows.  The efficacy 

against respiratory disease is however more difficult to assess, since other pathogens 

and environmental factors are usually involved.   

(3) In addition to protection against disease, a good PRRSV vaccine should also 

significantly reduce transmission, both horizontal and vertical.  This can be 

evaluated in experimental conditions, but in the end, only field studies can estimate 

the real value of a vaccine regarding inhibition of viral spread.   

(4) One of the major challenges in PRRSV vaccinology is the huge diversity and fast 

evolution of the virus.  New vaccines should always aim at inducing broad 

protection against a wide range of virus variants, and/or should be easily adaptable 

to emerging strains, no matter how this is achieved.  Stimulating immunity against 

conserved protective determinants (if these exist at all) seems the most ideal option, 

but including different virus strains in one vaccine, ‘customizing’ vaccines for certain 

farms or regions or regularly adapting vaccines to emerging strains may be valuable 

alternatives as well.  

(5) Finally, in view of eradication of the virus, new PRRSV vaccines should allow 

discrimination between vaccinated and infected animals.   

Since classical and ‘blind’ vaccine development does not appear to be the way to 

success, only a research-driven approach can lead to the development of PRRSV 

vaccines that fulfill all the needs. Research on the viral determinants of virulence, 

(broadly) protective immune mechanisms, immune suppression and evasion, 

epidemiology, etc. should form the basis for vaccine development.  Many attempts 

have been made to develop new and better PRRSV vaccines, in particular by using 

new generation vaccine systems, such as DNA and vector vaccines (reviewed by 

Kimman et al., 2009).  These efforts indisputably provided valuable insights into 

PRRSV protective immunity and further paved the way for the development of new 

vaccines.  In spite of this, none of the experimental vaccines introduced to date met all 

the requirements stated above, and many gaps are still remaining in the knowledge on 

the complex behavior of this virus.   
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PROBLEM STATEMENT 
Since its emergence during the late 1980’s, PRRSV has spread around the world, 

causing huge economical losses to the swine industry.  Despite the development and 

broad implementation of vaccines, the virus could not be eradicated, and the high 

antigenic variability and fast evolution of PRRSV compromises the efficacy of the 

current vaccines in the field.  Today, it is widely agreed that there is an urgent need 

for new vaccines that are safe, protect against disease and viral spread, deal with the 

high variability of the virus, and allow differentiation between vaccinated and 

infected animals.  However, PRRSV engages a complex interaction with the host’s 

immune system, and exploits several strategies to evade protective immunity.  The 

development of new PRRSV vaccines that fulfil the current needs is thus highly 

relying on a good understanding of the PRRSV-specific immune response.   

 

The immune response upon PRRSV-infection in naïve pigs is poorly protective, 

allowing the virus to replicate extensively and establish its spread.  Nevertheless, 

immunological protection against PRRSV can be achieved, and both the cell-

mediated and antibody-dependent arm of the immune system have been described to 

be involved in protection.  However, the determinants of PRRSV-specific protective 

immunity are largely unknown to date. 

 

The PRRSV-specific antibody response is characterized by an apparently normal 

development of non-neutralizing antibodies, in sharp contrast with a slow and weak 

development of virus-neutralizing antibodies.  Still, the latter can protect pigs against 

virus replication in lungs and tissues, and against PRRSV-induced reproductive 

failure.  An extensive knowledge on viral targets for neutralizing antibodies, together 

with a better understanding of the weak development of these antibodies is thus of 

crucial importance for research-driven vaccine development.  Today, many gaps are 

still remaining in the knowledge on PRRSV antigenicity, concerning the location of 

neutralizing antibody targets, the in vivo relevance of known neutralizing epitopes, 

and antigenic variability of the envelope proteins.  

 



                                                                                           Problem statement & Aims 

  53          

AIMS 
The general goal of this thesis was to create new insights into the antigenic properties 

of the PRRSV envelope proteins, more particularly concerning the location of virus-

neutralizing antibody targets.  The research of this thesis was confined to the study of 

EU-type PRRSV. 

 

A first aim of this work was to evaluate the virus-neutralizing antibody response in 

pigs upon immunization with PRRSV, inactivated according to a procedure that 

claims to conserve the antigenicity of viral envelope proteins (Chapter 3).  On the 

one hand, this kind of study can clarify whether or not virus replication is strictly 

needed to induce virus-neutralizing antibodies.  On the other hand, this approach 

addresses the question whether the characteristic polarization of the PRRSV-specific 

antibody response either results from purely structural features of the virion, or from 

replication-dependent mechanisms. 

 

A second aim of this study was to identify linear antigenic regions in the entire set of 

PRRSV envelope proteins that induce non-neutralizing or neutralizing antibodies 

upon infection in pigs (Chapter 4).  To overcome the aforementioned problems met 

by earlier PRRSV antigenicity studies, particular efforts were made to (1) identify 

antigenic regions that are potentially immunogenic in pigs, (2) study antigenic regions 

in the entire set of envelope proteins, (3) and this for one single virus strain, to 

exclude bias created by antigenic variability.  Since there were indications that GP4 is 

an in vivo relevant neutralizing antibody target in EU-type PRRSV, the antibody 

response against this protein was investigated first (§ 4.1), followed by a study on the 

antigenic properties of all PRRSV envelope proteins (GP2, E, GP3, GP4, GP5 and M) 

(§ 4.2). 
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DEVELOPMENT OF AN EXPERIMENTAL INACTIVATED PRRSV 
VACCINE THAT INDUCES VIRUS-NEUTRALIZING ANTIBODIES 

Merijn Vanhee, Peter Delputte, Iris Delrue, Marc Geldhof & Hans Nauwynck 
 

Veterinary Research (2009), 40:63 
 
Porcine reproductive and respiratory syndrome virus (PRRSV) can induce 

reproductive disorders and is involved in the porcine respiratory disease complex, 

causing tremendous economic losses to the swine industry. Inactivated PRRSV vaccines 

are preferred over attenuated vaccines because of their safety and flexibility towards 

emerging virus strains, but the efficacy of current inactivated PRRSV vaccines is 

questionable. In this study, experimental inactivated PRRSV vaccines were developed, 

based on two formerly optimized inactivation procedures: ultraviolet (UV) irradiation 

and treatment with binary ethylenimine (BEI). In a first experiment, it was shown that 

vaccination with UV- or BEI-inactivated virus in combination with Incomplete Freund’s 

Adjuvant induced virus-specific antibodies and strongly primed the virus-neutralizing 

antibody response. Subsequently, the influence of adjuvants on the immunogenicity of 

neutralizing epitopes on the inactivated virus was investigated. It was shown that 

vaccination with BEI-inactivated virus in combination with a commercial oil-in-water 

adjuvant induced high titers (3.4 log2) of virus-neutralizing antibodies in 6/6 pigs, 

instead of only priming the neutralizing antibody response. After challenge, neutralizing 

antibody titers in these vaccinated animals rose to a mean value of 5.5 log2, and the 

duration of the viremia was reduced to an average of one week. This study shows that, 

by the use of an optimized inactivation procedure and a suitable adjuvant, inactivated 

PRRSV vaccines can be developed that induce virus-neutralizing antibodies and offer 

partial protection upon challenge. 
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INTRODUCTION 

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped 

positive-stranded RNA virus that belongs to the family of the Arteriviridae in the 

order of the Nidovirales (Gorbalenya et al., 2006; Snijder & Meulenberg, 1998). 

PRRSV can cause severe reproductive failure in sows, characterized by late term 

abortion, early farrowing, stillbirth and the birth of weak piglets, and is associated 

with the porcine respiratory disease complex in combination with secondary 

infections (Christianson et al., 1992; Collins et al., 1992; Terpstra et al., 1991; 

Thacker, 2001; Van Gucht et al., 2004; Wensvoort et al., 1991).  The virus is present 

in a majority of swine producing countries around the world and gives rise to 

enormous economic losses in the swine industry (Neumann et al., 2005). Virus-

neutralizing (VN) antibodies against PRRSV protect against viremia, virus replication 

in lungs, transplacental spreading of the virus and reproductive failure (Labarque et 

al., 2000; Lopez et al., 2007; Lopez & Osorio, 2004; Osorio et al., 2002). However, 

VN antibodies only appear in low amounts around 4 weeks or more after PRRSV 

infection, which is in contrast with the fast appearance of high amounts of non-

neutralizing antibodies (Diaz et al., 2005; Yoon et al., 1995).  Attenuated as well as 

inactivated PRRSV vaccines are frequently used in the field. Attenuated vaccines 

induce VN antibodies and protect against viremia, virus replication in lungs and virus-

induced respiratory and reproductive disorders (Labarque et al., 2003; Scortti et al., 

2006b; Zuckermann et al., 2007).  However, the protective immune response induced 

by attenuated PRRSV vaccines is influenced by genetic diversity, as these vaccines do 

not always sufficiently protect against virus strains that are genetically different from 

the vaccine virus strain (Labarque et al., 2004; Mengeling et al., 2003).  Besides, 

there are major concerns about the safety of attenuated PRRSV vaccines, as the 

vaccine virus on itself can cause viremia and can spread transplacentally and 

horizontally with the risk of reverting to virulence (Nielsen et al., 2001; Scortti et al., 

2006a).  Inactivated vaccines on the other hand are safe and it has been shown by 

Misinzo et al. (2006) that it is possible to stimulate the VN antibody response in naïve 

piglets by immunization with inactivated PRRSV.  Commercially available 

inactivated PRRSV vaccines however do not induce VN antibodies and do not 

sufficiently protect against viremia (Nilubol et al., 2004; Scortti et al., 2007; 

Zuckermann et al., 2007).  VN antibodies inhibit replication of PRRSV in porcine 
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alveolar macrophages (PAM), the in vivo host cell type for the virus, by blocking 

attachment to and internalization in the cell (Delputte et al., 2004). Hence, domains 

on the virus particle that are involved in binding and internalization may be involved 

in virus neutralization. Delrue et al. (2009) recently showed that certain inactivation 

procedures do not conserve viral entry-associated domains on the virus particle, while 

others fully do. These findings suggest that the latter inactivation procedures are 

preferable for the development of inactivated PRRSV vaccines that aim to induce VN 

antibodies. In the present study, two inactivation procedures that conserve viral entry-

associated domains, namely treatment with ultraviolet (UV) radiation and treatment 

with binary ethylenimine (BEI), were used in the development of experimental 

inactivated PRRSV vaccines. The ability of such vaccines to induce a VN antibody 

response and protect against viremia after challenge was determined. A commercial 

inactivated PRRSV vaccine was simultaneously tested to have a reference vaccine 

available in the used experimental design. Subsequently, the influence of different 

adjuvants on the immunogenicity of the inactivated virus was determined. After all, 

an experimental inactivated PRRSV vaccine was developed that induced VN 

antibodies and reduced the duration of viremia after infection.  

 

MATERIALS AND METHODS 

Virus production and purification 

The PRRSV Lelystad virus (LV) strain, propagated in MARC-145 cells, was used for vaccine 

preparation (Wensvoort et al., 1991). The fifth passage cell culture supernatant was filtrated 

through a 0.45 µm filter and virus was concentrated from the supernatant by 

ultracentrifugation at 112 000 g for 2 h using a Type 35 rotor (Beckman Coulter, Analis). 

Subsequently, virus was semi-purified by ultracentrifugation at 100 000 g for 3 h through a 

30% sucrose cushion, using a SW41Ti rotor (Beckman Coulter, Analis), resuspended in 

phosphate-buffered saline (PBS) and stored at -70 °C. Challenge virus consisted of the fifth 

passage of PRRSV LV, propagated in porcine alveolar macrophages (PAM) that were derived 

from gnotobiotic piglets. 

 

Virus inactivation 

Before inactivation, purified virus was diluted in RPMI 1640 to a titer of 108 TCID50/mL. 

Inactivation of PRRSV with binary ethylenimine (BEI) was performed as earlier described 

(Bahnemann, 1990). A 0.1 M stock of BEI was prepared by cyclization of 2-
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bromoethylamine in 0.175 M NaOH for 1h at 37 °C and stored at 4 °C. Virus was inactivated 

by incubation with 1 mM BEI during 24 h at 37 °C. Afterwards, BEI was neutralized by 

incubation with 0.1 mM Na-thiosulphate for 2 h at 37 °C. Inactivation of PRRSV with 

ultraviolet (UV) radiation was performed by irradiation of the virus suspension with 1000 

mJ/cm2, using a UV crosslinker (UVP). Inactivated virus was stored at -70 °C. 

 

Analysis of complete inactivation 

To verify if virus was completely inactivated, 1 mL of each inactivated virus suspension was 

inoculated on MARC-145 cells in a 150 cm2 tissue culture flask with 50 mL of medium. The 

cells were cultivated for one week at 37 °C, followed by transfer of the supernatant to a fresh 

culture and incubation for another week. Inoculation of MARC-145 cells with 1 mL of non-

inactivated virus was included as positive control. Cells were analyzed for cytopathic effect 

(CPE) and all cell cultures were fixed with 100% methanol at -20 °C, followed by an 

immunoperoxidase staining with monoclonal antibody P3/27 against the PRRSV 

nucleocapsid protein to detect infected cells (Wieczorek-Krohmer et al., 1996). 

 

Analysis of virus internalization in macrophages 

Virus internalization of live and inactivated virus in PAM was performed as earlier described 

(Delputte et al., 2004). PAM were inoculated with the virus suspensions and incubated for 1 h 

at 37 °C with 5% CO2. Cells were washed to remove unbound virus particles, fixed with 

100% methanol at -20 °C, and virus particles were stained with mouse monoclonal antibody 

P3/27 against the PRRSV nucleocapsid protein and fluorescein-isothiocyanate (FITC) 

labelled goat anti-mouse antibody. The amount of internalized virus particles in PAM was 

determined with a Leica TCS SP2 laser-scanning spectral confocal system (Leica 

Microsystems) in five randomly selected cells for each condition. The mean number of 

internalized virus particles for non-inactivated virus was equalized to 100% and the relative % 

of internalization for inactivated virus was determined. 

 

Experimental design of animal studies 

All piglets were derived from a PRRS-negative farm and their PRRSV seronegative status 

was confirmed by immunoperoxidase monolayer assay (IPMA). 

 
Vaccination with a commercial inactivated vaccine and UV- or BEI-inactivated virus in 
Incomplete Freund’s Adjuvant 

In a first experiment, twenty-four piglets were randomly assigned to four treatment groups. A 

first group (group A) served as mock-vaccinated control group and received 1 mL RPMI in 1 
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mL Incomplete Freund’s Adjuvant (IFA, Sigma-Aldrich) at 6 and 10 weeks of age. The other 

three groups were vaccinated twice intramuscularly at 6 (primo vaccination) and 10 (booster 

vaccination) weeks of age. Group B was vaccinated with 2 mL of a commercial European-

type inactivated PRRSV vaccine (Progressis®, Merial). Group C received 1 mL of UV-

inactivated virus in 1 mL IFA and group D received 1 mL of BEI-inactivated virus in 1 mL 

IFA. Four weeks after the booster vaccination, all pigs were challenged by intranasal 

inoculation of 106 TCID50 LV. Blood was taken weekly after vaccination and at 0, 3, 5, 7, 10, 

14, 21, 28 and 35 days post challenge. Serum was collected and stored at -70 °C. Serum 

samples for IPMA and VN antibody detection were incubated during 30 min at 56 °C prior to 

freezing. 

 

Vaccination with BEI-inactivated virus in Incomplete Freund’s Adjuvant or Alhydrogel 

In a second experiment, eighteen piglets were randomly assigned to three treatment groups. 

Group E served as mock-vaccinated control group and received 2 mL RPMI. The other two 

groups were vaccinated twice with 1 mL BEI-inactivated virus in 1 mL adjuvant. For group F, 

IFA was used as adjuvant, while for group G, the inactivated virus was diluted in a 16% 

aluminium hydroxide colloidal gel (Alhydrogel, Sigma-Aldrich). The same experimental 

design was used as for the first experiment, but blood was only sampled up till 21 days post 

challenge. 

 

Vaccination with BEI-inactivated virus in Alhydrogel or Suvaxyn o/w adjuvant 

In a third experiment, eighteen piglets were randomly assigned to three treatment groups. 

Group H served as mock-vaccinated control group and received 2 mL RPMI at the time of 

vaccination. The other two groups were vaccinated twice with 1 mL BEI-inactivated virus in 

1 mL adjuvant. For group I, Alhydrogel was used as adjuvant, while for group J, an oil-in-

water (o/w) diluent that is used in the commercial pseudorabies virus vaccine Suvaxyn® 

Aujeszky (Fort Dodge Animal Health) was used. The same experimental design was used as 

for the former experiments, and blood was sampled up till 32 days post challenge. 

 

Antibody detection and virus titration 

PRRSV-specific serum antibody titers were determined by IPMA as earlier described 

(Labarque et al., 2000).  VN antibody titers were detected by a seroneutralization (SN) test on 

MARC-145 cells. Briefly, a 1/2 dilution series of serum was prepared and an equal volume of 

virus with a titer of 2 × 103 TCID50/mL was added to each dilution and incubated for 1 h at 

37 °C. Subsequently, the serum-virus mixture was transferred to a 96-well plate containing 

confluent MARC-145 cells, and the cells were analyzed for CPE at 7 days post inoculation. 
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The VN antibody titer was defined as the reciprocal of the highest dilution that inhibited CPE 

in 50% of the inoculated wells. Virus titers in serum were determined by virus titration on 

PAM, followed by immunoperoxidase staining with monoclonal antibody P3/27 against the 

nucleocapsid protein of PRRSV (Labarque et al., 2000). 

 

Statistical analysis 

Internalization in macrophages was analyzed by one-way analysis of variance and P < 0.05 

was taken as the level of statistical significance. Antibody and virus titers were analyzed by 

Kruskall-Wallis test, followed by Dunn’s multiple comparisons test to determine differences 

between groups at different time points. An overall P-value of 0.05 was used for this multiple 

comparisons test. All statistical analyses were performed using GraphPad Prism version 5.0a. 

 

RESULTS 

Virus inactivation and control of internalization 

For each vaccination experiment, a PRRSV virus suspension with a titer of 108 

TCID50/mL was inactivated with either UV radiation or BEI. Complete inactivation 

was evaluated by passage of a sample on MARC-145 cells, followed by 

immunostaining for the nucleocapsid protein of PRRSV to detect infected cells. Cells 

that were inoculated with inactivated virus never showed any CPE or positive 

nucleocapsid staining, while a clear CPE as well as nucleocapsid staining was 

observed on cell cultures that were inoculated with non-inactivated virus. To 

determine whether inactivation had influenced the capacity of the virus to get 

internalized in PAM, an internalization experiment was performed with BEI- or UV-

inactivated virus and a non-inactivated virus suspension as positive control. The 

relative percentage of internalized virus particles per cell did not differ significantly 

(P = 0.08) between UV-inactivated (86 ± 11), BEI-inactivated (131 ± 15) and not 

inactivated virus (100 ± 13). 

 

Vaccination with a commercial inactivated vaccine and UV- or BEI-inactivated 
virus in Incomplete Freund’s Adjuvant 

Virus-specific and -neutralizing antibodies 

PRRSV-specific antibodies were not detected by IPMA in any of the pigs of the 

adjuvant control group (group A) before challenge (Fig. 1, upper panel). Of pigs that 
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were vaccinated with the commercial inactivated vaccine (group B), one pig 

transiently showed a positive IPMA antibody titer after vaccination and another had 

seroconverted at the day of challenge, while the other pigs remained seronegative up 

till the time of challenge. In contrast, all pigs that were vaccinated with the 

experimental UV-inactivated (group C) or BEI-inactivated (group D) vaccine already 

showed positive antibody titers at three weeks after the primo vaccination. After the 

booster vaccination antibody titers rose to values as high as normally seen after 

PRRSV infection in naïve pigs (Labarque et al., 2000). After challenge, all pigs had 

seroconverted at day 10. Antibody titers in group B were slightly higher than in group 

A, however differences were not significant. In group C as well as group D, antibody 

titers were significantly higher compared to group A starting from one week after 

booster vaccination up till one week post challenge. 

Before challenge, none of the pigs showed VN antibodies, except for one pig of group 

D that showed an SN antibody titer of 1.0 log2 at 2 weeks after the booster 

vaccination and at the day of challenge (Fig. 1, lower panel). After challenge, one pig 

of group A showed a transient SN antibody titer at day 10, however for all other 

adjuvant control pigs, VN antibodies only appeared between three and five weeks 

post challenge and one pig even remained negative during the entire experiment. Only 

four pigs of group B showed VN antibodies after challenge, two starting from 10 

days, one at four weeks and another at five weeks post challenge, and VN antibody 

titers did not differ between group A and B at any time point. In contrast, all pigs of 

group C and D showed VN antibodies after challenge. In group C, five animals 

seroconverted for VN antibodies within the first two weeks after challenge, and the 

sixth one after five weeks. VN antibody titers were significantly higher in group C 

compared to group A at two weeks post challenge, reaching mean values of 2.9 log2. 

In group D, one pig already had VN antibodies before challenge and starting from one 

week post challenge all pigs of this group showed a positive SN antibody titer, except 

for one animal that became positive one week later. VN antibody titers were 

significantly higher in group D compared to group A at 10, 14 and 21 days post 

challenge, reaching mean values of 2.6, 2.5 and 2.0 log2 respectively. 
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Figure 1. PRRSV-specific IPMA antibody titers (log2) (upper panel) and virus-
neutralizing antibody titers (log2) (lower panel) after vaccination and challenge for 
group A (Mock-vaccinated control), B (Progressis), C (UV-inactivated virus) and D 
(BEI-inactivated virus).  = primo vaccination,  = booster vaccination and   = 
challenge. Symbols represent individual animals and lines represent mean IPMA or SN titers 
for each group. The dashed line gives the mean titers for group A. The dotted line gives the 
detection limit for the IPMA or SN test. 
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Viremia 

Virus was not detected in serum at one week after each immunization and at the day 

of challenge, confirming that all vaccines were properly inactivated. After challenge, 

all animals showed viremia. Fig. 2 represents virus titers (log10 TCID50/mL) post 

challenge for each group.  

 
Figure 2. Serum virus titers (log10 TCID50/mL) after challenge for group A (Mock-
vaccinated control), B (Progressis), C (UV-inactivated virus) and D (BEI-inactivated 
virus).  = challenge. Symbols represent individual animals and lines represent mean virus 
titers in each group. The dashed line gives the mean titers for group A. The dotted line gives 
the detection limit for virus titration.  
 
In group A, a maximum mean virus titer of 3.5 log10 TCID50/mL was reached at day 5 

post challenge and a second peak of 3.1 log10 TCID50/mL was observed at day 10. 

Subsequently, a decline in virus titers was observed, and virus could no longer be 

detected at two, three or four weeks after challenge (two animals per time point). 

Mean virus titers in group B were slightly lower compared to those in group A, being 

3.1 log10 TCID50/mL at 5 days and 2.0 log10 TCID50/mL at 10 days post infection, but 

no significant differences could be detected at any time point between group A and 

group B. In one animal of this group, virus was cleared from the blood at one week 

post challenge, in another one at 10 days and in the other animals at two, three or four 

weeks. The mean virus titer for group C was 2.7 log10 TCID50/mL at 5 days and 2.5 
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log10 TCID50/mL at 10 days post challenge, however titers were not significantly 

different from those in group A at any time point. Nevertheless, viremia in group C 

was already cleared at two weeks post challenge for five animals, and at three weeks 

for the sixth one. Finally, the mean virus titer for group D was 2.6 log10 TCID50/mL at 

5 days post challenge and 1.4 log10 TCID50/mL at day 10, and at the latter time point 

virus titers were significantly reduced, compared to group A. Viral clearance was 

observed for one animal per time point at 7, 10, 14 and 21 days and for two animals at 

28 days post challenge. 

 

Vaccination with BEI-inactivated virus in Incomplete Freund’s Adjuvant or 
Alhydrogel 

Virus-specific and -neutralizing antibodies 

All mock-vaccinated animals (group E) showed virus-specific antibodies starting 

from 10 days post challenge (Fig. 3, upper panel). Animals that were vaccinated with 

BEI-inactivated virus in combination with IFA adjuvant (group F) seroconverted at 

two or three weeks after the first vaccination. Two animals that were vaccinated with 

BEI-inactivated virus in combination with Alhydrogel as adjuvant (group G) showed 

virus-specific antibodies from two weeks after the first vaccination, and the other 

animals in this group starting from two weeks after booster vaccination. Antibody 

titers in both vaccinated groups were significantly higher compared to the control 

group from two weeks after booster vaccination up till 10 days post challenge, and 

antibody titers in group F were generally higher compared to group G. 

VN antibodies could not be detected in group E at any time point, except for one 

animal at two weeks post challenge (Fig. 3, lower panel). None of the vaccinated 

animals showed VN antibodies before challenge, but VN antibodies already appeared 

between 5 and 10 days after challenge in group F, and between 7 and 10 days after 

challenge in group G. VN antibody titers were significantly higher in both vaccinated 

groups, compared to the control group starting from 10 days post challenge up till the 

end of the study. Mean VN antibody titers were in general 1 log2 higher in group F 

than in group G, reaching a maximum of 4.0 log2 at two weeks post challenge. 

 



3.1 Experimental inactivated PRRSV vaccine 

  67            

 
Figure 3. PRRSV-specific IPMA antibody titers (log2) (upper panel) and virus-
neutralizing antibody titers (log2) (lower panel) after vaccination and challenge for 
group E (Mock-vaccinated control), F (IFA adjuvant) and G (Alhdyrogel adjuvant).  
 = primo vaccination,  = booster vaccination and   =  challenge. Symbols represent 
individual animals and lines represent mean IPMA or SN titers for each group. The dashed 
line gives the mean titers for group E. The dotted line gives the detection limit for the IPMA 
or SN test. 
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Viremia 

All animals in group E showed viremia after challenge, and a peak mean virus titer of 

3.3 log10 TCID50/mL was observed at day 5 (Fig. 4). Viral clearance was observed for 

one animal at two weeks, and for another at three weeks after challenge. The other 

animals in this group stayed viremic till the end of the experiment (three weeks post 

challenge). In group F, one animal did not show any viremia at all. The mean peak 

viremia in group F was reduced to 2.4 log10 TCID50/mL at five days post challenge 

and to 1.0 log10 TCID50/mL at day 7, compared to group E, and at the latter time 

point, this reduction was significant. For animals that showed viremia, virus was 

cleared from the blood for each one animal at day 5, 7 or 10, and at day 14 for the two 

others. In group G, the peak viremia at day 5 was not reduced, but virus titers at day 7 

were significantly reduced to 1.1 log10 TCID50/mL. Virus could no longer be detected 

from seven days post challenge for half of the animals. The other animals in this 

group were virus-negative at two weeks post challenge, but two of them again showed 

a positive virus titer at three weeks.  

 
Figure 4. Serum virus titers (log10 TCID50/mL) after challenge for group E (Mock-
vaccinated control), F (IFA adjuvant) and G (Alhydrogel adjuvant).  = challenge. 
Symbols represent individual animals and lines represent mean virus titers in each group. The 
dashed line gives the mean titers for group E. The dotted line gives the detection limit for 
virus titration.  
 



3.1 Experimental inactivated PRRSV vaccine 

  69            

Vaccination with BEI-inactivated virus in Alhydrogel or Suvaxyn o/w adjuvant 

Virus-specific and -neutralizing antibodies 

One animal in the mock-vaccinated group (group H) seroconverted at seven days post 

challenge, and the others at ten days (Fig. 5, upper panel). Five animals that were 

vaccinated with BEI-inactivated virus in combination with Alhydrogel adjuvant 

(group I) showed virus-specific antibodies from three weeks after the first 

vaccination, and one animal from one week after booster vaccination. Antibody titers 

in group I were significantly higher than in group H at one week post challenge. In the 

group that was vaccinated with BEI-inactivated virus in combination with Suvaxyn 

o/w adjuvant (group J), three animals seroconverted at three weeks after the first 

vaccination, and the others at one week after booster vaccination. Antibody titers in 

group J were significantly higher than in group H at one and two weeks after booster 

vaccination, and at one week post challenge. Antibody titers in both vaccinated 

groups reached similar values after challenge.  

VN antibodies could not be detected in group H earlier than three weeks after 

challenge, and it lasted more than four weeks before all animals in this group had 

shown VN antibodies (Fig. 5, lower panel). In group I, no animals showed VN 

antibodies before challenge, but all animals seroconverted for VN antibodies between 

one and two weeks post challenge, and at two weeks post challenge, titers were 

significantly different compared to group H (2.0 log2). In group J, however, all 

animals showed significantly high titers of VN antibodies already at one (3.4 log2) 

and two (3.1 log2) weeks after booster vaccination. Starting from three weeks after 

booster vaccination, VN antibody titers declined, but they increased again after 

challenge to a maximum value of 5.5 log2 and stabilized to 3.1 log2 at the end of the 

experiment.  
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Figure 5. PRRSV-specific IPMA antibody titers (log2) (upper panel) and virus-
neutralizing antibody titers (log2) (lower panel) after vaccination and challenge for 
group H (Mock-vaccinated control), I (Alhydrogel adjuvant) and J (Suvaxyn o/w 
adjuvant.   = primo vaccination,  = booster vaccination and   =  challenge. Symbols 
represent individual animals and lines represent mean IPMA or SN titers for each group. The 
dashed line gives the mean titers for group H. The dotted line gives the detection limit for the 
IPMA or SN test. 
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Viremia 

All animals in this experiment showed viremia after challenge (Fig. 6). The mean 

peak virus titer in group H was observed at day 5 and reached 2.6 log10 TCID50/mL. 

Virus was cleared from the blood at 10 days post challenge for one animal, at two or 

three weeks for each two animals and at four weeks for the sixth animal. No 

significant reduction in virus titers could be observed in group I, but viral clearance 

was already observed at day 7 (one animal), 10 (two animals) or 14 (three animals) 

after challenge. In group J, the peak virus titer was not reduced, but four animals 

already showed viral clearance at one week post challenge, and a fifth one at two 

weeks. The remaining animal was virus-negative at 10 days post challenge, but then 

again showed a high virus titer at two weeks, followed by clearance of viremia at 

three weeks post challenge. 

 

 
Figure 6. Serum virus titers (log10 TCID50/mL) after challenge for group H (Mock-
vaccinated control), I (Alhydrogel adjuvant) and J (Suvaxyn o/w adjuvant).  
 = challenge. Symbols represent individual animals and lines represent mean virus titers in 
each group. The dashed line gives the mean titers for group H. The dotted line gives the 
detection limit for virus titration. 
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DISCUSSION 

Attenuated as well as inactivated vaccines are currently used for the control of 

PRRSV in the field. Taking into account both safety and flexibility towards emerging 

virus strains, inactivated vaccines are preferred over attenuated vaccines, but in spite 

of these benefits, the efficacy of current inactivated PRRSV vaccines is questionable 

(Scortti et al., 2007; Zuckermann et al., 2007). In the current study, experimental 

inactivated PRRSV vaccines were developed, based on formerly optimized 

inactivation procedures, and the efficacy of these vaccines was evaluated. As a 

reference, the efficacy of a commercial inactivated PRRSV vaccine was 

simultaneously tested in the first experiment. This vaccine did not induce virus-

specific antibodies, and only slightly elevated the antibody response after challenge. 

These results are similar to a study, performed by Zuckermann et al. (2007), showing 

that vaccination with this commercial vaccine only resulted in an anamnestic humoral 

immune response after challenge.  Virus-specific antibody titers as measured by 

IPMA or ELISA do not correlate with VN antibody titers and hence do not provide 

any information about protective immunity against PRRSV (Yoon et al., 1994). In the 

present experiment, the VN antibody response after infection in mock-vaccinated 

animals was delayed and weak, compared to the virus-specific antibody response. 

This was not surprising, as it has been described that the VN antibody response 

against PRRSV is strongly impaired (Diaz et al., 2005; Labarque et al., 2000; Yoon et 

al., 1995). Vaccination with the commercial inactivated PRRSV vaccine did not 

influence the VN antibody response after challenge. This is in contrast with the study 

from Zuckermann et al. (2007) that showed an anamnestic VN antibody response in 

pigs that were vaccinated with this vaccine, and a study from Scortti et al. (2007) 

where vaccination with another inactivated PRRSV vaccine slightly improved the VN 

antibody response after challenge.  This discrepancy may be due to the use of other 

tests with different sensitivity for the detection of VN antibodies (Labarque et al., 

2000; Wu et al., 2001; Yoon et al., 1994; Zuckermann et al., 2007).  Delrue et al. 

(2009) previously showed that inactivation of PRRSV with UV radiation or BEI does 

not influence the capacity of the inactivated virus to get internalized in PAM, the in 

vivo host cell type for the virus.  As VN antibodies block internalization of PRRSV in 

PAM, the degree of internalization might be a measure for conservation of 

neutralizing antigens after inactivation (Delputte et al., 2004). In the current study, 
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vaccination with both UV- or BEI-inactivated virus with IFA as adjuvant strongly 

induced virus-specific antibodies in all animals, and resulted in an earlier and strongly 

elevated VN antibody response after infection. The strong priming of the VN 

antibody response by vaccination with UV- or BEI-inactivated virus suggests that 

intact neutralizing antigens were present on the vaccine virus. Although the VN 

antibody response was primed by vaccination with UV- or BEI-inactivated virus, no 

VN antibodies could be induced by vaccination on itself in the first two experiments, 

except for one pig that was vaccinated with BEI-inactivated virus in combination with 

IFA. The low immunogenicity of neutralizing epitopes is characteristic for the virus in 

itself, as the VN antibody response after PRRSV infection is strongly impaired (Diaz 

et al., 2005; Labarque et al., 2000; Yoon et al., 1995).  To determine to what extent 

the antibody response, induced by the inactivated virus, was subject to the choice of 

adjuvant, two different adjuvants that are suitable for field use were tested in 

combination with the BEI-inactivated virus. Vaccination in combination with 

Alhydrogel, a commonly used adjuvant in human and veterinary medicine, also 

consistently induced virus-specific antibodies, and primed the VN antibody response. 

Nonetheless, both virus-specific and neutralizing antibodies appeared later after 

vaccination or challenge and titers were lower if Alhydrogel was used instead of IFA. 

The use of a commercial o/w adjuvant for the BEI-inactivated virus resulted in a 

comparable IPMA antibody response as with Alhydrogel. Surprisingly, vaccination in 

combination with the o/w adjuvant not only primed the VN antibody response, but 

also induced high titers of VN antibodies before challenge. In addition, VN antibodies 

after challenge rose to titers that were higher than those observed by vaccination with 

IFA or Alhydrogel as adjuvant. The fact that VN antibodies could be induced by 

vaccination on itself directly proves that neutralizing epitopes are conserved on the 

BEI-inactivated virion, but the immunogenicity of these epitopes seems subject to the 

choice of adjuvant. In general, this is the first report of an inactivated PRRSV vaccine 

that manages to induce a strong VN antibody response by vaccination on itself.  

VN antibodies can completely block PRRSV infection of PAM in vitro, but the role 

of these antibodies for in vivo protection against PRRSV is a matter of debate 

(Delputte et al., 2004; Lopez & Osorio, 2004). It has been shown that viremia after 

infection can be cleared in the absence of detectable levels of VN antibodies in serum 

and otherwise viremia can sometimes persist despite the presence of VN antibodies 

(Diaz et al., 2006; Vezina et al., 1996). On the other hand, Labarque et al. (2003) 
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showed that clearance of virus from lungs and serum coincides with the appearance of 

VN antibodies in serum and broncho-alveolar lavage fluid.  Moreover, experiments 

where passive transfer of VN antibodies was performed before infection with PRRSV 

showed that these antibodies are able to fully protect pigs against viremia and 

reproductive failure (Lopez et al., 2007; Osorio et al., 2002). These data indicate that 

although other mechanisms may be involved in protection against PRRSV, the 

presence of sufficient amounts of VN antibodies contributes to clearance of viremia, 

can protect against reproductive failure and even can be sufficient to prevent 

infection. In the present study, virus was cleared from the blood in mock-vaccinated 

animals between two and four weeks post infection when almost no VN antibodies 

were present, indicating that viral clearance in those animals took place independent 

of VN antibodies. Animals that were vaccinated with the commercial inactivated 

PRRSV vaccine also did not consistently develop VN antibodies post infection, 

although a slight reduction in viremia was observed compared to control animals. 

Piras et al. (2005) recently showed that this vaccine can induce a virus-specific 

interferon-γ (IFN-γ) response that may contribute to viral clearance.  Another study 

however showed that a majority of the IFN-γ response induced by this vaccine is not 

PRRSV-specific and is probably induced by a non-viral component of the vaccine 

(Zuckermann et al., 2007). All experimental vaccines tested in the current study were 

able to reduce viremia, starting from one week post infection. A significant reduction 

in virus titers could be observed in animals that were vaccinated with UV- or BEI-

inactivated virus, the latter in combination with both IFA and Alhydrogel, at 7 or 10 

days post infection. Moreover, viral clearance was systematically observed at earlier 

time points in vaccinated animals, compared to control animals, and reduction and/or 

clearance of viremia always coincided with the appearance of VN antibodies. The use 

of different adjuvants affected the efficacy of the experimental vaccine regarding 

reduction of viremia, analogous to the induction of VN antibodies. However, in spite 

of the strong induction of VN antibodies by BEI-inactivated virus in combination with 

the o/w adjuvant, viremia was still present during the first 5 days after infection in all 

animals. Remarkably, VN antibodies were hardly present during this time period, but 

once they appeared again, virus was cleared in all but one animal. Probably, higher 

titers of VN antibodies are needed at the time of challenge to offer full protection 

against the high dose of virus used to infect the animals.  
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In this study, an experimental inactivated PRRSV vaccine was developed by the use 

of a formerly optimized inactivation procedure and a suitable adjuvant. This vaccine 

was able to induce VN antibodies, and reduced the duration of viremia after infection 

to one week. This is the first report of an inactivated PRRSV vaccine that manages to 

induce VN antibodies, which offers new perspectives for the development of effective 

and safe PRRSV vaccines.  
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Porcine reproductive and respiratory syndrome virus (PRRSV) can induce severe 

reproductive failure in sows, and is involved in the porcine respiratory disease complex.  

The glycoprotein GP4 of the European prototype PRRSV strain Lelystad virus (LV) 

contains a linear neutralizing epitope that is located in a highly variable region.  The 

current study aimed to evaluate the antibody response against this and other epitopes in 

GP4 upon infection of pigs with European-type PRRSV.  It was shown that three virus 

strains, differing in the region that corresponds to the neutralizing epitope in GP4 of 

LV, strongly induce antibodies against this area.  Antibodies against the epitopes of the 

different virus strains were purified from polyclonal swine sera, and used in virus-

neutralization tests on primary alveolar macrophages.  This revealed that antibodies 

against the variable region in GP4 of different virus strains are able to neutralize 

infection with homologous but not heterologous virus strains. 
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INTRODUCTION 

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped 

positive single-stranded RNA virus that belongs to the family of the Arteriviridae in 

the order of the Nidovirales (Gorbalenya et al., 2006; Wensvoort et al., 1991).  

PRRSV can cause severe reproductive failure in sows, characterized by late term 

abortion, early farrowing, stillbirth and the birth of weak piglets (Christianson et al., 

1992; Collins et al., 1992; Terpstra et al., 1991; Wensvoort et al., 1991).  

Furthermore, the virus is associated with the porcine respiratory disease complex, 

causing respiratory disease in combination with secondary infections (Thacker, 2001; 

Van Gucht et al., 2004).  Alveolar macrophages are considered the primary in vivo 

target cells for PRRSV, and it has been shown that the virus requires the cell-specific 

entry-mediators sialoadhesin and CD163 to establish efficient infection in those cells 

(Calvert et al., 2007; Duan et al., 1997b; Van Gorp et al., 2008; Vanderheijden et al., 

2003).  In vitro, the virus can be grown in primary alveolar macrophages (PAM) and 

African green monkey kidney cell lines such as MARC-145, in which it uses an 

alternative receptor mechanism (Duan et al., 1997a; Kim et al., 1993; Kim et al., 

2006).  The PRRSV virion consists of a nucleocapsid core, composed by the N 

protein that encapsulates the viral genome.  The nucleocapsid is surrounded by a lipid 

envelope, in which six structural proteins are embedded.  The membrane protein M 

and glycoprotein GP5 represent the majority of envelope proteins and are present as 

disulphide-linked heterodimers, while glycoproteins GP2, GP3 and GP4, together 

with the non-glycosylated protein E, are minor envelope proteins (de Lima et al., 

2009; Mardassi et al., 1995; Meulenberg et al., 1995; Meulenberg et al., 1997; Wu et 

al., 2001).  PRRSV shows extensive genetic variability, and virus strains are classified 

into European (EU) -type strains and North-American (NA) -type strains (Allende et 

al., 1999; Snijder & Meulenberg, 1998).  In addition, a high variability exists within 

each genotype, and EU-type strains can be further subdivided into 3 subtypes (Drew 

et al., 1997; Forsberg et al., 2002; Nelsen et al., 1999; Stadejek et al., 2008).  Upon 

infection with PRRSV, virus-specific antibodies appear within one to two weeks, but 

virus-neutralizing antibodies are generally not detected earlier than three to five 

weeks post infection in low amounts, and at that time an extensive viremia has 

already taken place (Diaz et al., 2005; Labarque et al., 2000; Vanhee et al., 2009; 

Yoon et al., 1995).  Nevertheless, virus-neutralizing antibodies are able to inhibit 
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virus replication in PAM, and the presence of sufficiently high titres in serum before 

infection offers in vivo protection against viremia, virus replication in lungs and 

transplacental spreading of the virus (Delputte et al., 2004; Lopez et al., 2007; Lopez 

& Osorio, 2004).  The identification of viral proteins and epitopes that are able to 

induce virus-neutralizing antibodies is thus a main topic of interest regarding the 

development of novel PRRSV vaccines.  A neutralizing epitope in GP5 of NA-type 

PRRSV has been identified by the use of mouse monoclonal antibodies (mAbs), and 

the appearance of serum antibodies in pigs against GP5 and against this epitope in 

particular correlates with virus neutralization.  This has led to the assumption that 

GP5 of NA-type PRRSV is the main target for virus-neutralizing antibodies (Gonin et 

al., 1999; Ostrowski et al., 2002; Plagemann et al., 2002).  A neutralizing epitope has 

also been identified in GP5 of an EU-type PRRSV strain.  This epitope is situated 

upstream of the neutralizing epitope in GP5 of NA-type strains, but only a very 

narrow range of virus strains that contain a rare mutation in the putative N-terminal 

signal peptide of GP5 are susceptible to neutralization by mAbs against this epitope, 

questioning the relevance of this epitope in vivo (Weiland et al., 1999; Wieczorek-

Krohmer et al., 1996; Wissink et al., 2003).  In GP4 of the prototype EU strain 

Lelystad virus (LV), an epitope has been identified that is target for virus-neutralizing 

mAbs in continuous cell lines as well as in PAM (Costers et al., 2010; Meulenberg et 

al., 1997; van Nieuwstadt et al., 1996).  This epitope is immunogenic in pigs, but 

shows a huge genetic variability, and antibodies against this epitope show little or no 

reactivity with other EU-type PRRSV strains (Drew et al., 1997; Meulenberg et al., 

1997; Oleksiewicz et al., 2005).  Although it is known that pigs produce antibodies 

against this epitope in GP4 upon infection with different EU-type PRRSV strains, no 

detailed information is available concerning the kinetics of the antibody response 

against this or other epitopes in GP4.  Moreover, it remains unclear whether the 

hypervariable region corresponding to the neutralizing epitope in GP4 of LV also 

serves as target for virus-neutralizing antibodies in PRRSV isolates other than LV.  

The aim of the current study was to investigate the antibody response against GP4 

upon infection of pigs with different EU-type PRRSV strains.  The kinetics of the 

GP4-specific antibody response after initial infection with LV in naïve piglets was 

determined.  Subsequently, linear epitopes in GP4 that are targeted by porcine serum 

antibodies were identified, and it was examined whether antibodies against these 

epitopes were able to reduce PRRSV-replication in macrophages.  Finally, the 
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influence of genetic variability on induction of antibodies and recognition of epitopes 

was determined by the use of two recent EU-type field virus strains that differ from 

LV and from each other in the neutralizing epitope in GP4. 

 

MATERIALS AND METHODS 

Cell cultures 

Primary porcine alveolar macrophages (PAM) were obtained from four-week-old 

conventional Belgian Landrace pigs from a PRRSV-negative herd as described earlier, and 

cultivated in RPMI 1640, supplemented with 10 % fetal calf serum (FCS), 2 mM L-glutamine, 

1 % non-essential amino acids and 1 mM sodium pyruvate (Wensvoort et al., 1991).  Hek-

293T cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) with 5% FCS, 2 

mM L-glutamine and 1 mM sodium pyruvate.  MARC-145 cells were cultivated in Minimum 

Essential Medium (MEM) with 5% FCS and 2 mM L-glutamine.  All cells were cultivated in 

their respective media, supplemented with a mixture of antibiotics at 37°C in a humidified 

atmosphere with 5% CO2.   

 

Viruses 

PRRSV strain 07V063 was isolated from an aborted fetus, derived from a Belgian farm 

during an outbreak of PRRSV-associated reproductive disorders.  PRRSV strain 08V204 was 

isolated from a Belgian farm from serum of eight-week old healthy piglets that showed 

PRRSV-specific antibodies.  For inoculation of piglets, the prototype EU-type PRRSV strain 

LV and field virus strains 07V063 and 08V204 were propagated in PAM, derived from 

gnotobiotic piglets (LV: 5th passage, 07V063: 2th passage, 08V204: 3th passage) (Wensvoort 

et al., 1991).  For single-replication virus-neutralization test on PAM, virus was propagated in 

PAM from conventional pigs  (LV: 13th passage, 07V063: 2th passage, 08V204: 3th passage).  

For classical seroneutralization test on MARC-145 cells, virus was propagated in MARC-145 

cells (LV: 4th passage, 07V063: 2th passage, 08V204: 3th passage). 

 

ORF4 sequencing 

The ORF4 sequences of all virus stocks used in this study were determined.  RNA was 

extracted, using a RNeasy Protect Mini Kit (Qiagen) according to the manufacturer’s 

protocol. Total RNA was reverse transcribed using a multiprime cDNA synthesis kit (Applied 

Biosystems).  A region containing the complete ORF4 sequence was amplified using Taq 

Polymerase (Invitrogen) with forward primer 5'-cggcccaittccatccigag-3', recognizing the 

complementary sequence of nucleotides 12756-12775 upstream of ORF4 in LV  
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(5’-cggcccaattccatccggag-3’), and reverse primer 5'-cattcagctcgcataicgtcaag-3', recognizing 

nucleotides 13631-13653 downstream of ORF4 in LV (5’-cttgacgatatgcgagctgaatg-3’).  This 

resulted in a 898 bp fragment for LV and 07V063, and a 886 bp fragment for 08V204.  PCR 

products were treated with Exonuclease I and Antarctic Phosphatase (New England BioLabs) 

and used directly for cycle sequencing with a Big Dye Terminator Cycle sequencing kit V1.1 

(Applied Biosystems) and the aforementioned primers. Cycle sequencing reaction products 

were purified by ethanol precipitation and separated on an ABI Genetic 310 (Applied 

Biosystems).  The ORF4 sequences of 07V063 and 08V204 were submitted to Genbank 

(accession numbers GU737264 and GU737266).  The ORF4 sequence of LV was 100% 

identical to the one that was described earlier (Genbank accession number M96262.2).  No 

differences in ORF4 sequence were observed between the viral passages on PAM as well as 

MARC-145 cells for any of the virus strains. 

 

Experimental inoculation of animals, serum collection and detection of viremia, virus-
specific and virus-neutralizing antibodies  

Nineteen piglets were derived from a PRRSV-negative farm and their seronegative status was 

confirmed by immunoperoxidase monolayer assay (IPMA).  Two groups of six and one group 

of seven piglets were inoculated intranasally at the age of fourteen weeks with 106 TCID50 of 

the PRRSV strain LV, 07V063 or 08V204 respectively.  Sera were collected at different time 

points between 3 and 44 days pi for LV-infected animals, and just at 44 days pi for 07V063- 

and 08V204-infected animals.  Virus titres were determined by titration on PAM, followed by 

immunoperoxidase staining with mAb P3/27 against the nucleocapsid protein (Labarque et 

al., 2000; Wieczorek-Krohmer et al., 1996).  Sera for antibody detection were heat-

inactivated at 56°C during 30 min.  PRRSV-specific antibodies were detected by IPMA, and 

virus-neutralizing antibodies by classical seroneutralization test on MARC-145 cells as 

described previously, with the respective virus strain as antigen (Labarque et al., 2000; 

Vanhee et al., 2009). 

 

Detection of GP4-specific serum antibodies 

Synthesis of an ORF4 DNA construct   

RNA was extracted from LV and reverse transcribed using Superscript RT (Invitrogen) with 

oligodT primers.  The cDNA was used for PCR using Platinum Pfx DNA polymerase 

(Invitrogen) with forward primer 5’-gctctagacccacaatggctgcggccactcttttc-3’, recognizing the 

complementary sequence of nucleotides 12946-12966 at the start of LV ORF4  

(5’-atggctgcggccactcttttc-3’), and reverse primer 5’-atcatcggcgcctattgccaagagaatggcgaa-3’, 

recognizing nucleotides 13474-13494 at the end of LV ORF4 (5’-ttcgccattctcttggcaata-3’).  
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The forward primer contained an XbaI site, while the reverse primer contained a KasI site 

(underlined sequences). The XbaI-KasI PCR fragment was cloned in expression vector 

pEXPRIBA-3 (IBA BioTAGnology). The 549 bp nucleotide sequence of the insert was 

determined as described above, and was 100% identical with LV ORF4 (Genbank accession 

number M96262.2).   

 

Transient transfection of Hek-293T cells 

Hek-293T cells were seeded in a 96-well plate at a concentration of 25,000 cells per well, and 

incubated for 24h before transfection.  Cells were transfected with 1.5 µg per well of the LV 

ORF4 plasmid DNA, using calcium phosphate precipitation (Chen & Okayama, 1987).  At 

48h post transfection, the cells were fixed by air-drying and stored at -20°C.  Expression of 

GP4 was verified by immunoperoxidase staining with mAb XVI11C/5F10 against GP4 of LV 

(Costers et al., 2010). 

 

IPMA on GP4-expressing cells 

GP4-specific serum antibody titres were determined by IPMA on GP4-expressing Hek-293T 

cells.  The GP4-expressing cell monolayers in 96-well plates were thawed, fixed with 4% 

paraformaldehyde for 10 min at RT, washed with PBS, and treated with 1% H2O2 in methanol 

for 5 min.  A 1/4 dilution series of heat-inactivated serum was prepared in PBS with 10% 

negative goat serum and 1% Tween-80, and incubated for 1h at 37°C on the cells.  The cells 

were washed with PBS with 1% Tween-80, and incubated for 1h at 37°C with an optimal 

dilution of peroxidase-conjugated goat-anti-swine polyclonal antibodies (Jackson 

ImmunoResearch).  Cells were washed and incubated with a substrate solution of 3-amino-9-

ethylcarbazole (AEC) in 0.05 M acetate buffer (pH 5.0) with 0.05% H2O2.  The reaction was 

blocked by replacing the substrate by acetate buffer.  The GP4-specific IPMA titre was 

defined as the reciprocal value of the highest serum dilution that showed staining of GP4-

expressing cells. 

 

Pepscan analysis 

Epitope mapping was performed by pepscan analysis, using sets of overlapping peptides in a 

peptide ELISA (Geysen, 1984).  Sets of 44 overlapping dodecapeptides with an offset of 4 

and an overlap of 8 were synthesized by solid phase synthesis, based on the amino acid (aa) 

sequences of GP4 of virus strain LV, 07V063 and 08V204.  All peptides were provided by 

JPT Peptide Technologies as a set of BioTides that contained a hydrophilic spacer with a 

biotin molecule at the C-terminal end.  Streptavidin-coated 96-well plates were coated during 

1h with 0.1 µg of biotinylated peptide in PBS with 0.5% Tween-20, washed, and blocked 
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overnight with blocking buffer, containing 1% bovine serum albumin (R&D systems) and 

0.5% Tween-20.  Serum (1/100) or epitope-specific serum antibodies (100 µg/mL) were 

diluted in blocking buffer and incubated for 1h on the peptide-coated plates (VWR 

International), followed by washing and incubation with an optimal dilution of peroxidase-

conjugated goat-anti-swine polyclonal antibodies.  Plates were washed and developed with a 

substrate solution of tetramethylbenzidine and H2O2 (R&D systems).  The reaction was 

stopped after 10 min with 1M H2SO4, and the optical density (OD) at 450 nm was measured.  

All wash steps were performed with PBS with 0.5% Tween-20, and all incubation steps were 

carried out at room temperature.  Background OD levels were determined by including serum 

or protein A purified serum antibodies from a serologically PRRSV-negative pig.  Specific 

signals within a pepscan analysis were determined as follows:  For each separate peptide, the 

OD value obtained with the test sample was expressed relative to the OD value obtained with 

the negative control sample (% sample/negative).  Next, the mean % sample/negative over all 

44 peptides was calculated.  If the % sample/negative at a certain peptide was more than 2 

times the mean % sample/negative over all peptides, the signal was considered to be specific. 

 

Purification of peptide-specific serum antibodies 

12-mer peptides with purity >80% were synthesized by JPT Peptide Technologies.  For each 

epitope, 1 mg peptide was covalently coupled to a N-hydroxysuccinimide-activated sepharose 

column (HiTrap NHS-activated HP, GE Healthcare), following the manufacturer’s 

instructions, and a blank purification procedure was performed prior to use.  Serum was 

clarified by centrifugation and filtration, inactivated during 30 min at 56°C, and the pH was 

adapted with 200 mM Na2HPO4 (pH 7.0).  After equilibration of the column with 20 mM 

Na2HPO4 (pH 7.0), serum was run over it and the column was subsequently washed with 20 

mM Na2HPO4 buffer.  When no more protein could be detected by spectrophotometry at 278 

nm in the wash fractions, peptide-specific antibodies were eluted from the column with 0.1 M 

glycine (pH 2.7) and collected in 1M Tris, (pH 8.0).  Elution fractions that contained protein, 

as measured by spectrophotometry at 278 nm, were pooled, dialyzed against PBS and stored 

at -70°C.  The specificity of the obtained antibodies was evaluated by peptide ELISA as 

described above. 

 

Single replication virus-neutralization test on PAM 

Two-fold serial dilutions of epitope-specific serum antibodies in PBS (1000 µg/mL – 32 

µg/mL) were mixed with equal volumes of PAM-grown virus with a titre of 2x105 

TCID50/mL, resulting in 105 TCID50/mL virus and an antibody concentration range of 500 - 

16 µg/mL.  Protein A purified antibodies from a serologically PRRSV-negative pig were 
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included as mock antibody condition.  Virus-antibody mixtures were incubated for 1h at 37°C 

and then added to a 96-well plate (100 µL/well), containing PAM at a concentration of 105 

cells/well, that were cultivated during 48h prior to use.  After 1h of incubation, the inoculum 

was removed and replaced by medium, after which the cells were further incubated for 

another 10h, fixed by drying, and stored at -20°C.  The cells were stained for PRRSV 

infection with mAb P3/27 against the nucleocapsid protein of PRRSV and peroxidase 

conjugated goat-anti-mouse polyclonal antibodies (Dako), followed by development with 

AEC.  The number of infected cells in each well was counted in three fields at 200x 

magnification, and expressed relative (%) to the mean number of infected cells for all mock 

conditions within the same experiment.  Experiments were performed in triplicate.  The 

relative % of infected cells was analyzed by 2-way analysis of variance, followed by 

Bonferoni post-tests to determine statistically significant differences between treatment and 

mock antibody conditions for a given antibody concentration.  Statistical analysis was 

performed using GraphPad Prism version 5.0a. 

 

RESULTS 

Viremia, virus-specific and virus-neutralizing antibody response upon infection 
with LV 

Six piglets were inoculated with the European prototype PRRSV strain LV and serum 

virus titres, virus-specific antibody titres and virus-neutralizing antibody titres were 

determined.  All pigs showed viremia, starting from three days post inoculation (pi) 

until three to four weeks pi (Table 1).  

 

Table 1.  Serum virus titres (log10 TCID50/mL) upon infection with LV. 

 Days post inoculation 

Pig ID 0 3 5 7 10 14 21 28 

1 <0.96 1.97 3.80 1.97 2.80 <0.96 <0.96 <0.96 
2 <0.96 3.80 3.63 2.07 2.80 <0.96 2.30 <0.96 
3 <0.96 2.05 3.30 <0.96 3.30 1.80 <0.96 <0.96 
4 <0.96 1.97 3.80 0.96 2.80 2.53 <0.96 <0.96 
5 <0.96 1.97 3.67 <0.96 3.63 4.30 2.86 <0.96 
6 <0.96 1.97 2.63 1.97 3.30 <0.96 <0.96 <0.96 

 

Virus-specific antibodies, as measured by IPMA, appeared at one (n=2) or two (n=4) 

weeks pi, and maximum antibody titres varied between 11.3 and 13.3 log2 (Fig. 1A).  

Virus-neutralizing antibodies, as measured by classical seroneutralization test on 
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MARC-145 cells, were not detected earlier than three (n=1), four (n=2), five (n=2) or 

six (n=1) weeks pi with maximum titres not higher than 3.6 log2 (Fig. 1B). 

 

GP4-specific antibody response upon infection with LV 

Antibodies against GP4 were detected by IPMA on GP4-expressing Hek-293T cells 

in serum of all LV-infected pigs.  GP4-specific antibodies appeared at two (n=1), 

three (n=3) or four (n=2) weeks pi, and reached maximum titres between 7.3 and 11.3 

log2 (Fig. 1C). 

 

 
Figure 1.  Virus-specific (A), virus-neutralizing (B) and GP4-specific (C) antibody titres 
upon infection with LV.  Virus-specific antibody titres (log2) were determined by IPMA, 
virus-neutralizing antibody titres (log2) by classical seroneutralization test on MARC-145 
cells, and GP4-specific antibody titres (log2) by IPMA on GP4-expressing Hek-293T cells for 
six LV-infected pigs at different time points pi.  The dotted lines represent detection limits. 
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Epitope-specificity of GP4-specific serum antibodies in LV-infected pigs 

To discover linear epitopes against which the GP4-specific serum antibodies of LV-

infected pigs were directed, a pepscan analysis was performed with sera, collected 

between 7 and 44 days pi.  Sera of all six pigs contained antibodies directed against 

overlapping peptides 14, 15 and 16.  The central peptide 15 with sequence 

GVSAAQEKISFG at aa position 57-68 was considered the core of this epitope.  

Antibodies against this epitope were detected starting from two weeks pi for pig 3, 

and from three weeks for the other pigs.  An additional epitope, defined by peptides 

22 and 23 was recognized by serum from pig 2 and 3, starting from four weeks pi.  

Peptide 22 with sequence ITANVTDESYLY at aa position 85-96 was considered the 

core of this epitope, because signals were systematically higher at peptide 22 than at 

peptide 23.  Fig. 2 represents an example of a pepscan profile of sera that recognize 

only peptides 14-16 (A), or both peptides 14-16 and 22-23 (B). 

 

 
Figure 2. GP4 pepscan profiles of sera derived from LV-infected pigs.  Sera collected at 
44 days pi with LV were diluted 1/100 and used in a pepscan analysis with overlapping 
peptides covering GP4 of LV.  Signals were considered positive when the % sample/negative 
at a certain peptide was more than 2 times the mean % sample/negative over all peptides.  
Graph A represents a serum sample in which antibodies against peptides 14-16 were detected 
(core sequence GVSAAQEKISFG).  Graph B represents a serum sample in which antibodies 
against peptides 14-16 as well as 22-23 (core sequence ITANVTDESYLY) were detected. 
 

Virus neutralization by antibodies against epitopes in GP4 of LV 

To evaluate the ability of serum antibodies against the identified epitopes to inhibit 

virus replication in vitro, antibodies against peptide 15 (GVSAAQEKISFG) or 

peptide 22 (ITANVTDESYLY) were purified from polyclonal serum by peptide 

affinity chromatography.  Pepscan analysis revealed that antibodies purified against 
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GVSAAQEKISFG recognized peptides 14, 15 and 16, while antibodies purified 

against ITANVTDESYLY recognized peptides 22 and 23.  Subsequently, the epitope-

specific antibodies were used in a single replication virus-neutralization test with LV 

on PAM.  Antibodies against GVSAAQEKISFG were able to reduce infection of LV 

in PAM in a concentration-dependent manner (Fig. 3A).  The number of infected cells 

was significantly reduced (P<0.01) with more than 50% by antibody concentrations of 

125 µg/mL or higher, compared to infection in the presence of similar concentrations 

of mock antibodies.  Antibodies against ITANVTDESYLY did not reduce replication 

of LV in PAM in any concentration up till 500 µg/mL (Fig. 3B).   

 

 
Figure 3.  Reduction of LV replication in PAM by serum antibodies against peptides 
GVSAAQEKISFG (A) and ITANVTDESYLY (B).  A single replication virus-
neutralization test was performed with a 1/2 dilution series (500-16 µg/mL) of peptide-
specific serum antibodies.  Protein-A purified immunoglobulins of a PRRSV-negative pig 
were included as mock antibodies (open symbols).  The mean relative % of infected cells and 
standard deviations of three experiments are given. * = statistical significant difference 
between treatment and mock condition (P<0.01). 
 

ORF4 sequence analysis of PRRSV strains 07V063 and 08V204 

To determine whether the GP4-specific antibody response is similar for EU-type virus 

strains other than LV, two Belgian PRRSV field isolates were selected: 07V063 and 

08V204.  ORF4 sequence analysis of these strains revealed that 07V063 shows 87% 

aa homology with LV in GP4, while 08V204 shows 85% aa homology with LV in 

GP4.  Alignment of the GP4 aa sequences of LV, 07V063 and 08V204 revealed that 

the majority of the variation is located between aa position 46 and 70 (Fig. 4).  Out of 

12 aa that determine the neutralizing epitope of LV (aa 57-68), only five are 

conserved between LV and 07V063, and no more than two between LV and 08V204, 
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and a deletion of 4 aa is present in the 08V204 sequence.  Moreover, 07V063 and 

08V204 only share three common aa in this region, and except for the glutamine at 

position 62, no aa are conserved over the three virus strains.  In the non-neutralizing 

epitope at position 85-96, all but one or two aa are conserved between LV and 

07V063 or 08V204 respectively.  

 

 
Figure 4.  Alignment of the GP4 aa sequences of PRRSV strains LV, 07V063 and 
08V204.   The ORF4 sequences of PRRSV strain 07V063 and 08V204 were determined by 
PCR and cycle sequencing, and the deduced aa sequences were aligned to the GP4 sequence 
of LV.  Dots represent residues that are identical to LV, and hyphens indicate gaps.  Boxes 
indicate regions that are recognized by sera in pepscan analyses.  
 

Linear serum antibody epitopes in GP4 of 07V063 and 08V204 

Six and seven pigs were infected with 07V063 or 08V204 respectively, and all pigs 

showed viremia and a virus-specific antibody response (data not shown).  To 

determine the linear epitopes in GP4 against which serum antibodies were directed, a 

homologous pepscan analysis was performed with sera collected at 44 days pi.   All 

but one pig infected with virus strain 07V063 possessed antibodies against peptides 

15 and 16, with the highest signals at peptide 15 (RVTAAQGRIYTR, aa position 57-

68).  Two pigs had antibodies against peptides 22 and 23, with the highest signals at 

peptide 22 (VTANVTDESYLY, aa position 85-96).  Similarly, all seven pigs infected 

with virus strain 08V204 had antibodies against peptides 14 and 15, with the highest 

signals at peptide 15 (RTNTTQGKVPSQ, aa position 57-68), and three of them had 

antibodies against peptides 21 and 22, with the highest signals at peptide 21 

(MTANVTDKSYLY, aa position 81-92) (Fig. 4).   
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Virus neutralization by antibodies against epitope 57-68 in GP4 of 07V063 and 
08V204 

Antibodies against aa sequences RVTAAQGRIYTR or RTNTTQGKVPSQ were 

purified from polyclonal serum of pigs, infected with PRRSV strain 07V063 or 

08V204 respectively, and their specificity was verified by pepscan analysis on 

homologous GP4.  Antibodies against epitope RVTAAQGRIYTR in GP4 of 07V063 

reduced replication of the homologous virus strain in PAM in a dose dependent 

manner.  The number of infected cells was significantly reduced (P<0.01) by more 

than 50% with antibody concentrations of 125 µg/mL or higher, compared to 

infection in the presence of mock antibodies (Fig. 5A).  Similarly, antibodies against 

epitope RTNTTQGKVPSQ of 08V204 reduced the number of cells, infected with the 

homologous virus in a dose-dependent matter, and here the lowest antibody 

concentration that gave a significant reduction (P<0.01) of more than 50% was 31 

µg/mL (P<0.01) (Fig. 5B). 

 

 
Figure 5. Reduction of replication of 07V063 (A) or 08V204 (B) in PAM by serum 
antibodies against peptides RVTAAQGRIYTR and RTNTTQGKVPSQ respectively.  A 
single replication virus-neutralization test with homologous virus was performed with a 1/2 
dilution series (500-16 µg/mL) of peptide-specific serum antibodies.  Protein-A purified 
immunoglobulins of a PRRSV-negative pig were included as mock antibodies (open 
symbols).  The mean relative % of infected cells and standard deviations of three experiments 
are given. * = statistical significant difference between treatment and mock condition 
(P<0.01). 
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Cross-recognition and cross-neutralization by antibodies against the neutralizing 
epitope in GP4 of LV, 07V063 and 08V204 

Sera derived from LV-, 07V063- or 08V204-infected pigs at 44 dpi were tested in a 

pepscan analysis on GP4 of the heterologous virus strains (data not shown).  None of 

the sera that reacted with aa position 57-68 in the homologous pepscan recognized 

this region in the heterologous pepscans for each virus strain.  Sera of LV-infected 

pigs that reacted with aa position 87-98 in the homologous pepscan also recognized 

the corresponding region of 07V063, but not the one of 08V204.  Similarly, sera of 

07V063-infected pigs that recognized position 87-98 of the homologous virus strain 

still reacted with the corresponding region of LV, but not with the one of 08V204.  

Sera derived from 08V204-infected pigs did not recognize any regions in GP4 of LV 

or 07V063 at all.   

Antibodies against aa position 57-68 in GP4 of LV (GVSAAQEKISFG), 07V063 

(RVTAAQGRIYTR) and 08V204 (RTNTTQGKVPSQ) were used in single 

replication virus-neutralization tests on PAM with each of the respective heterologous 

virus strains.  LV-replication in PAM was not reduced by antibodies directed against 

aa 57-68 of either 07V063 or 08V204 in any of the concentrations tested (Fig. 6A).  

Similarly, replication of 07V063 (Fig. 6B) or 08V204 (Fig. 6C) in PAM was not 

reduced by antibodies against aa 57-68 of LV in any concentration.  Infection with 

07V063 and 08V204 was slightly but significantly reduced with high concentrations 

of antibodies against aa 57-68 of the respective heterologous virus strain (Fig. 6B and 

6C).  However, this reduction never reached 50%, and no dose-dependent reduction 

of infection was observed for these conditions. 
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Figure 6.  Reduction of replication of LV (A), 07V063 (B) and 08V204 (C) in PAM by 
antibodies against the neutralizing epitopes in GP4 of the respective heterologous virus 
strains.  Single replication virus-neutralization tests were performed with LV, 07V063 and 
08V204, with 1/2 dilution series (500-16 µg/mL) of serum antibodies against the neutralizing 
epitope of the two respective heterologous virus strains.  Protein-A purified immunoglobulins 
of a PRRSV-negative pig were included as mock antibodies (open symbols). The mean 
relative % of infected cells and standard deviations of three experiments are given. * = 
statistical significant difference between treatment and mock condition (P<0.01). 
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DISCUSSION 

Two neutralizing epitopes have been identified in EU-type PRRSV by the use of 

mAbs, one in GP5 and one in GP4 (Meulenberg et al., 1997; Wissink et al., 2003).  

The neutralizing epitope in GP4 of the EU prototype LV strain has been shown to be 

immunogenic in pigs, but the kinetics of the antibody response against this or other 

epitopes in GP4 was never explored (Oleksiewicz et al., 2005).  In the current study, 

it was shown that naïve pigs produced high titres of GP4-specific antibodies upon 

infection with LV.  Between two and three weeks post infection GP4-specific 

antibodies were directed against a linear region covering aa position 57-68, 

determining the epitope that was described earlier as target for virus-neutralizing 

mAbs (Costers et al., 2010; Meulenberg et al., 1997).  Purified serum antibodies 

against peptide 57-68 clearly reduced single virus replication in PAM in a 

concentration-dependent manner, showing that this epitope is target for porcine virus-

neutralizing antibodies as well.  At the time antibodies against this epitope appeared, 

the sera however did not yet show neutralizing activity in a classical 

seroneutralization test on MARC-145 cells.  This can be explained by the lower 

sensitivity of this test, compared to the single-replication virus-neutralization test on 

PAM (Delputte et al., 2004; Yoon et al., 1994).  However, no clear correlation was 

observed between the levels of GP4-specific antibodies and the levels of virus-

neutralizing antibodies in sera, and it remains to be determined to what extent 

antibodies against GP4 contribute to the global neutralizing activity of polyclonal 

serum upon PRRSV-infection.  Nevertheless, this study clearly shows that pigs are 

able to produce antibodies against a linear epitope in GP4 that reduce PRRSV 

replication in its natural host cell, the alveolar macrophage.  Therefore, it is 

reasonable to expect that such antibodies, if present in sufficient amounts, will 

contribute to a significant reduction in virus replication in the host.   

In addition to the neutralizing epitope, a second linear epitope at aa position 85-96 in 

GP4 of LV was recognized by some sera that were collected at later time points.  

However, antibodies against this less immunogenic epitope were not neutralizing at 

all. 

The neutralizing epitope in GP4 of LV is located in a highly variable region, and it 

was not known so far whether the corresponding regions of PRRSV strains other than 

LV are also target for neutralizing antibodies (Drew et al., 1997; Meulenberg et al., 
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1997).  In the current study it was shown that, similar to LV, two Belgian PRRSV 

field isolates of EU genotype (07V063 and 08V204) strongly induce antibodies 

towards aa 57-68 of GP4, even though the aa sequences at this position are different.  

Serum antibodies against the corresponding peptides of each virus strain were able to 

reduce replication of the homologous virus in PAM.  These data indicate that aa 57-68 

in GP4 of PRRSV determines a highly immunogenic epitope that induces virus-

neutralizing antibodies. In addition to LV, 07V063 and 08V204, also an LV-like 

vaccine strain, an EU-type field isolate, and even a NA-type PRRSV strain have been 

shown to induce antibodies against the corresponding region in GP4 (de Lima et al., 

2006; Oleksiewicz et al., 2001; Oleksiewicz et al., 2005).  The fact that this variable 

epitope in GP4 is highly immunogenic for a series of different PRRSV strains 

suggests that its immunogenicity is determined by the location rather than by the aa 

sequence. 

It was previously shown that mAbs against the neutralizing epitope in GP4 of LV do 

not recognize or neutralize a series of European field isolates that differ in the 

corresponding region (Meulenberg et al., 1997).  Likewise, in the current study no 

dose-dependent cross-neutralization by serum antibodies against aa 57-68 was 

observed between LV, 07V063 and 08V204. Considering the fact that different virus 

strains strongly induce neutralizing antibodies against aa 57-68 in GP4, it is thus very 

likely that hypervariability in this region is the outcome of a high immunological 

selective pressure in vivo.  In agreement with this, Costers et al. (2010) recently 

showed that cultivation of LV in the continuous presence of mAbs against the 

neutralizing epitope in GP4 results in the selection of PRRSV variants that show aa 

changes in this epitope, making them insensitive to neutralization by the mAbs.  

ORF4 of PRRSV partially overlaps with ORF3, and the coding sequence for the 

neutralizing epitope in GP4 also determines a variable region in the C-terminal end of 

GP3 (Snijder & Meulenberg, 1998).  The data presented here indicate that variability 

in this region is probably an additional effect of selective pressure, exerted by 

antibodies against GP4 (Oleksiewicz et al., 2000).  

Neutralizing antibodies can interfere with viral infectivity in different ways (Klasse & 

Sattentau, 2002; Reading & Dimmock, 2007).  The antibodies may directly bind to 

the viral ligand for a certain cellular receptor or entry mediator, inhibiting attachment, 

internalization, membrane fusion or another post-entry step in infection.  However, 

the variability in the neutralizing epitope in GP4, including non-conservative 
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substitutions and even deletions, makes it improbable that this particular part of the 

protein is somehow involved in a crucial step in the virus replication cycle.  More 

likely, neutralizing antibodies against aa 57-68 of GP4 block functional interactions of 

other, more conserved regions on the virus with their cellular counterparts by sterical 

hindrance or by inducing conformational changes.  If this is the case, the infectivity of 

virus quasispecies that show mutations in the neutralizing epitope will not be 

compromised, and viruses that escape neutralization by antibodies against this epitope 

will have a better chance of survival. 

Several PRRSV proteins and epitopes have been associated with virus neutralization 

in the past in both EU and NA-type strains.  mAbs with neutralizing activity towards 

the virus have been characterized for their protein specificity and in some cases for 

their epitope specificity (Cancel-Tirado et al., 2004; Meulenberg et al., 1997; 

Ostrowski et al., 2002; Pirzadeh & Dea, 1997; Weiland et al., 1999; Wissink et al., 

2003; Yang et al., 2000; Zhang et al., 1998).  This approach however does not offer 

any information about the way in which the natural host produces antibodies against 

these viral proteins and epitopes.  Western blot analysis, phage display libraries and 

ELISA with recombinant proteins and peptides have been used to evaluate the 

specificity of the antibody response upon PRRSV infection in pigs (Delputte et al., 

2004; Gonin et al., 1999; Loemba et al., 1996; Mulupuri et al., 2008; Nelson et al., 

1994; Oleksiewicz et al., 2001; Ostrowski et al., 2002; Plagemann et al., 2002; Yoon 

et al., 1995).  In some studies, statistical correlations were observed between serum 

reactivity against certain proteins or epitopes and the presence of virus-neutralizing 

antibodies, giving an indication about which viral domains may be main inducers of 

virus-neutralizing antibodies (Gonin et al., 1999; Ostrowski et al., 2002; Plagemann 

et al., 2002).  However, this approach does not directly show to what extent serum 

antibodies against particular epitopes are actually able to neutralize the virus.  In the 

present study, the kinetics of the antibody response against linear epitopes in GP4 was 

determined, and antibodies against distinct epitopes were purified from polyclonal pig 

serum and directly used in virus-neutralization tests to determine their neutralizing 

capacity.  This approach circumvents the limited availability of specific mAbs, allows 

the identification of in vivo relevant antibody targets, and makes it possible to directly 

examine to what extent porcine serum antibodies against each of these targets 

separately are able to neutralize the virus.  In the current study, this has led to the 

discovery that a highly variable region in GP4 of EU-type PRRSV induces antibodies 
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that neutralize homologous but not heterologous virus strains.  The use of a similar 

approach for the study of the antibody response against other structural PRRSV 

proteins may lead to identification and characterization of more in vivo relevant 

antibody targets.   
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The porcine reproductive and respiratory syndrome virus (PRRSV) is an RNA virus 

that causes reproductive failure in sows and boars, and respiratory disease in pigs of all 

ages.  Antibodies against several viral envelope proteins are produced upon infection, 

and the glycoproteins GP4 and GP5 are known targets for virus neutralization.  Still, 

substantial evidence points to the presence of more, yet unidentified neutralizing 

antibody targets in the PRRSV envelope proteins.  The current study aimed to identify 

and characterize linear antigenic regions (AR) within the entire set of envelope proteins 

of the European prototype PRRSV strain Lelystad virus (LV).  Seventeen LV-specific 

antisera were tested in pepscan analysis on GP2, E, GP3, GP4, GP5 and M, resulting in 

the identification of twenty-one AR that are capable of inducing antibodies upon 

infection in pigs.  A considerable number of these AR correspond to previously 

described epitopes in different European- and North-American-type PRRSV strains.  

Remarkably, the largest number of AR was found in GP3, and two AR in the GP3 

ectodomain consistently induced antibodies in a majority of infected pigs.  In contrast, 

all remaining AR, except for a highly immunogenic epitope in GP4, were only 

recognized by one or a few infected animals.  Sensitivity to antibody-mediated 

neutralization was tested for a selected number of AR by in vitro virus-neutralization 

tests on alveolar macrophages with peptide-purified antibodies.  In addition to the 

known neutralizing epitope in GP4, two AR in GP2 and one in GP3 turned out to be 

target for virus-neutralizing antibodies.  No virus-neutralizing antibody targets were 

found in E, GP5 or M.  Since the neutralizing AR in GP3 induced antibodies in a 

majority of infected pigs, the immunogenicity of this AR was studied more extensively, 

and it was demonstrated that the corresponding region in GP3 of virus strains other 

than LV also induces virus-neutralizing antibodies. This study provides new insights 

into PRRSV antigenicity, and contributes to the knowledge on protective immunity and 

immune evasion strategies of the virus. 
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INTRODUCTION 

Porcine reproductive and respiratory syndrome virus (PRRSV) was discovered during 

the late eighties as the cause of severe reproductive failure in sows, and is considered 

today one of the most important pathogens in the swine industry (Collins et al., 1992; 

Neumann et al., 2005; Wensvoort et al., 1991).  Infection of sows can lead to late 

term abortion, early farrowing and the birth of weak-born piglets, while infected boars 

show decreased sperm quality and virus excretion in the semen (Christianson et al., 

1992; Prieto & Castro, 2005; Terpstra et al., 1991).  On the other hand, PRRSV is 

involved in the porcine respiratory disease complex, causing respiratory problems in 

combination with secondary viral and bacterial infections (Thacker, 2001; Van Gucht 

et al., 2004).  The virus shows a restricted in vivo cell tropism for certain subsets of 

macrophages, with alveolar macrophages being the main target cell (Duan et al., 

1997).  PRRSV is an enveloped positive single-stranded RNA virus of the family 

Arteriviridae, order Nidovirales (Gorbalenya et al., 2006).  The virion consists of a 

nucleocapsid core that is built up by nucleocapsid protein (encoded by open reading 

frame 7, ORF7) in association with the viral RNA.  The nucleocapsid is surrounded 

by a lipid envelope in which six structural proteins are embedded: the glycoproteins 

GP2 (ORF2a), GP3 (ORF3), GP4 (ORF4) and GP5 (ORF5), and the non-glycosylated 

proteins M (ORF6) and E (ORF2b).  GP5 and M are considered the most abundant 

proteins in the envelope, while the other envelope proteins are present in lower 

amounts (de Lima et al., 2009; Mardassi et al., 1995; Meulenberg et al., 1995; Wu et 

al., 2001).  Similar to many other RNA viruses, PRRSV shows a large genetic 

variability, which is amongst other things reflected in variation in virulence, 

interaction with the immune system and antigenic properties of viral proteins.  Virus 

strains are usually classified within a European (EU) and a North-American (NA) 

genotype, based on ORF5 and/or ORF7 sequences, although a high degree of 

variability exists within genotypes nowadays (Allende et al., 1999; Forsberg et al., 

2002; Murtaugh et al., 2010; Nelsen et al., 1999; Stadejek et al., 2008).   

Although PRRSV only emerged in the swine industry rather recently, the virus seems 

to have acquired a number of properties that allow escape from the host’s protective 

immunity.  In addition to an imbalanced cytokine response, impaired cytotoxic T-cell 

activity and absence of antibody-dependent complement-mediated cell lysis, the 

PRRSV-specific neutralizing antibody response shows an aberrant course (Costers et 
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al., 2006; Costers et al., 2009; Mateu & Diaz, 2008).  Virus-specific antibodies are 

produced after one or two weeks upon PRRSV-infection.  However, these antibodies 

are not able to reduce in vitro virus replication in PAM.  Low levels of virus-

neutralizing antibodies appear not earlier than three to four weeks post infection, 

which is probably too late to influence the acute phase of viremia (Diaz et al., 2005; 

Labarque et al., 2000; Vanhee et al., 2009; Yoon et al., 1995).  Despite this weak 

virus-neutralizing antibody response, it is known that the presence of sufficient 

amounts of virus-neutralizing antibodies at the onset of infection can offer certain 

protection against virus-replication in the lungs, viremia and transplacental spread of 

the virus, indicating that PRRSV-specific antibodies can contribute to protective 

immunity (Lopez et al., 2007; Lopez & Osorio, 2004).  The search for antigenic 

regions (AR) that are potential inducers of virus-neutralizing antibodies therefore is a 

main topic of interest in PRRSV research.  Antigenic characterization of PRRSV by 

the use of mouse monoclonal antibodies (mAbs) has led to the discovery of 

neutralizing epitopes in GP4 of EU-type PRRSV and GP5 of both EU- and NA-type 

PRRSV strains, and it has been suggested that also M and GP3 can act as target for 

neutralizing mAbs (Cancel-Tirado et al., 2004; Costers et al., 2010a; Meulenberg et 

al., 1997; Ostrowski et al., 2002; Wissink et al., 2003).  Although mAbs can greatly 

contribute to identification and characterization of AR on viral proteins, they cannot 

be used to evaluate the potential immunogenicity of these AR in pigs.  For this latter 

purpose, antibody responses against viral proteins and epitopes upon PRRSV 

infection have been evaluated in different studies, including studies that provide large 

maps of AR (de Lima et al., 2006; Gonin et al., 1999; Katz et al., 1995; Loemba et 

al., 1996; Mulupuri et al., 2008; Nelson et al., 1994; Oleksiewicz et al., 2002; 

Oleksiewicz et al., 2000; Oleksiewicz et al., 2001; Ostrowski et al., 2002; Plagemann 

et al., 2002; Yoon et al., 1995; Zhou et al., 2006). Furthermore, some correlations 

between epitope-specific antibody responses and the appearance of virus-neutralizing 

antibodies have been described (Gonin et al., 1999; Ostrowski et al., 2002; 

Plagemann et al., 2002).  Still, the involvement of the different PRRSV proteins and 

epitopes in the induction of virus-neutralizing antibodies in pigs is not completely 

resolved, and substantial evidence points to the presence of yet unidentified 

neutralizing antibody targets in the PRRSV envelope proteins (Cancel-Tirado et al., 

2004; de Lima et al., 2006; Kim & Yoon, 2008; Music & Gagnon, 2010; Vu et al., 

2011; Yang et al., 2000).  A more detailed antigenic characterization of the entire 
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structural PRRSV proteome can create insights into the antiviral immune response, 

immune evasion mechanisms, the viral replication cycle and evolutionary properties 

of the virus, and it can play its part in the development of new vaccines and diagnostic 

tools.   

In a preceding study, the antibody response against AR in GP4 upon PRRSV-

infection in pigs was studied, and the susceptibility of each AR to antibody-mediated 

neutralization was investigated by the use of peptide-purified antibodies (Vanhee et 

al., 2010).  A similar approach was used in the current study to characterize AR 

within all other envelope proteins of the EU prototype PRRSV strain Lelystad virus 

(LV).  The specificity of the serum antibody response against AR within E, GP2, 

GP3, GP4, GP5 and M was determined in LV-infected pigs.  Next, antibodies against 

every separate AR were purified and their virus-neutralizing capacity was determined.  

Finally, one AR in GP3 that was target for virus-neutralizing antibodies and induced 

antibodies in a majority of infected pigs was studied more extensively. 

 

MATERIALS AND METHODS 

Cell cultures and viruses 

Primary porcine alveolar macrophages (PAM) were obtained from four-week-old pigs from a 

PRRSV-negative herd as described earlier (Wensvoort et al., 1991).  The cells were cultivated 

in RPMI 1640, supplemented with 10 % fetal calf serum, 2 mM L-glutamine, 1 % non-

essential amino acids, 1 mM sodium pyruvate and a mixture of antibiotics at 37°C in a 

humidified atmosphere with 5% CO2.  The EU prototype PRRSV strain LV and the EU-type 

PRRSV field isolates 07V063 and 08V204 were used in this study.  07V063 was isolated 

from an aborted fetus, derived from a Belgian farm during an outbreak of PRRSV-associated 

reproductive disorders, while 08V204 was isolated from a Belgian farm from serum of eight-

week old healthy piglets that showed PRRSV-specific antibodies.  The viruses were 

propagated in PAM, derived from either gnotobiotic piglets when used for inoculation of 

animals or conventional piglets when used in virus-neutralization tests (LV: 5th passage, 

07V063: 2nd passage, 08V204: 3rd passage) (Vanhee et al., 2010; Wensvoort et al., 1991). 

ORF2-ORF6 sequences of the LV stocks and ORF3 sequences of the 07V063 and 08V204 

stocks were determined as formerly described (primer sequences are available upon request) 

(Vanhee et al., 2010). GP3, GP4, GP5 and M amino acid (aa) sequences of all LV stocks 

were identical to the sequences that are available in GenBank (accession number M96262), 

and the same was true for GP3 of 07V063 and 08V204 stocks (accession numbers GU737264 
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and GU737266).  The GP2 sequences of both LV stocks were identical to the GenBank 

sequence, except for a conserved aa change in the putative signal peptide at position 28 

(proline to serine).  

 

Experimental inoculation of animals and collection of serum and broncho-alveolar 
lavage fluid 

All pigs used in this study were offspring of hybrid sows (JSR Genepacker 90, English 

Landrace x Large White) and Piétrain boars.  The pigs were derived from a PRRSV-negative 

farm and the seronegative status of the animals was confirmed by IPMA (Labarque et al., 

2000).  At 14 weeks of age, the animals were intranasally inoculated with 106 TCID50 

PRRSV.  Eleven piglets (pig A - K) were inoculated with the PRRSV strain LV, blood was 

drawn at 0, 7, 14, 20, 26 and 31 days post inoculation (dpi), and sera were collected.  Six 

more piglets were inoculated with LV, of which sera were collected at either 52 dpi (pig L - 

N) or 141 dpi (pig O - Q) to maximize the chance of identifying slowly developing antibody 

populations.  The different time points of end serum collection were randomly assigned to the 

animals, without pre-selecting in any way.  LV-inoculated pigs A, B, E, I and K were 

euthanized at 45 dpi by intravenous injection of an overdose of Na-Pentobarbital 20% (Kela 

Laboratories) after which serum was collected and lungs were isolated.  Broncho-alveolar 

lavage (BAL) fluids were collected from the right lung by flushing with 120 mL PBS 

(Labarque et al., 2003).  In addition to LV, two times six pigs were inoculated with either 

PRRSV strain 07V063 (pig 7A – 7F) or 08V204 (8A – 8F), and sera were collected at 45 dpi. 

Sera and BAL fluids were heat-inactivated (56°C, 30 min) and stored at -70°C before use.   

 

Pepscan analysis and peptide ELISA 

Pepscan analysis with porcine serum and peptide ELISA with purified antibodies, porcine 

serum or BAL fluid was essentially performed as described earlier (Vanhee et al., 2010).  Sets 

of overlapping dodecapeptides with an offset of 4 and an overlap of 8 aa were designed, based 

on the complete sequences of GP2, E, GP3, GP4, GP5 and M of LV, and the GP3 aa 49-76 

region of 07V063 and 08V204.  Biotinylated peptides (BioTides) were chemically 

synthesized by JPT Peptide Technologies, using the SPOT synthesis approach on cellulose 

membranes.  Synthesis was performed using a capping step after each amino acid coupling to 

enable biotinylation of target peptide only, which allows selective immobilization of correct 

peptides in streptavidin-coated plates.  A selected number of peptides were applied to liquid 

chromatography–mass spectrometry analysis to substantiate proper technical synthesis 

performance and identity.  Streptavidin-coated 96-well plates (VWR International) were 

coated with 0.1 µg of BioTides in PBS with 0.5% Tween-20, washed, and blocked with 1% 
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bovine serum albumin (R&D systems) in 0.5% Tween-20.  Test samples (porcine sera, 

purified antibodies or BAL fluids) were diluted in blocking buffer and incubated on the 

peptide-coated plates.  Sera were diluted 1/100 or used in two-fold serial dilutions, BAL 

fluids were used in two-fold serial dilutions, and purified antibodies were used in a 

concentration of 25 µg/mL.  Serum dilutions and antibody concentrations were chosen in such 

a way that clear specific signals and minimal background signals were obtained, based on 

preliminary experiments.  After incubation with the test samples, plates were washed and 

incubated with an optimal dilution of peroxidase-conjugated goat-anti-swine polyclonal 

antibodies (Jackson ImmunoResearch), after which they were washed and developed with a 

substrate solution of tetramethylbenzidine and H2O2 (R&D systems).  The reaction was 

stopped after 10 min with 1M H2SO4, and the optical density at 450 nm (OD450) was 

measured.  All wash steps were performed with PBS with 0.5% Tween-20, and all incubation 

steps were carried out at room temperature for 1h.   

Serum or protein A-purified antibodies from a PRRSV-negative pig were included as 

negative control for sera or peptide-purified antibodies, and PBS was used as control for BAL 

fluids.  OD450 values obtained with test samples at a certain peptide were always expressed 

relative to the OD450 value obtained with the negative control sample at the same peptide 

(OD450 sample/negative, OD450 s/n).  In pepscan analysis, the mean OD450 s/n over all 

peptides within a protein was calculated.  If the OD450 s/n at a certain peptide was more than 

2 times the mean over all peptides within the same protein, the signal was considered specific.  

In peptide ELISA on a limited number of peptides, an OD450 s/n > 2 was considered a 

specific signal. 

 

Purification of peptide-specific serum antibodies 

Purification of peptide-specific serum antibodies was performed by peptide affinity 

chromatography as described before (Vanhee et al., 2010).  Sera with the highest amounts of 

antibodies of interest were chosen to maximize purification yields.  1 mg of a 12-mer peptide 

(>80% purity, JPT Peptide Technologies) was covalently coupled to a N-

hydroxysuccinimide-activated sepharose column (HiTrap NHS-activated HP, GE Healthcare), 

following the manufacturer’s instructions.  Heat-inactivated serum was clarified by 

centrifugation, the pH was adapted with 200 mM Na2HPO4 (pH 7.0), and the serum was 

filtrated over a 0.2 µm filter.  After equilibration of the column with 20 mM Na2HPO4 (pH 

7.0), serum was run over it and the column was subsequently washed with 20 mM Na2HPO4 

buffer.  When no more protein could be detected by spectrophotometry at 278 nm in the wash 

fractions, peptide-specific antibodies were eluted from the column with 0.1 M glycine (pH 
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2.7) and collected in 1M Tris (pH 8.0).  Elution fractions that contained protein, as measured 

by spectrophotometry at 278 nm, were pooled, dialyzed against PBS and stored at -70°C. 

 

Single-replication virus-neutralization test on PAM 

Single-replication virus-neutralization test on PAM was performed as described earlier 

(Vanhee et al., 2010). Two-fold serial dilutions of peptide-specific serum antibodies, sera or 

BAL fluids were mixed with equal volumes of PAM-grown virus (either LV, 07V063 or 

08V204) resulting in a final titre of 105 TCID50/mL, and in case of neutralization with purified 

antibodies, a final antibody concentration range of 400 - 13 µg/mL.  Protein A-purified 

antibodies from a serologically PRRSV-negative pig, negative serum or PBS were included as 

mock condition in neutralization tests with purified antibodies, sera or BAL fluids 

respectively.  Virus-antibody mixtures were incubated for 1h at 37°C and transferred to a 96-

well plate (100 µL/well) with PAM (105 cells/well) that were cultivated during 48h prior to 

use.  The inoculum was removed after 1h and replaced by medium, after which the cells were 

further incubated for another 10h, fixed by drying, and stored at -20°C.  The cells were 

stained for PRRSV infection with mAb 13E2 (Van Breedam et al., 2011) against the 

nucleocapsid protein of PRRSV and peroxidase-conjugated goat-anti-mouse polyclonal 

antibodies (Dako), followed by development with 3-amino-9-ethylcarbazole.  The number of 

infected cells in each well was counted in three fields at 200x magnification, and expressed 

relative (%) to the mean number of infected cells for all mock conditions within the same 

experiment.  Neutralization experiments with peptide-purified antibodies were performed in 

fourfold.  The relative % of infected cells was analyzed by 2-way analysis of variance, 

followed by Bonferoni post-tests to determine statistically significant differences between 

treatment and mock antibody conditions for a given antibody concentration.  P<0.01 was 

chosen as level of statistical significance.  Statistical analysis was performed using GraphPad 

Prism version 5.0a.  Neutralization experiments with sera and BAL fluids were performed in 

duplicate, and titres were determined as the reciprocal of the highest dilution that resulted in 

more than 50% reduction of infected cells. 

 

RESULTS 

Reactivity of LV antisera with linear peptides of all envelope proteins 

Seventeen PRRSV-negative piglets were inoculated with LV at the age of six weeks, 

and all pigs showed viremia during two to four weeks (data not shown).  To determine 

the reactivity of serum with linear dodecapeptides covering all envelope proteins upon 

infection with LV, a pepscan analysis was performed on GP2, E, GP3, GP4, GP5 and 
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M with a 1/100 dilution of sera that were collected at 31 (n=11), 52 (n=3) or 141 

(n=3) dpi.  Thirty-nine peptides in total within GP2, GP3, GP4, GP5 and M were 

recognized by one or more sera, while no peptides of the E protein were recognized 

by any of the samples.  Peptide reactivity patterns of individual animals are available 

as supplementary data.  Reactive peptides were grouped into antigenic regions (AR) 

of 12 to 38 amino acids (aa) based on reactivity of individual sera with successive 

overlapping dodecapeptides (Table 1). Five AR were defined in GP2, eight in GP3, 

one in GP4, four in GP5 and three in the M protein.  Four of these AR are encoded by 

overlapping coding regions: GP2-V (ORF2/ORF3) and GP3-VII, GP3-VIII and GP4-I 

(ORF3/ORF4).  Thirteen AR (GP2-IV, GP3-I, GP3-II, GP3-III, GP3-IV, GP3-V, 

GP3-VIII, GP4-I, GP5-I, GP5-III, GP5-IV, M-I and M-II) were recognized by at least 

2 sera and were selected for further study.  The remaining AR, that only induced 

antibodies in one out of seventeen pigs were not included in further experiments, 

since it is questionable whether these can be considered relevant AR or epitopes.  AR 

GP2-II was only recognized by serum of one pig, collected at 141 dpi, but because of 

the interesting position of this region in the N-terminal end of the putative ectodomain 

of the GP2 protein, this region was exceptionally also selected for further analysis 

(Dokland, 2010).  Within the selected AR, a core of 12 aa was defined by the peptide 

that showed reactivity with the highest number of sera, or in case of an equal number 

of reactive sera, by the peptide that gave the strongest signals in pepscan.  As an 

exception, the cores of AR GP3-III and GP3-IV were defined as peptide 22 and 25 

respectively to avoid overlap between AR.  The selected AR and their core peptides 

are indicated in bold in Table 1. The AR that was found in GP4 has already been 

extensively studied for EU-type PRRSV, and was included in the current study as 

gold standard (Claassen, 2005; Costers et al., 2010a; Costers et al., 2010b; 

Meulenberg et al., 1997; Oleksiewicz et al., 2001; Oleksiewicz et al., 2005; Vanhee et 

al., 2010). 

 
° Table legend: Seventeen LV-antisera were tested for reactivity with linear dodecapeptides 
in the envelope proteins GP2, GP3, GP4, GP5 and M in pepscan analysis, and reactive 
peptides were grouped into antigenic regions (AR).  For each AR, the number of reactive pigs 
out of 17 is given, together with the numbering, amino acid sequence and positioning of the 
peptides that define the AR.  References are given for AR that have earlier been identified by 
the use of mAbs (in italics) or porcine antisera, in either EU- or NA-type viruses (* = 
described as non-neutralizing epitope, ** = described as neutralizing epitope).  AR that were 
recognized by at least 2 pigs, as well as AR GP2-II, were selected for further study (bold).  
Core sequences within these AR are indicated in bold. 
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Table 1.  Antigenic regions in GP2, GP3, GP4, GP5 and M of LV.° 

Protein AR # reactive 
pigs (of 17) 

Peptide Amino acid sequence (position) Previously described 
(in EU- or NA- type virus) 

GP2 GP2-I 1 1 MQWGHCGVKSAS (1-12)  

 GP2-II 1 9 PYCLGSPSQDGY (33-44) 
   10 GSPSQDGYWSFF (37-48) 

Oleksiewicz et al. (2002) (EU) 
de Lima et al. (2006) (NA) 

 GP2-III  1 23 KHPLGMFWHMRV (89-100)  

 GP2-IV 2 30 EHSGQAAWKQVV (117-128) Oleksiewicz et al. (2002) (EU) 
de Lima et al. (2006) (NA) 

 GP2-V 1 51 FRQWLISVHASI (201-212)  

GP3 GP3-I 13 14 ICMPCSTSQAAR (53-64) 
   15 CSTSQAARQRLE (57-68) 
   16 QAARQRLEPGRN (61-72) 

Oleksiewicz et al. (2001) (EU) 
Oleksiewicz et al. (2002) (EU) 
de Lima et al. (2006) (NA) 
Zhou et al. (2006) (NA) 

 GP3-II 12 18 PGRNMWCKIGHD (69-80) 
   19 MWCKIGHDRCEE (73-84) 
   20 IGHDRCEERDHD (77-88) 
   21 RCEERDHDELLM (81-92) 

Oleksiewicz et al. (2001) (EU) 
Oleksiewicz et al. (2002) (EU) 
Van Breedam et al. (2011) (EU)* 
de Lima et al. (2006) (NA) 
Zhou et al. (2006) (NA) 

 GP3-III 2 22 RDHDELLMSIPS (85-96) 
   23 ELLMSIPSGYDN (89-100) 

de Lima et al. (2006) (NA) 
Zhou et al. (2006) (NA) 

 GP3-IV 2 24 SIPSGYDNLKLE (93-104) 
   25 GYDNLKLEGYYA (97-108) 

de Lima et al. (2006) (NA) 
Zhou et al. (2006) (NA) 

 GP3-V 5 27 GYYAWLAFLSFS (105-116) Zhou et al. (2006) (NA) 

 GP3-VI 1 36 QFICAEHDGHNS (141-152)  

 GP3-VII 1 46 EWLRPLFSSWLV (181-192)  

 GP3-VIII 2 62 KFPSESRPNVVK (245-256) 
   63 ESRPNVVKPSVL (249-260) 

Oleksiewicz et al. (2000) (EU) 

GP4 GP4-I 17 13 DINCFRPHGVSA (49-60) 
   14 FRPHGVSAAQEK (53-64) 
   15 GVSAAQEKISFG (57-68) 
   16 AQEKISFGKSSQ (61-72) 
   17 ISFGKSSQCREA (65-76) 

Meulenberg et al. (1997) (EU)** 
Oleksiewicz et al. (2001) (EU) 
Costers et al. (2010) (EU)** 
Vanhee et al. (2010) (EU)** 
de Lima et al. (2006) (NA) 

GP5 GP5-I 3 9 DGNGDSSTYQYI (33-44) 
   10 DSSTYQYIYNLT (37-48) 
   11 YQYIYNLTICEL (41-52) 

Van Breedam et al. (2011) (EU)* 
Ostrowski et al. (2002) (NA)** 
Plagemann et al. (2002) (NA)** 
de Lima et al. (2006) (NA) 

 GP5-II 1 37 NFIVDDRGRVHR (145-156) Rodriguez et al. (2001) (EU)* 

 GP5-III 5 41 IVVEKLGKAEVD (161-172) 
   42 KLGKAEVDGNLV (165-176) 
   43 AEVDGNLVTIKH (169-180) 

Rodriguez et al. (2001) (EU)* 
Zhou et al. (2009) (NA) 

 GP5-IV 2 48 QPLTRTSAEQWEA (189-201) Oleksiewicz et al. (2002) (EU) 
Rodriguez et al. (2001) (EU)* 
de Lima et al. (2006) (NA) 
Zhou et al. (2009) (NA) 

M M-I 2 1 MGGLDDFCNDPI (1-12)  

 M-II 2 32 SASGNRAYAVRK (125-136) Oleksiewicz et al. (2002) (EU) 
   33 NRAYAVRKPGLT (129-140)  

 M-III 1 39 LVLGGKRAVKRG (153-164) Oleksiewicz et al. (2002) (EU) 
de Lima et al. (2006) (NA) 
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Virus neutralization by peptide-specific serum antibodies 

Peptide-specific antibodies against the core peptide of each separate AR were purified 

from polyclonal sera by peptide affinity chromatography. All purifications yielded 

positive protein fractions as measured by spectrophotometry at 278 nm, except for 

purification against peptide GP3.27, which was further omitted from this study.  

Peptide-purified antibody fractions were tested at a concentration of 25 µg/mL in 

peptide ELISA on the respective homologous and heterologous peptides to determine 

their specificity (Fig. 1). 

 

 
Figure 1.  Reactivity of peptide-purified antibodies with homologous and heterologous 
peptides in ELISA.  Peptide-purified antibodies against core peptides of AR in LV were 
tested in a concentration of 25 µg/ml in ELISA on the respective homologous (black) and 
heterologous (white) peptides. OD450 values obtained with test samples (s) were expressed 
relative to the OD450 obtained with protein A-purified antibodies from a PRRSV-negative 
pig (n) at the same peptide (OD450 s/n).  Groups of bars represent reactivity of single 
peptide-purified antibody fractions with peptides GP2.10, GP2.30, GP3.16, GP3.19, GP3.22, 
GP3.25, GP3.62, GP4.15, GP5.10, GP5.42, GP5.48, M.1 and M.33 (from left to right).   
 

All antibodies recognized the corresponding homologous peptide (black bars), 

although the ELISA signal obtained with the M.1-specific antibody fraction was 

clearly lower compared to the other antibody fractions, and also the GP2.30-specific 

antibodies showed some lower reactivity.  None of the antibodies clearly reacted with 

any of the respective heterologous peptides (white bars), further confirming their 

specificity, although antibodies against peptide GP3.62 showed rather high reactivity 

with heterologous peptides. 
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Peptide-purified antibodies were used in single-replication virus-neutralization tests 

on PAM to determine the effect of antibodies, specific to each AR on in vitro virus 

replication (Fig. 2).   

 

 
Figure 2.  Reduction of LV replication in PAM by peptide-specific antibodies.  Affinity-
purified serum antibodies against core peptides of AR in LV were used in single-replication 
virus-neutralization tests on PAM.  Antibody concentrations ranged between 13 µg/mL and 
200 or 400 µg/mL, depending on the purification yield.  The mean relative % infected cells of 
four experiments is given together with the standard error of the mean for each antibody 
concentration. Black symbols represent treatment antibody conditions, open symbols 
represent mock antibody conditions, and gray symbols represent neutralization by GP4.15-
specific antibodies. * = statistically significant difference between treatment and mock 
condition (P<0.01). 
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Serum antibodies against peptide GP4.15 were able to reduce viral replication in 

PAM in a dose-dependent manner in a similar way as previously described (Fig. 2, 

gray lines) (Vanhee et al., 2010).  Antibodies against peptide GP2.10, GP2.30, 

GP3.16 and GP3.62 were also able to reduce viral replication in PAM in a 

concentration-dependent manner (Fig. 2, black lines).  A significant reduction in viral 

replication was observed with antibody concentrations starting from 100 µg/mL for 

antibodies against GP2.10, GP2.30 and GP3.62, while GP3.16-specific antibodies 

already exerted a significant effect at 50 µg/mL (P<0.01). Antibodies against all other 

peptides did not influence viral replication in PAM in any concentration tested (Fig. 2, 

black lines).  Peptide-specific antibodies that did reduce viral replication never 

influenced viral infectivity as much as GP4-specific antibodies, although antibodies 

against peptide GP2.30 and GP3.62 were not tested in the highest concentration 

because of a low purification yield.   

 

Antibodies against AR GP3-I in serum and BAL fluid upon infection with LV 

Of the four newly identified AR that are target for neutralizing antibodies, only GP3-I 

induced antibodies in a majority of LV-infected pigs (Table 1).  The antibody 

response against this AR upon infection was further evaluated and compared with the 

antibody response against the well-characterized AR GP4-I (Vanhee et al., 2010).  

 

 
Figure 3.  Serum reactivity of LV-infected pigs with antigenic region GP3-I and GP4-I 
at different time points post inoculation.  Sera of 11 LV-infected pigs, collected at different 
time points post inoculation, were tested in peptide ELISA on peptides 14, 15 and 16 of either 
GP3 or GP4.  OD450 values obtained with test samples were considered to be specific when 
they exceeded 2 times the OD450 value obtained with mock serum at the same peptide.  The 
number of reactive pigs at each time point is given for the different peptides of the ARs (full 
lines: GP3-I, dashed lines: GP4-I).  
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Sera of 11 LV-infected pigs (A – K), collected at 0, 7, 14, 20, 26 and 31 dpi, were 

tested in a 1/100 dilution in ELISA with peptides GP3.14, GP3.15 and GP3.16 within 

AR GP3-I, and peptides GP4.14, GP4.15 and GP4.16 within AR GP4-I.  OD450 s/n 

values of 2 or more were considered positive, and the number of positive pigs per 

time point is given for each peptide in Fig. 3.  The earliest antibody response against 

AR GP3-I (full lines) was observed at 14 dpi in one pig, while 10/11 animals showed 

reactivity with one or more peptides of this AR at 26 dpi.  Antibodies against peptide 

GP3.16 were detected earlier and in more animals than antibodies against peptide 

GP3.14 and GP3.15, sustaining the choice of peptide 16 as core of AR GP3-I.  

Antibodies against AR GP4-I (dashed lines) were detected in one pig at 7 dpi, in more 

than half of the pigs at 14 dpi and in all animals at 20 dpi, with peptide GP4.16 as 

main target within this AR.  Subsequently, BAL fluids were collected from lungs of 

pig A, B, E, I and K at 45 dpi, and virus-neutralizing antibody titres were determined 

by single-replication virus-neutralization test on PAM.  Antibody titres in BAL fluids 

were compared with titres in the serum at the same time point (Table 2).   

 
Table 2.  Neutralizing antibody titres and ELISA titres against antigenic region GP3-I 
and GP4-I in sera and BAL fluids of LV-infected pigs at 45 dpi. 

Pig Sample VN titre (log2) Peptide ELISA titre (log2) 

                 GP3      GP4 

   14 15 16 14 15 16 

A Serum 5.0 < 3.3 6.6 10.0 10.0 10.0 13.3 
 BAL 1.6 < 3.3 < 3.3 3.3 3.3 3.3 6.6 

B Serum 7.0 < 3.3 10.0 6.6 10.0 10.0 10.0 
 BAL 4.6 < 3.3 3.3 3.3 3.3 3.3 3.3 

E Serum 3.0 < 3.3 10.0 10.0 6.6 10.0 10.0 
 BAL < 1.0 3.3 3.3 3.3 3.3 3.3 3.3 

I Serum 4.6 3.3 10.0 10.0 13.3 13.3 13.3 
 BAL 1.0 < 3.3 3.3 3.3 3.3 3.3 6.6 

K Serum 4.0 < 3.3 10.0 10.0 13.3 13.3 10.0 
 BAL 1.0 < 3.3 < 3.3 3.3 6.6 3.3 6.6 

Sera and BAL fluids of pig A, B, E, I and K were collected at 45 days post inoculation with 
LV. Virus-neutralizing (VN) antibody titres (log2) were determined by single-replication 
virus-neutralization test on PAM.  Serum and BAL fluid reactivity with peptides 14, 15 and 
16 of both GP3 and GP4 was quantified by peptide ELISA with ten-fold serial dilutions (s) of 
serum or BAL fluid.  Serial dilutions of a negative (n) serum or BAL fluid sample were 
included , and titres (log2) were determined as the reciprocal of the highest dilution for which 
an OD450 s/n of 2 or more was observed. 
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Virus-neutralizing antibodies were detected in BAL fluids from all but one animal, 

and these titres were lower than in sera.  Next, antibody titres against peptides 14, 15 

and 16 of both GP3 and GP4 were determined with ten-fold serial dilutions of sera 

and BAL fluids in ELISA.  All sera and BAL fluids contained antibodies against both 

AR, and antibody titres against AR GP4-I were always equal or higher than GP3-I-

specific antibody titres.  Also here, antibody titres were higher in sera than in BAL 

fluids. 

 

Investigation of AR GP3-I in PRRSV field isolates 07V063 and 08V204 

It was shown so far that AR GP3-I of LV induces antibodies in a majority of infected 

pigs on the one hand, and that this AR is target for virus-neutralizing antibodies on the 

other hand.  To investigate whether this is true for EU-type PRRSV strains other than 

LV, two Belgian PRRSV field isolates, 07V063 and 08V204, were selected.  These 

viruses respectively show 89.0% and 84.5% GP3 aa homology with LV, and are 

81.5% homologous to each other.  The aa sequences of AR GP3-I are given for LV, 

07V063 and 08V204 in Fig. 4 (GenBank M96262.2, GU737264.1 and GU737266.1).  

 

 
 

Figure 4.  Amino acid sequence alignment of antigenic region GP3-I of  LV, 07V063 and 
08V204.   GP3 amino acids 49-76 of LV, 07V063 and 08V204 are given, and the positions of 
peptides 13-17 are indicated.  Dots represent identical residues, the box indicates AR GP3-I, 
and the gray sequences indicate the core peptides of the AR for each virus (LV: peptide 16, 
07V063 and 08V204: peptide 15). 
 

Reactivity of 07V063 and 08V204 antisera with peptides in AR GP3-I  

Six antisera against either 07V063 (pig 7A – 7F) or 08V204 (pig 8A – 8F), collected 

at 45 dpi, were used in a 1/100 dilution in ELISA on peptide 13-17 of GP3 of the 
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respective homologous virus (Table 3). Sera of LV-infected pigs A, B, E, I and K, 

collected at 45 dpi, were also included. 

 

Table 3.  Reactivity of LV , 07V063 and 08V204 antisera with antigenic region GP3-I of 
homologous virus. 

Inoculum Pig GP3 peptides of homologous virus,  
recognized by serum in peptide ELISA (OD450 s/n  > 2) 

  14 15 16 

LV A - ✚ ✚ 

            B - ✚ ✚ 

 E - ✚ ✚ 

 I - ✚ ✚ 

 K - ✚ ✚ 

07V063 7A - ✚ - 
 7B - ✚ - 
 7C - - - 
 7D - ✚ ✚ 

 7E - ✚ - 
 7F - ✚ - 

08V204 8A ✚ ✚ - 
 8B ✚ ✚ - 
 8C ✚ ✚ ✚ 

 8D ✚ ✚ - 
 8E - ✚ ✚ 

 8F ✚ ✚ ✚ 

Antisera against LV (pig A, B, E, I and K), 07V063 (pig 7A-7F) and 08V204 (pig 8A-8F) 
were tested in peptide ELISA on GP3 peptides 14, 15 and 16 of homologous viruses.  Sera 
were diluted 1/100 and OD450 values were determined at each peptide for test samples (s) 
and a negative control serum (n).  Signals were considered positive when the OD450 s/n ratio 
was 2 or more. 
 

All five LV antisera recognized both GP3 peptides 15 and 16 of the homologous 

virus, while peptide 14 was not recognized.  Sera of 5/6 07V063-inoculated pigs 

showed reactivity with peptide 15 of 07V063 GP3, and one of these sera also showed 

reactivity with peptide 16. The remaining 07V063 antiserum did not react with any of 

the peptides within AR GP3-I of the homologous virus.  All 08V204 antisera reacted 

with peptide 15 of the 08V204 AR GP3-I.  Three of these sera showed additional 

reactivity with peptide 14, one with peptide 16, and the two remaining sera with both 

peptide 14 and 16.  None of the LV, 07V063 or 08V204 antisera showed reactivity 

with peptide 13 or 17, flanking the AR (not shown).  From this, it was clear that all 

three virus strains induced antibodies against peptides in AR GP3-I.  However, in 
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contrast to LV in which peptide 16 was considered the core of AR GP3-I, peptide 15 

was considered the core of AR GP3-I of both 07V063 and 08V204, since this peptide 

was recognized by the highest number of animals. 

 

Virus neutralization by peptide-specific serum antibodies against AR GP3-I of 
07V063 and 08V204 

Antibodies against peptide GP3.15 of 07V063 (CLTSQAASQRLE) or 08V204 

(CLTSQAAKQRLE) were purified from corresponding polyclonal sera, and the 

specificity of purified antibody fractions was confirmed by peptide ELISA.  

Subsequently, the antibodies were used in single-replication virus-neutralization tests 

on PAM with homologous virus.  Antibodies against peptide 15 in GP4 of 07V063 

and 08V204 were previously described to neutralize homologous virus, and were 

included here as a positive control for virus neutralization (Fig. 5, gray lines) (Vanhee 

et al., 2010). Similar to neutralization of LV by antibodies against GP3.16 (Fig. 3), 

antibodies against GP3.15 of 07V063 and 08V204 reduced replication of the 

respective homologous virus strain in a dose-dependent manner (Fig 5, black lines).  

A clear and significant reduction in viral replication was observed with antibody 

concentrations starting from 50 µg/mL for both virus strains. 

 

 

Figure 5.  Reduction of 07V063 or 08V204 replication in PAM by antibodies against 
peptide GP3.15 of the corresponding virus.  Affinity-purified serum antibodies against 
peptide GP3.15 of either 07V063 or 08V204 were used in single-replication virus-
neutralization tests on PAM with the respective homologous virus.  Antibody concentrations 
ranged between 13 µg/ml and 400 µg/ml.  The mean relative % infected cells of four 
experiments is given together with the standard error of the mean for each antibody 
concentration.  Black symbols represent treatment antibody conditions, open symbols 
represent mock antibody conditions, and gray symbols represent neutralization by antibodies 
against peptide GP4.15 of the corresponding virus strain. * = statistically significant 
difference between treatment and mock condition (P<0.01). 
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 DISCUSSION 

The specificity of the antibody response upon PRRSV infection has been studied 

frequently in the past, either at the level of proteins, antigenic regions (AR) or linear 

epitopes.  Some studies covered most or all envelope proteins, while others focused 

on a limited selection of viral proteins.  In the current study, the antibody response 

against linear AR within the entire set of envelope proteins was investigated in pigs 

upon infection with the EU prototype PRRSV strain LV.  Twenty-one AR in total 

were recognized by serum of one or more pigs, either at 31, 52 or 141 dpi.  A majority 

of these AR was recognized by sera collected at 31 dpi, indicating that the antibody 

repertoire against linear AR at that time point was largely representative for the 

repertoire at later time points post infection.  Remarkably, a considerable number of 

AR was recognized by no more than one pig, and it is questionable whether these 

sequences can be considered relevant AR or epitopes.  From the remaining AR, only 

GP4-I was recognized by sera of all animals. This AR was described earlier as a 

hypervariable region that strongly induces antibodies in pigs, at least for different EU-

type PRRSV strains (Oleksiewicz et al., 2001; Vanhee et al., 2010).  Furthermore, AR 

GP3-I and GP3-II were recognized by a majority of the animals, while the remaining 

AR in GP3 and all AR in GP2, GP5 and M were recognized by not more than five out 

of seventeen animals.  These results match to a large extent with findings of 

Oleksiewicz et al. (2002) that showed a high reactivity of EU-type PRRSV antisera 

with ‘epitope sites’ corresponding to AR GP4-I, GP3-I and GP3-II.  NA-type PRRSV 

strains also induce antibodies against these three AR, but in a study of de Lima et al. 

(2006) AR GP4-I did not seem to be immunodominant, and AR other than GP3-I, 

GP3-II and GP4-I showed equal or higher immunogenicity (de Lima et al., 2006; 

Zhou et al., 2006).  In addition to AR GP3-I, GP3-II and GP4-I, a high number of the 

remaining AR within LV also correspond to earlier described epitopes in other virus 

isolates of both the EU and NA genotype.  It is known that regions corresponding to 

AR GP2-II, GP2-IV, GP5-III, GP5-IV and M-III of both EU- and NA-type PRRSV 

are able to induce antibodies in pigs, while AR GP3-VIII and M-II were described 

earlier to induce antibodies for EU-type PRRSV, and GP3-III, GP3-IV, GP3-V and 

GP5-I for NA-type viruses (de Lima et al., 2006; Oleksiewicz et al., 2002; 

Oleksiewicz et al., 2000; Ostrowski et al., 2002; Plagemann et al., 2002; Rodriguez et 

al., 2001; Zhou et al., 2006; Zhou et al., 2009).  Despite the high genetic variability of 
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PRRSV, the antigenicity of the viral proteins seems relatively well conserved, even at 

highly variable sites. The antigenicity of certain regions in the envelope proteins is 

probably more dependent on conserved structural characteristics of the protein than 

on the exact aa sequence of the particular AR.  This was suggested earlier for GP4-I, 

but now seems to suit for other AR as well (Vanhee et al., 2010).  Remarkably, a 

large number of AR identified in this study is situated in GP3.  The GP3 ectodomain 

contains a considerable number of highly conserved cysteine residues and N-

glycosylation sites, indicating that this protein shows a strictly ordered conformation 

that is conserved amongst PRRSV strains.  Within the highly organized GP3 

ectodomain, a large hydrophilic region is present that is not occupied by glycans.  

Interestingly, this particular region turned out to determine a long antigenic stretch 

that can be subdivided into five distinct linear AR (GP3-I to GP3-V), comprising the 

more immunogenic AR GP3-I and GP3-II. 

For all AR that were recognized by sera of two animals or more, as well as for AR 

GP2-II, it was determined whether antibodies against the core peptide were able to 

influence in vitro virus replication in PAM.  Antibodies specific for peptide GP2.10 

(AR GP2-II), GP2.30 (GP2-IV), GP3.16 (GP3-I), GP3.62 (GP3-VIII) and GP4.15 

(GP4-I) reduced in vitro virus replication in PAM in a dose-dependent manner, while 

none of the other antibodies influenced virus replication in any concentration tested.  

Although the antibody response against GP2 was poorly studied in the past, the AR 

GP2-II and GP2-IV have already been described for both EU- and NA-type PRRSV 

(de Lima et al., 2006; Oleksiewicz et al., 2002).  However, GP2 was never associated 

with virus neutralization, and the identification of two neutralizing epitopes in this 

protein shows the value of studying the antigenicity of the ‘minor’ PRRSV envelope 

proteins.  Antibodies against AR GP2-II and GP2-IV were only found in sera of 1 and 

2 animals respectively, and for the former only at 141 dpi, indicating that the 

neutralizing antibody response against these AR upon infection is probably of minor 

importance. Further investigation is needed to determine whether these AR can be 

made more immunogenic in view of induction of GP2-specific neutralizing 

antibodies.   

AR GP3-I showed similar sensitivity to antibody-mediated neutralization as the AR in 

GP2.  However, it is clear from this and other studies that a majority of PRRSV-

infected pigs develop antibodies against this AR, albeit rather late post infection (de 

Lima et al., 2006; Oleksiewicz et al., 2002; Zhou et al., 2006).  GP3 has been 
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associated with virus neutralization in the past, and it has been speculated that an 

‘epitope site’ covering AR GP3-I and GP3-II is involved in functional interactions 

with the host cell, suggesting that antibodies against this site might have some 

neutralizing capacity (Cancel-Tirado et al., 2004; Oleksiewicz et al., 2002).  

However, this is the first study that offers direct evidence that antibodies against AR 

GP3-I reduce viral infectivity in vitro, and thus have the potential to contribute to 

protection in vivo.  AR GP3-I is situated immediately upstream of GP3-II, and both 

AR show similar immunogenicity.  It is however clear from reactivity of individual 

pigs with peptides of either GP3-I or GP3-II that these are distinct AR, which was 

suggested earlier in other studies (de Lima et al., 2006; Oleksiewicz et al., 2002; Zhou 

et al., 2006). Antibodies against peptide GP3.19 within AR GP3-II did not influence 

viral infectivity in vitro, in accordance to a study of Van Breedam et al. (2011) in 

which mAbs against this peptide did not reduce viral replication in PAM. 

In addition to GP3-I, AR GP3-VIII in the C-terminal end of the protein also showed 

some susceptibility to antibody-mediated virus neutralization.  This AR is however 

situated in the putative endodomain of GP3 and should thus not be accessible for 

antibodies (Dokland, 2010).  One possible explanation for this apparent contradiction 

is that the antibody fraction obtained by purification against peptide GP3.62 was not 

sufficiently pure.  This antibody fraction showed remarkably high reactivity with 

other peptides, and it cannot be ruled out that remnant antibodies against other AR, 

for example strongly neutralizing GP4-specific antibodies, were responsible for the 

observed neutralizing effect.  Unfortunately, a lack of appropriate sera and weak 

purification yields did not allow further investigation of this issue.  Another 

possibility however is that, contradicting with topology prediction models, this part of 

GP3 is indeed exposed at the virion surface, and in that case the AR would be 

accessible for neutralizing antibodies.  In any case, a neutralizing antibody response 

against AR GP3-VIII would not be expected to be of major significance, since it 

seems that this AR in LV is not at all highly immunogenic.  Interestingly, Oleksiewicz 

et al. (2000) have shown that the corresponding region in a Danish EU-type isolate 

shows high immunogenicity in pigs on the one hand, but that viruses with deletions in 

this region easily survive in the population on the other hand.  While the predicted 

GP3 ectodomain seems antigenically well conserved, the antigenicity of the C-

terminal endodomain is clearly more strain-dependent.  This is sustained by the fact 

that all AR in the ectodomain of GP3 identified here are also present in NA-type 
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PRRSV, while this is not the case for AR GP3-VIII (de Lima et al., 2006; Zhou et al., 

2006). 

Compared to the neutralizing capacity of GP4-specific antibodies, antibodies against 

AR GP2-II, GP2-IV, GP3-I and GP3-VIII were clearly less potent to reduce viral 

infectivity in vitro. The difference in neutralizing capacity of antibodies against 

different AR at a similar concentration can be explained in two ways.  On the one 

hand, different AR can show different susceptibility to antibody-mediated 

neutralization, inherent to the position and/or function of this AR in the virion.  This 

would then mean that even high concentrations of antibodies with maximal affinity 

for the AR would never be able to exert a strong neutralizing effect.  On the other 

hand, the peptide-purified antibodies used in this study may have a suboptimal 

affinity and consequently show limited neutralizing capacity.  It is well possible that 

B-cell populations specific for certain AR have not undergone optimal affinity 

maturation yet upon single infection at the time points of serum collection.  

Furthermore, a core of 12 aa was defined for an entire AR, while it can not be ruled 

out that certain linear AR are part of broader discontinuous or conformation-

dependent epitopes.  Whether there exists any potential to obtain stronger neutralizing 

antibodies against GP2 or GP3 is subject for further research, but it is clear from the 

current study that AR GP2-II, GP2-IV, GP3-I and GP3-VIII are at least partially 

susceptible to antibody-mediated virus neutralization.   

In contrast to GP2, GP3 and GP4, none of the AR in GP5 and M were susceptible to 

antibody-mediated virus neutralization, although it should be mentioned that purified 

antibodies against AR M-I showed only low affinity for the corresponding peptide in 

ELISA.  It was not unexpected that AR GP5-III and GP5-IV were not susceptible to 

neutralization, since these AR are situated in the predicted endodomain of the protein, 

and since it is known that mAbs against the corresponding regions in both EU- and 

NA-type viruses are not neutralizing (Dokland, 2010; Rodriguez et al., 2001; Zhou et 

al., 2009).  The lack of neutralization that was observed with antibodies against AR 

GP5-I is however more controversial.  The corresponding region in NA-type GP5 was 

described earlier as the ‘primary neutralizing epitope’ of PRRSV, and GP5 is 

generally considered the main target for virus-neutralizing antibodies (Plagemann et 

al., 2002).  Several GP5-specific mAbs exist that are able to reduce viral infectivity of 

NA-type PRRSV strains, and one of these is directed against AR GP5-I (Ostrowski et 

al., 2002; Pirzadeh & Dea, 1997; Zhang et al., 1998).  Furthermore, correlations 
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between serum antibody responses against AR GP5-I of NA-type viruses and 

seroneutralization titres have been described (Ostrowski et al., 2002; Plagemann et 

al., 2002).  While it is clear that antibodies against GP5-I can be formed upon 

infection with NA-type PRRSV, de Lima et al. (2006) however showed that the 

immunogenicity of this AR is not exceptionally high.  For EU-type PRRSV, a 

neutralizing epitope has also been identified in GP5, but it is crucial to emphasize that 

this epitope is not the same as the one that is described for NA-type PRRSV, and that 

it does not correspond at all to AR GP5-I (Ostrowski et al., 2002; Wissink et al., 

2003).  The neutralizing epitope in EU-type GP5 is located upstream of AR GP5-I, 

and is in fact only susceptible to antibody-mediated neutralization in the context of an 

in vitro selected virus phenotype that has never been observed in vivo (Wissink et al., 

2003).  No other neutralizing epitopes have been described in GP5 of EU-type 

PRRSV to date.  Furthermore, it was recently described that mAbs directed against 

AR GP5-I of LV are not able to influence virus infectivity in PAM, even at high 

concentrations (Van Breedam et al., 2011).  This is in line with the results from the 

present study, and sustains the idea that although antibodies against AR GP5-I in NA-

type PRRSV may be able to reduce viral infectivity, this is not the case for LV and 

possibly neither for other EU-type viruses.  This discrepancy can currently not be 

explained, but it is very well possible that the structural properties of the GP5 protein 

vary amongst virus strains, leading to different antigenic properties of this protein.  

Since AR GP3-I and GP4-I were both immunogenic and target for neutralizing 

antibodies, the serum antibody response against these AR was further studied.  While 

antibodies against GP4-I appeared relatively fast upon infection in a majority of the 

animals, it clearly lasted longer for most animals to develop antibodies against AR 

GP3-I.  Moreover, antibody titres in end sera and BAL fluids against GP3-I were 

invariably lower than against GP4-I.  Although most pigs are able to develop 

antibodies against both AR, GP4-I clearly shows the highest immunogenicity in the 

context of infection.  There is evidence from recent studies that AR GP4-I is 

susceptible to antibody-mediated selective pressure in vivo, and its high variability 

confirms that aa changes in this region are generally well tolerated by the virus 

(Costers et al., 2010a; Costers et al., 2010b; Drew et al., 1997; Hanada et al., 2005; 

Oleksiewicz et al., 2005).  One might speculate that the high immunogenicity of this 

region is at the expense of the immunogenicity of other, more conserved neutralizing 

epitopes, which would offer the virus an evolutionary advantage.  Although it can feel 
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contradictory that a decoy epitope is associated with protective immunity, a 

neutralizing epitope for which the emergence of antibody-escape mutant viruses 

within the quasispecies population is easily allowed, can perfectly act as decoy for 

neutralizing epitopes in which aa changes are less frequently tolerated.  For NA-type 

PRRSV, it was suggested that GP5 contains a non-neutralizing decoy epitope that 

compromises the immunogenicity of the neutralizing epitope corresponding to AR 

GP5-I of LV (Ostrowski et al., 2002).  The current study however shows no evidence 

for either the presence of such a decoy epitope in GP5 of LV or the susceptibility of 

AR GP5-I to antibody-mediated neutralization.  EU- and NA-type PRRSV probably 

evolved separately during a considerable amount of time, and it is not unlikely that 

both genotypes developed different immune evasion strategies (Murtaugh et al., 

2010). 

Earlier studies, in particular the studies of de Lima et al. (2006) and Oleksiewicz et al. 

(2001 and 2002) have provided large maps of antigenic regions that are capable of 

inducing antibodies in infected pigs.  However, these authors did not investigate the 

neutralizing capacity of epitope-specific antibodies.  The approach that was used in 

the current study to characterize AR, consisting of pepscan analysis with porcine 

antisera, followed by neutralization tests with peptide-purified serum antibodies, was 

successfully used in the past to characterize AR in GP4, and allows the study of AR 

against which no mAbs are available (Vanhee et al., 2010). Furthermore, the use of 

primary cells, homologous virus that has not been adapted to cell culture and 

antibodies from the natural host in neutralization tests maximizes the in vivo relevance 

of the results.  Although caution is needed when relating in vitro virus neutralization 

with in vivo protection, it seems reasonable to expect that neutralizing antibodies as 

detected here can contribute to protective immunity in pigs.  The detection of 

antibodies specific for AR GP3-I and GP4-I in BAL fluids of infected animals 

confirms that neutralizing antibodies are present at the major site of viral replication, 

where they may contribute to viral clearance. 

Considering the development of new generation PRRSV vaccines that aim to induce 

virus-neutralizing antibodies, AR GP3-I in particular shows some interesting 

properties.  Antibodies against this AR in LV, but also against the corresponding 

region in the EU-type field isolates 07V063 and 08V204, are able to reduce viral 

infectivity, and a large majority of pigs seems able to develop GP3-I-specific 

antibodies upon infection.  Further studies should address to what extent the 
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sensitivity of this AR to antibody-mediated neutralization is conserved amongst a 

broader range of PRRSV strains.  Since different viruses induced antibodies against 

different peptides within AR GP3-I, it is currently not clear how this AR can be more 

generally defined.  Furthermore, it is not known to which extent structural properties 

of the entire protein determine the antigenic properties and immunogenicity of AR 

GP3-I.  This information will be essential for subunit vaccine development, and to be 

able to determine antigenic cross-reactivity between virus strains at the level of this 

epitope. 

AR GP3-I is genetically relatively well conserved, especially compared to AR GP4-I 

(Drew et al., 1997; Forsberg et al., 2001; Oleksiewicz et al., 2002; Zhou et al., 2006).  

However, it is not clear to what extent this AR is well conserved because it fulfills an 

important function for the virus, or because no strong selective pressure was present 

on this region during PRRSV evolution.  In case variability in this sequence is 

functionally restricted, targeting the antibody response towards this AR would be an 

appropriate strategy, because the viability of virus mutants that escape antibody-

mediated neutralization at the level of this AR will be largely compromised, and 

escape-mutant viruses will rarely survive.  If the aa sequence of this region is however 

less essential for the virus viability, targeting the immune response towards this AR 

would enhance the selective pressure, and create a driving force in the evolution of 

this particular region, similar to what happens in AR GP4-I (Costers et al., 2010a; 

Costers et al., 2010b).  Hence, it should be thoroughly investigated to what extent the 

virus can tolerate aa changes in certain AR before considering vaccine development.  

This can be done by cultivating the virus in vitro in the presence of epitope-specific 

neutralizing antibodies while monitoring the appearance of antibody-escape mutant 

viruses, as earlier described for the neutralizing epitope in GP4 (Costers et al., 2010a).  

More generally, a vaccine against a rapidly evolving RNA virus that exists as a 

quasispecies population should always aim to stimulate as many different protective 

immune mechanisms as possible to minimize the risk of emergence of virus variants 

that escape the host’s immune system. 

Many experimental vaccines based on one or more PRRSV envelope proteins have 

been developed and tested with variable success (Kimman et al., 2009).  Because GP5 

is often considered the major target for PRRSV protective immunity, the main focus 

was put on this protein in subunit vaccine development for a long time.  It becomes 

however more and more clear that other envelope proteins also contain important 
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determinants of protective immunity, and it is encouraging to notice that recent 

studies also consider the minor envelope proteins for subunit vaccine development 

(Jiang et al., 2007; Jiang et al., 2008; Music & Gagnon, 2010; Oleksiewicz et al., 

2002).  Some of these studies indicated the involvement of GP2 and GP3 in clinical 

and virological protection, although it was not assessed to what extent this protective 

effect could be attributed to stimulation of the GP2- and GP3-specific neutralizing 

antibody response (Cao et al., 2010; Li et al., 2009; Plana Duran et al., 1997; Wang et 

al., 2009; Welch et al., 2004). 

The current study aimed to characterize linear AR in the entire set of envelope 

proteins of LV, and new targets for both non-neutralizing and neutralizing antibodies 

were identified.  This work provides new insights into PRRSV antigenicity, and 

contributes to knowledge on protective immunity and immune evasion strategies of 

the virus. 
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° Table legend: Seventeen six-weeks old piglets were intransally inoculated with LV and 
serum was collected at 31 (pig A-K), 52 (pig L-N) or 141 dpi (pig O-Q).  Serum reactivity 
with linear dodecapeptides in the envelope proteins GP2, GP3, GP4, GP5 and M of LV was 
tested in pepscan analysis.  Sera were diluted 1/100 and OD450 values were determined at 
each peptide for test samples (s) and a negative control serum (n).  The signal at a particular 
peptide was considered positive if the OD450 s/n was at least 2 times the mean OD450 s/n 
obtained with the same sample over all peptides of the same protein.  For each pig, all 
peptides are given that were recognized by the serum in pepscan analysis. 
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Supplementary table.  Serum reactivity of LV-infected pigs with linear dodecapeptides 
in GP2, GP3, GP4, GP5 and M.° 

Pig Dpi LV peptides recognized by serum in pepscan  
(OD450 s/n > 2 x mean OD450 s/n) 

  GP2 GP3 GP4 GP5 M 

A 31  23 
46 

14,15,16 11 
41,42,43 

 

B 31 23 
30 
51 

15 
19 
62,63 

14,15,16 10  

C 31  19 16,17 42,43 
48 

 

D 31  14,15,16  
19 

14,15,16 37  

E 31  16 
19 
24,25 

15,16  39 

F 31  16 15,16   

G 31  19 14,15,16   

H 31  14,15,16 
18,19 
62 63 

14,15,16  32,33 

I 31  15,16 
22,23 
36 

14,15,16 41,42,43  

J 31   15,16 41,42,43  

K 31  16 
19 

13,14,15,16 48 32,33 

L 52  15,16 
19 
24 
27 

14,15,16   

M 52 30 15,16 
18,19,20,21 
27 

15,16 41,42,43  

N 52  15,16 
19 
27 

14,15,16 9  

O 141  15,16 
27 

15,16  1 

P 141 9,10 16 
19 

14,15,16  1 

Q 141 1 15,16 
19 
27 

15   
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PRRSV replicates extensively and often persists for a long time in its host.  The virus 

establishes its survival and spread by evading and manipulating protective immunity in 

several ways.  The results presented in this thesis deal with one particular hallmark of 

PRRSV-specific immunity: the poor development of a robust virus-neutralizing 

antibody response upon infection or vaccination in pigs.   

The weak immunogenicity of PRRSV neutralizing antigens can be explained in many 

ways (cf. § 1.3.1).  It is well known that structural properties of the viral envelope 

proteins, such as the presence of N-glycans and the presence of putative decoy epitopes, 

can influence the immunogenicity of neutralizing antibody targets.  On the other hand, 

the polarization of the antibody response can also result from interactions of the virus 

with the innate immune system, detrimental effects on the adaptive cell-mediated 

immune response and eventually also from virus-induced polyclonal B-cell activation.  

While structural determinants that influence the development of virus-neutralizing 

antibodies are strictly dependent on virion morphology, the interaction of PRRSV with 

the innate and adaptive immune response is often depending on viral replication (cf. § 

1.2.1). Thinking of deleterious effects of PRRSV replication on the development of a 

protective immune response, the question arises to which extent inactivation of the virus 

would overcome the poor development of virus-neutralizing antibodies.  Chapter 3 of 

this thesis addressed this question by immunizing naïve piglets with different 

experimental inactivated PRRSV vaccines and evaluating the virus-specific and virus-

neutralizing antibody response upon vaccination and subsequent challenge.   

When this work was initiated, certain information was available on the involvement of 

different envelope proteins in antibody-mediated neutralization, and neutralizing 

epitopes had been identified in EU-type GP4, and in both EU- and NA-type GP5.  

However, the in vivo relevance of these epitopes in the context of infection in pigs was 

not fully elucidated.  In addition, several data pointed to the presence of more yet 

unidentified neutralizing antibody targets in the PRRSV envelope proteins (cf. § 1.3.2).  

Hence, there existed a large need for a broader knowledge on the antigenic 

characteristics of the PRRSV proteins, together with better insights into the involvement 

of the different viral proteins in the PRRSV neutralizing antibody response in pigs.  

Chapter 4 in this thesis further explored antigenic properties of the viral envelope 

proteins.   

To conclude this work, the research results from this thesis are summarized and 

discussed in a broader context, regarding PRRSV protective immunity and immune 

evasion, viral evolution and future vaccine development. 
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5.1 IMPLICATIONS FROM VACCINATION STUDIES WITH 
INACTIVATED PRRSV 

For vaccination experiments outlined in Chapter 3, virus was inactivated by the use of 

formerly optimized inactivation protocols for which it was suggested that they 

optimally conserve the antigenic properties of the viral envelope proteins (Delrue et 

al., 2009).  Indeed, such inactivation procedures inactivate the viral genome without 

affecting viral entry into alveolar macrophages, which indicates that the structure and 

function of the envelope proteins are not or only limitedly affected, and thus that the 

antigenic properties of the virus are likely to a large extent conserved.  In addition to 

the use of optimized inactivation protocols, it was decided to vaccinate with high 

doses of inactivated virus, and to administer the virus in combination with different 

adjuvants, since both factors are general prerequisites to induce adequate immune 

responses using killed virus.  Immunization of pigs with inactivated PRRSV 

systematically induced a fast and strong virus-specific antibody response that was 

boosted by a second immunization and by challenge with virulent virus.  In contrast, 

the virus-neutralizing antibody response was only poorly stimulated by immunization 

with inactivated PRRSV.  Vaccination in combination with different kinds of 

adjuvants did only result in a priming of the virus-neutralizing antibody response, 

while no such antibodies were induced by immunization in itself.  The use of one 

particular adjuvant resulted in induction of virus-neutralizing antibodies after two 

immunizations, but this antibody response was still much weaker than the global 

virus-specific antibody response.  These experiments clearly showed that the antibody 

response upon exposure of naïve pigs to inactivated PRRSV is strongly polarized, 

similar as seen upon infection with virulent virus.  Taken together, the poor 

immunogenicity of neutralizing antigens seems to a large extent intrinsic to structural 

properties of the virion, rather than depending on viral replication mechanisms.     

This being said, the experiments in Chapter 3 still led to the development of an 

experimental inactivated PRRSV vaccine that is capable of inducing virus-

neutralizing antibodies, and offers certain virological protection against homologous 

challenge, in contrast to the registered inactivated vaccines that do not induce any 

antibodies at all, and are only poorly protective (Scortti et al., 2007; Zuckermann et 

al., 2007).  Since inactivated vaccines are generally safe and adaptable to different 

virus strains, the experimental inactivated vaccine that was developed in this thesis 
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was further improved and evaluated by other researchers at the Laboratory of 

Virology  (Uladzimir Karniychuk & Marc Geldhof).   

The capacity of the experimental inactivated vaccine to stimulate the virus-

neutralizing antibody response is likely depending on a number of elements: 

(1) The use of a high antigenic load is an important prerequisite for the induction of 

neutralizing antibodies.  This is sustained by own vaccination experiments, using 

inactivated PRRSV vaccines that contain different doses of viral antigen (results not 

included in this thesis).  These experiments showed that reducing the viral load in 

inactivated vaccines does not much affect the capacity to induce virus-specific 

antibodies, but strongly influences the capacity to induce neutralizing antibodies.  

(2) In addition, the outcome of both the virus-specific and virus-neutralizing antibody 

response seems highly dependent on the choice of adjuvant.  Interestingly, the 

adjuvant that was capable of inducing the best virus-neutralizing antibody response 

was not the most potent in stimulating the global antibody response, suggesting that 

certain adjuvants favour to some extent the development of virus-neutralizing 

antibodies above non-neutralizing antibodies.  Adjuvants can differ in a number of 

properties, regarding physical presentation of antigen, preferential stimulation of 

certain arms of the immune system, targeting antigen to specific immune cells, 

inducing short-term or long-term depot effects, etc. (Cox & Coulter, 1997).  Since the 

polarization of the PRRSV-specific antibody response is poorly understood to date, it 

is difficult to functionally explain the observed differences in adjuvant performance. 

(3) Finally, the way in which the virus is inactivated can influence antigenic 

properties of the viral proteins, and thus the outcome of the antibody response.  As 

discussed above, virus was inactivated according to procedures that are thought to 

largely preserve antigenic properties of the virus (Delrue et al., 2009).  However, 

since structurally intact (infectious) virions are poorly capable of inducing virus-

neutralizing antibodies, it can be questioned whether conservation of the natural 

antigenic properties of PRRSV is the most ideal approach when aiming to improve 

the virus-neutralizing antibody response.  Presenting neutralizing antigens to the 

immune system in a context that maximizes their immunogenicity is probably of 

better choice than leaving these antigens in their poorly immunogenic context of the 

virion structure.  Therefore, a better knowledge on neutralizing antibody targets in 

PRRSV is necessary, together with better insights into the factors that 

determine/hamper their immunogenicity in pigs. 
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5.2 ANTIGENIC PROFILING OF PRRSV 
In Chapter 4 of this thesis, antigenic properties of the PRRSV envelope proteins were 

studied, while dealing with a number of shortcomings met by earlier antigenicity 

studies.  Firstly, equal attention was paid to all known envelope proteins, ‘major’ or 

‘minor’, and without making any presumptions on their antigenic properties.  

Furthermore, one single virus strain, the EU prototype LV, was used throughout this 

study, and one set of antisera was used for antigenic profiling of the entire proteome.  

Finally, and maybe most importantly, the experimental setup was optimized in view 

of studying antigenic regions (AR) with high reliability towards the in vivo situation: 

AR with potential immunogenicity in the natural host were identified by pepscan 

analysis using antisera of infected pigs.  Subsequent virus neutralization tests were 

performed on alveolar macrophages, the primary host cell type for PRRSV, with 

antibodies derived from porcine antisera.  In the end, potentially interesting AR 

identified in LV were further investigated in recent field virus isolates, to estimate 

their universality and in vivo relevance.  Also, antibodies against such AR were 

detected in BAL fluids of infected pigs, to confirm their presence at the primary site 

of virus replication.   

Nevertheless, this research was restricted to the study of linear antigenic regions 

and/or linear parts of conformation-dependent epitopes.  The study of conformational 

epitopes relies on highly sophisticated techniques, and requires a good knowledge on 

structural properties of the viral proteins, which is unfortunately lacking for PRRSV 

(Gershoni et al., 2007).  While linear epitope mapping indisputably contributes to 

PRRSV antigenic profiling, conformation-restricted antibody targets are most likely 

overlooked. 

 
5.2.1 ANTIBODY TARGETS IN THE PRRSV ENVELOPE PROTEINS 

An overview of the AR that were identified and characterized in this thesis is given 

through Fig. 1-6.  The aa sequences of all LV envelope proteins are given with 

putative topology features and post-translational modifications according to § 1.1.3.  

AR are denoted in the sequences by boxes.  Green boxes represent AR that are not 

susceptible to antibody-mediated virus neutralization, while red boxes indicate 

neutralizing AR.  Yellow boxes represent AR that were very poorly immunogenic, 
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and for which the susceptibility to neutralization was not assessed.  = glycan;  S-S 

= disulphide linkage between M and GP5. 

 

 
 
Figure 1.  LV GP2 amino acid sequence with antigenic regions, topology features and 
posttranslational modifications.   
 

Five linear AR were identified in GP2 by the use of porcine antisera in pepscan 

analysis.  One AR in GP2 was situated in the putative signal peptide, and another one 

in the transmembrane helix.  Although the susceptibility of these AR to antibody 

neutralization was not assessed, it can be expected from their location that those are 

no targets for neutralizing antibodies.  Conversely, the two AR in the putative GP2 

ectodomain for which the susceptibility to neutralization was investigated both turned 

out to determine neutralizing epitopes.  One AR lying in between these two 

neutralizing AR was not investigated, but since this region is also situated in the 

ectodomain, it cannot be excluded that this is a neutralizing antibody target as well.  

In conclusion, GP2 of LV contains at least two linear neutralizing epitopes in its 

ectodomain.  However, this protein seems to be poorly immunogenic, since only one 

or two out of seventeen infected pigs developed antibodies against each of the 

identified AR, and two AR were only recognized by sera that were collected at 

several months upon infection.  Interestingly, despite their poor immunogenicity, both 
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neutralizing antibody targets in GP2 were described earlier to be capable of inducing 

antibodies in pigs, both for EU and NA type PRRSV strains (de Lima et al., 2006; 

Oleksiewicz et al., 2002).   

 

 
Figure 2.  LV E amino acid sequence with topology features. 

 

No antibodies against the short E protein of LV were detected in any of the sera by 

pepscan analysis.  

 

 
 

Figure 3.  LV GP3 amino acid sequence with antigenic regions, topology features and 
posttranslational modifications.   
 

Eight AR were identified in LV GP3: six in the putative ectodomain, one in the 

transmembrane domain, and one in the endodomain.  The first AR in the GP3 
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ectodomain was susceptible to antibody-mediated neutralization, while the three AR 

downstream were no target for neutralizing antibodies.  The fifth AR in this broader 

antigenic domain was not characterized, since peptide-specific antibodies could not be 

purified against this sequence.  This region may hence be part of a discontinuous or 

conformational epitope, rather than determining a distinct linear epitope.  

Interestingly, this sequence was recognized in ELISA by serum antibodies that were 

purified against the neutralizing AR in GP3 (data not shown), indicating that both 

these linear AR together may determine a more complete conformational epitope.  

The sixth AR further downstream in the ectodomain was not characterized because of 

its low immunogenicity, and the same was true for the AR in the transmembrane 

region.  Surprisingly, the AR in the GP3 endodomain seemed susceptible to virus 

neutralization, which is contradictory to its predicted position in the protein.  It can be 

speculated that the topology of GP3 as represented here is not correct, and that the C-

terminus of the protein is actually at the exterior of the virion surface.  On the other 

hand, the purified antibody fraction against this AR was not sufficiently pure, and it is 

not excluded that the observed virus neutralization by antibodies against this region is 

a false positive result. 

From the results of this thesis, GP3 turned out to be the most antigenic protein of the 

entire LV envelope proteome.  More particularly, a stretch of 64 aa in the GP3 

ectodomain seemed to determine one long antigenic domain that can be subdivided 

into five distinct AR.  This domain corresponds with the most hydrophilic part of the 

protein and is not occupied by N-glycans, which can explain the large antigenicity of 

this region (de Lima et al., 2006; Oleksiewicz et al., 2002).  It is clear from other 

studies that both EU- and NA-type PRRSV infection generally leads to an antibody 

response against this part of the GP3 ectodomain, including the neutralizing AR that 

was identified here (de Lima et al., 2006; Oleksiewicz et al., 2002; Zhou et al., 2006).  

Furthermore, several indications exist in literature that are in favour of involvement of 

NA-type GP3 in virus neutralization (cf. § 1.3.2).  In particular, it was recently shown 

that the fourth glycosylation in NA-type GP3 affects the induction of virus-

neutralizing antibodies, and hampers neutralization of NA-type virus by homologous 

and heterologous sera (including LV-antisera), indicating that GP3 may contain a 

conserved neutralizing epitope (Vu et al., 2011).  Taken together, the GP3 

ectodomain (or certain parts of it) seems a valuable antigen to include in new 

generation PRRSV vaccines, as discussed in § 4.2 and further in this chapter. 
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Figure 4.  LV GP4 amino acid sequence with antigenic regions, topology features and 
posttranslational modifications.   
 

Two AR have been identified in the GP4 ectodomain in this thesis.  One of these 

showed a very low immunogenicity and did not seem to be target for virus-

neutralizing antibodies.  The other AR in GP4 however was the most immunogenic 

from all regions that were identified in the envelope proteins.  All animals 

consistently produced antibodies against this epitope, and compared to the antibody 

response against the most immunogenic region in GP3, antibodies against GP4 

appeared systematically faster and in higher amounts.  Earlier studies already 

demonstrated the high immunogenicity of this GP4 epitope for EU-type strains, but 

remarkably, this epitope does not seem to be highly immunogenic in NA-type strains 

(de Lima et al., 2006; Oleksiewicz et al., 2001).  

The immunogenic region in GP4 of LV was earlier shown to be a neutralizing epitope 

by the use of mouse mAbs, and this was further substantiated here by the use of 

peptide-specific serum antibodies (Costers et al., 2010a; Meulenberg et al., 1997).  

Apart from being the most immunogenic epitope identified in this thesis, this AR also 

showed the highest susceptibility to antibody-mediated virus neutralization, compared 

to the neutralizing epitopes in GP2 and GP3.  All together, GP4 seems the far most 

important inducer of virus-neutralizing antibodies upon infection with LV, at least 

when considering linear antibody epitopes. 

The GP3 and GP4 neutralizing epitopes described in LV were further investigated in 

two recent EU-type field isolates, and a comparable immunogenicity and 
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susceptibility to neutralization was observed.  This indicates that the involvement of 

GP3 and GP4 in virus neutralization is conserved amongst EU-type PRRSV strains.   

 

 
Figure 5.  LV GP5 amino acid sequence with antigenic regions, topology features and 
posttranslational modifications.   
 

Three linear AR were identified in the C-terminal endodomain of GP5.  Two of these 

AR were refractory to antibody neutralization, and although it was not demonstrated, 

it is expected that also the third one determines a non-neutralizing epitope.  The GP5 

ectodomain induced antibodies in a number of pigs as well, and these antibodies did 

not influence in vitro viral infectivity either, in line with an earlier study with LV 

GP5-specific mAbs (Van Breedam et al., 2011).  The short GP5 ectodomain is 

occupied with different N-glycans, and is linked by a cysteine-bridge to the M 

protein.  Since glycans and dimer formation probably compromise antibody 

accessibility to the fully processed protein, it is not so surprising that antibodies 

against the ectodomain do not neutralize the virus.  Although it is clear from this 

study and the results of Van Breedam et al. (2011) that the N-terminal part of the GP5 

ectodomain of LV does not contain a linear neutralizing epitope, the corresponding 

region in NA type GP5 was shown to be involved in virus neutralization (Ostrowski 

et al., 2002).  Even more, this region has been designated the ‘primary neutralizing 

epitope’ in PRRSV, and GP5 was considered the major PRRSV neutralizing antibody 

target for a long time (Gonin et al., 1999; Plagemann et al., 2002).  The results in this 

thesis, together with more recent literature data however urge for a strong 

reconsideration of the involvement of the different envelope proteins in virus 
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neutralization, particularly taking into account differences between virus strains and 

genotypes.     

GP5 of LV contains 2 N-glycans, but rapidly achieves a third glycosylation site 

during replication in vivo, indicating that this third glycan offers the virus an 

evolutionary advantage (Costers et al., 2010b).  Still, mAbs or peptide-specific serum 

antibodies against the LV GP5 ectodomain do not neutralize either the phenotype 

with 2 or 3 glycosylation sites, indicating that the acquisition of a third glycan is not 

related with immune evasion at the level of this antibody epitope in GP5 (data not 

shown and personal communication by Wander Van Breedam).  In contrast, N-

glycans in GP5 of NA-type PRRSV were shown to be involved in shielding of 

neutralizing epitopes, which fits with the knowledge that NA-type GP5 is a target for 

virus-neutralizing antibodies (Ansari et al., 2006; Faaberg et al., 2006; Vu et al., 

2011). 

 

 
Figure 6.  LV M amino acid sequence with antigenic regions, topology features and 
posttranslational modifications.   
 

To conclude, the M protein showed two AR in its endodomain.  Here again, one of 

these AR was no target for neutralizing antibodies, and also the second one is 

expected to determine a non-neutralizing epitope, inferred from its location.  The 

short ectodomain of M also induced antibodies in a number of pigs, but experiments 

in this thesis did not point to involvement of this region in virus neutralization, 

although it should be mentioned that the antibodies used to characterize this AR only 

showed weak affinity for their antigen.  Still, the close interaction of M with GP5 in 
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the native virion probably hinders antibody binding to the M ectodomain, favouring 

the idea that this protein does not serve as neutralizing antibody target. 

 

5.2.2 IMMUNOGENICITY OF ANTIGENIC REGIONS 

Twenty-two linear AR have been identified in the LV envelope proteins in this thesis.  

Despite this high number, the majority of the AR only induced antibodies in one or a 

few pigs at late time points post infection.  Some explanation for this rather surprising 

observation can be found when looking at the location of the AR within the structure 

of the PRRSV envelope proteins.  Firstly, a considerable amount of AR is situated in 

the endodomains of the proteins.  Although these structures can be exposed to the 

immune system after virus degradation or lysis of infected cells, they cannot make 

contact with B-cells in the context of assembled virions, which may to some extent 

explain their low immunogenicity.  The same is true for AR in putative signal 

peptides and transmembrane regions.  When looking at the putative ectodomains, the 

regions that are protruding out of the virion are short and/or highly glycosylated, and 

non-covalent or covalent complexes are formed in between the viral proteins.  Hence, 

linear protein structures that are highly accessible for B-cells are most likely very 

scarce on the PRRSV virion surface, which can explain the low number of 

immunogenic linear epitopes.  Further elaborating on these thoughts, it is worth to 

mention that the three AR with the highest immunogenicity are situated in hydrophilic 

parts of the rather long GP3 and GP4 ectodomains, just in between two N-

glycosylation sites.  These regions may be exposed at the virion surface, and may thus 

be relatively well accessible to B-cells, not much hindered by glycosylations or 

protein complex formation.  Logically, these AR should also be well accessible for 

antibody binding in the context of the virion, and from this point of view, it is not so 

surprising that two of these AR are target for virus-neutralizing antibodies.  Indeed, if 

certain regions in the PRRSV ectodomains can be recognized by B-cell receptors, 

these should also be well accessible to resulting antibodies, which is a primary 

prerequisite for being a neutralizing antibody target, as further discussed below. 
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5.2.3 INTERFERENCE OF ANTIBODIES WITH PRRSV REPLICATION 

As stated above, a general prerequisite for an AR to be target for neutralizing 

antibodies is that these antibodies can bind to it in the context of the native virion.  

Epitopes that are hidden in the conformation of the protein, or that are shielded by 

glycans, are likely refractory to antibody binding, and thus obviously also to 

antibody-mediated virus neutralization.  Once an antibody can bind to a certain 

epitope in the context of the virion however, neutralization becomes theoretically 

possible.  Virus neutralization can occur in a number of different ways, and a rough 

distinction can be made between neutralization by alteration of the virion structure, 

or neutralization by interference with virus-host cell interactions (Klasse & 

Sattentau, 2002; Reading & Dimmock, 2007).  In the former case, antibody binding 

leads to conformational changes in the target protein, destabilization of the virion, 

aggregation of virus particles, etc.  In the latter case, antibody binding does not alter 

structural properties of the virus, but blocks crucial steps in viral entry into the host 

cell, such as attachment, internalization, viral uncoating, etc.  Virus neutralization by 

interference with entry logically takes place in case the antibody binds to a viral 

ligand that is directly involved in virus-host cell interactions.  However, antibody 

binding to epitopes that are not directly involved in the entry pathway may also lead 

to interference with virus host-cell interactions, since the antibody can sterically 

hinder one or more essential receptor-ligand interactions.  Finally, binding of 

antibodies to pathogens can also lead to Fc-receptor-mediated phagocytosis, which 

is particularly important since neutralization tests in this study were performed on 

alveolar macrophages, which are specialized phagocytic cells.  Still, all neutralizing 

antibody fractions used in this thesis reduced viral infectivity in MARC-145 cells to a 

similar extent as in PAM (data not shown), indicating that virus neutralization at the 

different epitopes is not restricted to phagocytosis of antibody-coated virions. 

Delputte et al. (2004) showed that neutralizing porcine serum antibodies reduce 

PRRSV attachment and internalization in alveolar macrophages, but it was not 

investigated whether this effect results from direct antibody interactions with crucial 

viral ligands, from sterical hindrance, or from virion destabilization or aggregation.  

Results in this thesis indicate that GP4 is the strongest inducer of neutralizing 

antibodies against linear sequences in LV. This protein has been suggested to interact 

with the macrophage molecule CD163, which is a crucial entry mediator that is 
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probably involved in virus uncoating (Das et al., 2010; Van Gorp et al., 2008).  

However, it is very unlikely that the neutralizing epitope in EU-type GP4 is a direct 

ligand for CD163, or any other cellular receptor, since this epitope is extremely 

variable and easily allows the survival of antibody-escape mutant viruses (Costers et 

al., 2010a; Costers et al., 2010b; Darwich et al., 2011; Drew et al., 1997; Katz et al., 

1995; Oleksiewicz et al., 2000; Oleksiewicz et al., 2001) (own observations).  More 

obvious would be that GP4-specific neutralizing antibodies block infection in any of 

the aforementioned ways that do not involve interactions with conserved functional 

domains on the virus.  Conversely, the neutralizing epitopes identified in GP2 and 

GP3 are more conserved, indicating that these epitopes may correspond to more 

functional regions in the virus (Drew et al., 1997; Forsberg et al., 2001; Oleksiewicz 

et al., 2002; Zhou et al., 2006) (own observations).  Nevertheless, it remains to be 

determined in which way neutralizing antibodies against these proteins compromise 

viral infectivity.   

The minor PRRSV envelope proteins are likely present in the virus as non-covalently 

linked multimers, and electron-microscopic analysis indicates that these multimers 

protrude up to 10 nm out of the virion surface.  In contrast, M/GP5 complexes are 

visible as structures of only 2 nm, in line with the knowledge that the M/GP5 

ectodomains are much smaller than the ectodomains of the minor proteins (Dokland, 

2010; Spilman et al., 2009).   Taking into account the 50-60 nm diameter of the 

virion, binding of antibodies (with a length of about 12 nm, (Sandin et al., 2004)) to 

the minor proteins implies quite some spatial occupancy of the virion surface (Fig. 7).  

From this, it can be speculated that binding of antibodies to accessible epitopes in the 

minor envelope proteins will always to a certain extent influence viral infectivity, 

irrespective of potential involvement of these epitopes in virus host-cell interactions.  

From this point of view, virus neutralization would to a considerable extent depend on 

the accessibility of antibody epitopes at the virion surface, maybe more than on the 

functionality of these epitopes in viral entry.  In this train of thoughts, more 

immunogenic epitopes would have a larger chance of being target for neutralization, 

since the accessibility of a certain epitope generally correlates with immunogenicity.  

As discussed earlier, the most immunogenic (and thus accessible) regions identified in 

this thesis were target for neutralizing antibodies, further sustaining the idea that 

binding of antibodies to PRRSV envelope proteins as such may already be sufficient 

to obtain a certain degree of virus neutralization.   
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Figure 7: Representation of antibody binding to the minor PRRSV envelope protein 
ectodomains.  The virion (55 nm), minor envelope protein complexes (10 nm), M/GP5 
complexes (2 nm) and IgG antibodies (12 nm) are proportionally represented with 
respect to their size.     
 

It was recently shown that PRRSV binds to the macrophage internalization receptor 

sialoadhesin via sialic acids on the M/GP5 complex (Delputte & Nauwynck, 2004; 

Van Breedam et al., 2010).  Therefore, it is expected that antibodies binding to M or 

GP5 would (indirectly) interfere with this interaction, leading to virus neutralization.  

The observation that none of the M- or GP5-specific antibodies in this work were 

capable of reducing viral infectivity suggests that these antibodies can simply not bind 

their target in the context of the virion.  Interestingly, it has been shown that a certain 

mAb against GP5 of an EU-type PRRSV strain does not affect viral infectivity of 

wild type viruses, but neutralizes an in vitro selected virus variant in which the GP5 

ectodomain is enlarged by an amino acid change in the N-terminal signal sequence 

(Weiland et al., 1999; Wissink et al., 2003).  This further sustains the idea that, once 

an antibody can bind to the PRRSV virion surface, it will most likely influence viral 

infectivity.    
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5.2.4 PRRSV ANTIGENICITY FROM AN EVOLUTIONARY PERSPECTIVE 

From the idea that accessibility of the envelope protein ectodomains correlates with 

viral susceptibility to antibody-mediated neutralization, it is expected that viral 

evolution tends to minimize the number of accessible regions in the envelope proteins 

without affecting virulence.  As stated earlier, the PRRSV ectodomains are short 

and/or highly glycosylated, indicating that viral entry indeed evolved towards 

independency of largely exposed protein domains at the exterior of the virion.  In 

agreement with this, PRRSV attachment and internalization into macrophages takes 

place via interactions between the macrophage receptor sialoadhesin and sialic acids 

on the virus, probably not involving viral polypeptide sequences (Delputte et al., 

2007; Van Breedam et al., 2010).  Surprisingly however, the linear neutralizing 

epitope in the GP4 ectodomain of EU-type PRRSV seems to be strongly exposed at 

the virion surface, since this region is highly immunogenic, largely susceptible to 

neutralization, not occupied by glycosylations, and situated in a highly hydrophilic 

part of the protein.  This epitope is extremely variable amongst EU-type PRRSV 

strains, indicating that it is highly prone to antibody-mediated immune selection 

(Darwich et al., 2011; Drew et al., 1997; Katz et al., 1995; Meulenberg et al., 1997; 

Oleksiewicz et al., 2000; Oleksiewicz et al., 2001).  Indeed, Costers et al. (2010a) 

demonstrated that cultivation of PRRSV in the presence of GP4-specific neutralizing 

mAbs easily leads to in vitro selection of antibody-escape mutant viruses that have 

lost their susceptibility to neutralization by the mAbs.  The susceptibility of GP4 to 

antibody-mediated immune selection was recently further substantiated in vivo in our 

lab.  Viruses were isolated from vaccinated and challenged pigs that showed a 

recurrent viremia after initial viral clearance.  In most cases, these viruses showed 

amino acid changes in the GP4 neutralizing epitope, rendering them refractory to 

neutralization by autologous antiserum.  The emergence of such escape mutant 

viruses fully correlated with the presence of antibodies against the GP4 neutralizing 

epitope during the early phase of viral replication.  From this, it was concluded that 

the neutralizing epitope in GP4 of EU-type PRRSV is highly susceptible to antibody-

mediated immune selection, which underlies its large variability (Costers et al., 

2010b).  

In contrast with the high variability of the GP4 neutralizing epitope, the neutralizing 

epitopes in GP2 and GP3 are much more conserved.  This can easily be explained by 
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the fact that these epitopes are much less immunogenic and less susceptible to virus 

neutralization, which implies that the in vivo immune pressure on these epitopes is 

generally low or absent.  However, conservation of the neutralizing epitopes in GP2 

and GP3 may as well be attributed to potentially vital functions of these regions in 

viral replication, which would make them less susceptible to antibody-mediated 

selection as such.  In this case, it would be crucial for the virus to avoid the 

development of protective antibodies against these regions, since the fitness of the 

entire quasispecies population (in which all viable variants show similar sequences in 

these epitopes) would be compromised, and the emergence of antibody-escape mutant 

viruses would be very unlikely to occur.   

From an evolutionary point of view, the question can be raised why PRRSV tolerates 

the presence of a highly immunogenic neutralizing region in one of its envelope 

proteins, while (inferred from its extreme variability) this region seems functionally 

redundant.  A clue can be found in an immunological phenomenon, which is called 

‘deceptive imprinting’ (Nara & Garrity, 1998; Tobin et al., 2008).  Deceptive 

imprinting can be considered a for the virus beneficial manifestation of the more 

commonly known immunological event of ‘original antigenic sin’.  Original antigenic 

sin is referred to the tendency of an immune response to preferentially maturate 

against an initially encountered antigen, when exposed to a secondary antigen that 

only slightly differs from the primary antigen.  In other words, when a host is exposed 

to a certain antigen A, followed by exposure to a highly related but slightly different 

antigen B, the immune response triggered by this secondary exposure will 

preferentially consist of a boost against antigen A, at the expense of the development 

of a primary immune response against antigen B.   On the occurrence of deceptive 

imprinting in viral infections, the primary immune response is for the largest part 

directed against one or few immunodominant epitopes that are not involved in 

protection or only involved in type-restricted protection.  From then on, the scope of 

the immune response will be ‘fixed’ towards these epitopes, and upon subsequent 

infection with a closely related virus variant, or upon generation of quasispecies 

variants out of the initial infection, the development of an immune response against 

newly formed epitopes and subdominant protective epitopes will be weak or absent.  

The presence in PRRSV of an immunodominant epitope in GP4 to which the 

protective antibody response is highly type-restricted, together with the presence of 

more conserved, subdominant neutralizing epitopes in GP2 and GP3 largely fits 
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within this concept of deceptive imprinting.  Indeed, the earliest PRRSV-specific 

neutralizing antibodies would to a large extent be directed against one single variant 

of the GP4 neutralizing epitope, compromising the development of antibodies against 

emerging variants of the GP4 neutralizing epitope and more conserved neutralizing 

antibody targets during progressive infection.   

While GP4 of EU-type PRRSV seems to be a major inducer of virus-neutralizing 

antibodies, and is likely involved in deceptive imprinting of the antibody response, 

the situation seems to be completely different for NA-type PRRSV.  Antibodies 

against GP4 can be produced upon infection with NA-type virus, but the 

immunogenicity of this protein is clearly much weaker than for EU-type viruses, and 

no evidence exists to date that NA-type GP4 is target for neutralizing antibodies (de 

Lima et al., 2006; Kim & Yoon, 2008).  Conversely, GP5 of NA-type PRRSV 

contains a linear neutralizing antibody epitope, while this seems not to be true for LV 

GP5 (Ostrowski et al., 2002; Van Breedam et al., 2011).  Noteworthy, the GP5 

ectodomain shows a relatively high variability amongst NA-type viruses, while this 

region is more conserved amongst EU-type viruses (Indik et al., 2000; Key et al., 

2001; Pirzadeh et al., 1998) (own observations, together with Marc Geldhof and Jan 

Van Doorsselaere). This fits with the different level of immune pressure acting on this 

protein between both genotypes.  While antigenic profiling of NA-type PRRSV was 

beyond the scope of this thesis, it is of crucial importance to emphasize that EU- and 

NA-type PRRSV strains went through an entirely unconnected evolutionary process 

because of their strict geographical separation during decades (Murtaugh et al., 2010).  

This is undoubtedly reflected in large antigenic differences, and probably also in 

differences in immune evasion strategies exploited by both genotypes.   

 
5.2.5 IMPLICATIONS FOR VACCINE DEVELOPMENT 

The induction of virus-neutralizing antibodies is a major goal in PRRSV vaccinology, 

since it is known that such antibodies can contribute to viral clearance and clinical 

protection (Lopez et al., 2007; Osorio et al., 2002).  Furthermore, it is widely agreed 

that vaccination strategies should deal with the high variability of the virus, either by 

using broadly protective vaccines, or by adapting vaccines to emerging virus strains.  

Therefore, vaccination-induced virus-neutralizing antibodies should recognize the 

broadest repertoire of virus variants possible.  The current vaccines do not comply 

with this need: inactivated vaccines do not induce virus-neutralizing antibodies at all, 
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and neutralizing antibodies induced by attenuated vaccines are largely strain-specific 

(cf. § 1.4).  Furthermore, there exists no ready-made strategy to adapt the current 

vaccines to emerging virus strains.  Both types of commercial vaccines are essentially 

based on structurally unmodified virus particles, while it seems that the 

immunogenicity of conserved neutralizing antigens is far from optimal in this 

‘natural’ environment.  Therefore, new generation PRRSV vaccines should ideally be 

based on carefully selected protective antigens that are placed in a highly 

immunogenic context.   

Considering the linear antigenic regions that were studied in this thesis, it can easily 

be stated that the neutralizing epitope in GP4 is definitely not an attractive candidate 

to form the basis for a new generation of PRRSV vaccines, despite the fact that this 

epitope is highly immunogenic and largely susceptible to neutralization.  Inducing 

antibodies against this highly variable and evolutionary flexible region will only result 

in protective immunity against strictly homologous virus, and even then quasispecies 

variation is likely to allow the emergence of antibody-escape mutant viruses.  

Furthermore, if the neutralizing epitope in GP4 is indeed involved in deceptive 

imprinting as discussed above, including this epitope in a vaccine will rather be 

deleterious, since the development of a more broadly protective antibody response 

against subdominant epitopes will be suppressed.  The remaining neutralizing 

antibody targets that were described in this thesis, residing in GP2 and GP3, are much 

more conserved, and are therefore more attractive candidates for use in broadly 

protective PRRSV vaccines.  Unfortunately, these neutralizing antibody targets are 

only weakly immunogenic in the context of infection.  Neutralizing antibodies against 

GP2 only appear in a very small proportion of infected pigs, and although GP3-

specific neutralizing antibodies develop in a majority of pigs, their appearance is 

clearly delayed.  Therefore, a big challenge will exist in making these neutralizing 

epitopes much more immunogenic than they normally are in the context of infection.  

This may be achieved by modifying the environment of the epitope that would 

compromise its immunogenicity (for example by glycan removal), or more radically 

by ‘grabbing’ the epitope out of its natural context in the virion and placing it in a 

new environment that optimizes its immunogenicity.  When considering the use of 

certain epitopes in subunit vaccines, it should however be kept in mind that minimal 

conformational requirements are often needed to fully conserve the antigenic 

properties of a protein.  The GP3 ectodomain in particular contains a considerable 
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number of conserved cysteine residues and N-glycosylation sites, indicating that this 

protein is structurally highly organized (Forsberg et al., 2001; Oleksiewicz et al., 

2002).  The more since it is not excluded that certain linear antigenic regions 

described here are part of more conformation-dependent epitopes, the conservation of 

correct antigenic properties of (parts of) the viral proteins will be an important issue 

in PRRSV subunit vaccine development (Van Regenmortel, 2001).  An alternative 

strategy to enhance the immunogenicity of subdominant epitopes is ‘dampening’ 

immunodominant epitopes in the virion that are involved in deceptive imprinting.  

This approach has already been tested for a number of pathogens with alternating 

success, as comprehensively reviewed by Tobin et al. (2008).   

However, even if a strong antibody response can be induced against conserved 

neutralizing antigenic regions in GP2 and GP3, no matter how, it is still not 

guaranteed that these antibodies will show a strong neutralizing capacity.  Compared 

to GP4-specific antibodies, peptide-purified antibodies against GP2 and GP3 epitopes 

were only limitedly able to reduce viral infectivity in vitro, and it is not known yet 

whether this results either from low antibody affinity, or from an intrinsic low 

susceptibility of these epitopes to antibody neutralization.  In the latter case, it should 

unfortunately be concluded that no strongly neutralizing linear antibody targets are 

present at all in the EU-type PRRSV envelope proteins, except for the hypervariable 

epitope in GP4.  Still, also the induction of moderately neutralizing antibodies can be 

of value in the larger context of vaccination-induced protective immunity, together 

with additional protective immune mechanisms. 

Despite the fact that the GP2 and GP3 neutralizing epitopes are relatively well 

conserved to date, it cannot be excluded that these epitopes will gain variability once 

a strong selective pressure would be raised against them by vaccination.  Whether or 

not this is likely to occur depends on the level of functional restriction in these regions 

of the proteins.  In case these epitopes fulfil essential functions in the viral replication 

cycle, they will be largely refractory to antibody-mediated immune selection.  If 

changes in these regions however do not considerably compromise viral infectivity, 

the induction of a strong selective pressure by vaccination will drive the evolution of 

these epitopes, similar as for the neutralizing epitope in GP4.  When considering the 

use of newly identified neutralizing epitopes in subunit vaccines, the susceptibility of 

these epitopes to antibody-mediated immune selection should thus carefully be 

investigated.   At the same time, complementary studies on PRRSV entry, addressing 
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the involvement of the different envelope proteins in the viral replication cycle, are of 

great use for identifying the virus’ Achilles heel(s), towards which vaccination-

induced antibody immunity should ideally be directed.   
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5.3 CONCLUSIVE REMARK 
The work described in this thesis has created new insights into PRRSV B-cell 

antigenicity that can contribute to rational vaccine development.  However, many 

questions are still remaining, and much more research is needed to fully understand 

all aspects of the complex PRRSV-specific antibody response.  It should particularly 

not be forgotten that the development of a B-cell response is inextricably connected 

with innate immune factors and T-cell responses, and the results of this thesis should 

therefore be interpreted in a broader immunological context.  Besides, virus-

neutralizing antibodies are not the sole players in protection against PRRSV, and the 

search for other viral determinants of protective immunity should continue in parallel 

to the work on neutralizing antibody epitopes.  To ultimately deal with this rapidly 

evolving and immune-evasive virus, only the induction of a broad and powerful 

immune response, involving as much protective immune mechanisms as possible, 

may pave the road to success.   
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SUMMARY 
Porcine reproductive and respiratory syndrome virus (PRRSV) causes reproductive 

failure in sows and boars, and is involved in the porcine respiratory disease complex, 

causing huge economical losses to the swine industry.  Despite the development and 

broad implementation of vaccines, the virus could not be eradicated, and the high 

variability and fast evolution of the virus compromises the efficacy of the current 

vaccines in the field.  Since PRRSV engages a complex interaction with the host’s 

immune system, and exploits several strategies to evade protective immunity, the 

development of new and better PRRSV vaccines is highly relying on a good 

understanding of the virus-specific immune response.  The general goal of this work 

was to create new insights into one particular hallmark of PRRSV-specific immunity, 

namely the weak virus-neutralizing antibody response upon infection or vaccination 

in pigs, in sharp contrast with the robust non-neutralizing antibody response.  

Chapter 1 summarizes the current literature on general aspects of the virus and the 

disease, PRRSV-specific immunity, and PRRSV vaccines. Furthermore, the current 

knowledge on the PRRSV-specific neutralizing antibody response is extensively 

discussed.  In Chapter 2, the particular problem underlying the work in this thesis is 

described, and a number of aims are stated.  The next two chapters consist of research 

results addressing these aims.  In Chapter 3, it was investigated to which extent 

virus-neutralizing antibodies can be induced by immunization of pigs with inactivated 

PRRSV.  This study addresses the question whether the poor development of virus-

neutralizing antibodies is dependent on structural properties of the virus, or rather on 

replication-dependent mechanisms.  Experimental vaccines were produced, based on 

formerly optimized virus inactivation procedures and by using a number of different 

adjuvants.  Vaccination of PRRSV-negative piglets systematically led to a strong 

virus-specific antibody response, but the virus-neutralizing antibody response was 

very weak or absent, indicating that the poor immunogenicity of neutralizing antibody 

targets in PRRSV is to a large extent inherent to the structural properties of the virus.  

Still, vaccination with a high dose of inactivated PRRSV in combination with one 

particular adjuvant induced virus-neutralizing antibodies, and provided a certain level 

of protection against viremia upon infection.  These results formed the basis for 

further vaccine research at the Laboratory of Virology.  Chapter 4 deals with the 

identification of non-neutralizing and neutralizing antibody targets in the European 
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prototype PRRSV strain Lelystad virus (LV).  In a first study (§ 4.1), the antibody 

response against linear epitopes in the GP4 protein was investigated.  It was found 

that antibodies are to a large extent produced against one particular region of this 

protein that was earlier described as neutralizing antibody target.  Since this region is 

highly variable, the antibody response against GP4 was also investigated for other 

virus strain.  The conclusion of this study was that the variable region in GP4 of EU-

type PRRSV induces neutralizing antibodies upon infection in pigs, but only against 

strictly homologous virus.  In a second study (§ 4.2), the antibody response against 

the entire set of envelope proteins (GP2, E, GP3, GP4, GP5 and M) upon infection 

with LV was investigated.  Twenty-one antigenic regions were identified that are 

capable of inducing antibodies in pigs.  Peptide-purified antibodies against four 

antigenic regions turned out to reduce in vitro virus replication.  In addition to the 

known neutralizing epitope in GP4, two neutralizing antibody targets were identified 

in GP2, and one in GP3.  No neutralizing epitopes were found in E, GP5 and M.  

Since the neutralizing epitope in GP3 was one of the more immunogenic regions, the 

antibody response against this epitope was investigated more extensively in different 

virus strains.  Taken together, it can be concluded from Chapter 4 that four linear 

neutralizing antibody targets are present in the LV envelope proteins: two weakly 

immunogenic epitopes in GP2, one more immunogenic epitope in GP3, and one 

strongly immunogenic but highly variable epitope in GP4.  Chapter 5 provides a 

general discussion on the research data generated in this thesis.  In § 5.1, it is 

discussed what can be learned from the vaccination studies in Chapter 3. § 5.2 

summarizes the results from Chapter 4, and discusses them in a broader context.  

First, a synoptic visual overview is given of the non-neutralizing and neutralizing 

antibody targets that were identified in the viral envelope proteins.  Next, some 

hypotheses are presented on how neutralizing antibodies against different parts of the 

viral proteins may interfere with viral replication.  Subsequently, the current 

knowledge on PRRSV antigenicity is discussed in light of virus evolution, and some 

thoughts are made on how the high mutation rate and large variability of the virus 

may be involved in immune evasion.  To conclude, it is critically evaluated to which 

extent the data generated in this thesis can contribute to the development of new and 

better PRRSV vaccines. 
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SAMENVATTING 
Het porcien reproductief en respiratoir syndroom virus (PRRSV) veroorzaakt 

reproductiestoornissen bij zeugen en beren, en is betrokken bij het porcien respiratoir 

ziektecomplex, wat leidt tot enorme economische verliezen in de varkenshouderij.  

Ondanks de ontwikkeling en brede toepassing van vaccins kon het virus niet worden 

uitgeroeid, en de grote variabiliteit en snelle evolutie van het virus staan de 

werkzaamheid van de huidige vaccins in het veld in de weg.  Aangezien PRRSV een 

complexe interactie aangaat met het immuunsysteem van de gastheer en meerdere 

strategieën gebruikt om de beschermende immuniteit te ontwijken, is de ontwikkeling 

van nieuwe en betere PRRSV vaccins sterk afhankelijk van een goed inzicht in de 

virusspecifieke immuunrespons.  De algemene doelstelling van deze thesis was het 

creëren van nieuwe inzichten in één specifiek kenmerk van de PRRSV-specifieke 

immuniteit, namelijk de zwakke virusneutraliserende antistofrespons na infectie of 

vaccinatie in varkens, in scherp contrast met de robuuste niet-neutraliserende 

antistofrespons.  Hoofdstuk 1 geeft een samenvatting van de huidige literatuur over 

algemene aspecten van het virus en de ziekte, de PRRSV-specifieke immuniteit, en 

PRRSV vaccins.  Verder wordt de huidige kennis over de PRRSV-specifieke 

neutraliserende antistofrespons uitgebreid besproken.  In Hoofdstuk 2 wordt het 

specifiek probleem dat aan de basis ligt van deze thesis beschreven, en worden een 

aantal doelstellingen vooropgesteld.  De volgende twee hoofdstukken omvatten 

onderzoeksresultaten die aan deze doelstellingen tegemoetkomen.  In Hoofdstuk 3 

werd onderzocht in welke mate virusneutraliserende antistoffen kunnen worden 

geïnduceerd door immunisatie van varkens met geïnactiveerd PRRSV.  Deze studie 

komt tegemoet aan de vraag of de zwakke ontwikkeling van virusneutraliserende 

antistoffen afhankelijk is van structurele eigenschappen van het virus, of eerder van 

replicatie-afhankelijke mechanismen.  Experimentele vaccins werden aangemaakt op 

basis van eerder geoptimaliseerde virusinactivatiemethodes, en gebruik makend van 

een aantal verschillende adjuvantia.  Vaccinatie van PRRSV-negatieve biggen leidde 

telkens tot een sterke virusspecifieke antistofrespons, maar de virusneutraliserende 

antistofrespons was daarentegen erg zwak of afwezig, wat aangeeft dat de zwakke 

immunogeniciteit van neutraliserende epitopen in PRRSV grotendeels afhankelijk is 

van structurele eigenschappen van het virus.  Toch konden door vaccinatie met een 

hoge dosis geïnactiveerd PRRSV in combinatie met één specifiek adjuvans 
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virusneutraliserende antistoffen worden geïnduceerd, en er kon een zekere graad van 

bescherming worden geboden tegen viremie na infectie.  Deze resultaten hebben de 

basis gevormd voor verder vaccinonderzoek aan het Laboratorium voor Virologie.  

Hoofdstuk 4 handelt over de identificatie van doelwitten voor niet-neutraliserende en 

neutraliserende antistoffen in de Europese prototype PRRSV stam Lelystad virus 

(LV).  In een eerste studie (§ 4.1) werd de antistofrespons tegen lineaire epitopen in 

het GP4 eiwit onderzocht.  Daaruit bleek dat antistoffen voornamelijk worden 

gevormd tegen één bepaalde regio in dit eiwit, die eerder werd beschreven als doelwit 

voor neutraliserende antistoffen.  Aangezien deze regio sterk variabel is, werd de 

antistofrespons tegen GP4 ook onderzocht voor andere virusstammen.  Het besluit van 

deze studie was dat de variabele regio in GP4 van EU-type PRRSV neutraliserende 

antistoffen induceert na infectie in varkens, maar enkel tegen strikt homoloog virus.   

In een tweede studie (§ 4.2) werd de antistofrespons tegen de volledige reeks gekende 

envelop-eiwitten (GP2, E, GP3, GP4, GP5 en M) na LV infectie onderzocht.  

Eénentwintig antigene regio’s werden geïdentificeerd die antistoffen kunnen 

induceren bij infectie in varkens.  Peptide-opgezuiverde antistoffen tegen vier 

antigene regio’s bleken in vitro virusreplicatie te reduceren.  Naast het gekende 

neutraliserend epitoop in GP4 werden twee doelwitten voor neutraliserende 

antistoffen gevonden in GP2, en één in GP3.  In E, GP5 en M werden geen 

neutraliserende epitopen teruggevonden.  Daar het neutraliserend epitoop in GP3 één 

van de meer immunogene regio’s was, werd de antistofrespons tegen dit epitoop 

verder onderzocht bij verschillende virusstammen.  Samenvattend kan uit Hoofdstuk 

4 worden besloten dat vier lineaire doelwitten voor neutraliserende antistoffen 

aanwezig zijn in de LV envelop-eiwitten: twee zwak immunogene epitopen in GP2, 

één meer immunogeen epitoop in GP3, en één sterk immunogeen maar aanzienlijk 

variabel epitoop in GP4.  Hoofdstuk 5 tenslotte geeft een algemene bespreking van 

de onderzoeksresultaten in deze thesis.  In § 5.1 wordt bediscussieerd wat kan worden 

geleerd uit de vaccinatie-experimenten in Hoofdstuk 3. § 5.2 vat de resultaten van 

Hoofdstuk 4 samen, en bespreekt deze in een bredere context.  Eerst wordt een 

beknopt aanschouwelijk overzicht gegeven van de doelwitten voor niet-

neutraliserende en neutraliserende antistoffen die werden geïdentificeerd in de virale 

envelop-eiwitten.  Vervolgens worden een aantal hypotheses naar voor geschoven 

over de manier waarop neutraliserende antistoffen tegen verschillende delen van de 

virale eiwitten zouden kunnen interfereren met virusreplicatie.  Daarna wordt de 
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huidige kennis over PRRSV antigeniciteit bediscussieerd in het licht van 

virusevolutie, en een aantal bedenkingen worden gemaakt over hoe de hoge 

mutatiesnelheid en de grote variabiliteit van het virus een rol kunnen spelen bij het 

ontwijken van het immuunsysteem.  Tot slot wordt kritisch geëvalueerd in welke mate 

de resultaten van deze thesis kunnen bijdragen tot de ontwikkeling van nieuwe en 

betere PRRSV vaccins. 
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Het vlotst leesbare hoofdstuk van dit doctoraat is ongetwijfeld het moeilijkste om op papier te 

zetten.  Het gaat hier niet zomaar om wat hulp bij het schrijven van een boekje, het gaat om 5 

jaar op de Viro, met een hoop mensen die komen en gaan.  Te veel om op te noemen, te 

riskant om toch die ene op onbegrijpelijke wijze te vergeten…  Ik beperk me hier tot een 

aantal mensen die cruciaal zijn geweest voor het tot stand komen van deze thesis, zonder al 

die anderen te vergeten! 

 

Hans, al van bij het begin heb je mij doorheen dit doctoraat gestimuleerd in zowel het 

‘veterinaire’ als het ‘moleculaire’ aspect van het wetenschappelijk onderzoek.  Daarbij heb ik 

van jou vooral heel veel kansen gekregen: kansen om bij te leren, om mijn eigen onderzoek 

uit te werken, om betrokken te zijn bij het werk van anderen, om congressen bij te wonen, om 

samen te werken op internationaal niveau, ...  Je hebt me veel vertrouwen gegeven, en waar 

nodig bijgestuurd.  Ik wil je hiervoor oprecht bedanken! 

 

I am very grateful to all the members of the examination committee for critically reading my 

work, and for the useful suggestions and challenging questions.  In het bijzonder wil ik hier 

de leden van de begeleidingscommissie bedanken voor de vlotte samenwerking tijdens het 

schrijven van mijn thesis. 

 

De eerste jaren van mijn doctoraat had ik vooral heel veel te leren.  Peter en Iris, jullie 

hebben mij ingeleid in het PRRSV-onderzoek.  Filip, David en Geert, van jullie heb ik de 

edele techniek der bloedname bij het varken geleerd.  Hanne, Wander en Sarah, bij jullie kon 

ik steeds terecht voor vragen ivm allerhande labo-technieken, maar meer nog om eens een 

deftig potje van gedachten te wisselen over de duistere kanten van ‘ons’ virus.  Deze talrijke 

(soms heftige) discussies zijn van onschatbare waarde geweest om de geest scherp te houden 

en alles continu in vraag te blijven stellen.  Sarah, ik zal je willens nillens blijvend associëren 

met een vat vol immunologie (en met een ferme madam die Duvel drinkt).  Wander, ik benoem 

jou hierbij officieel tot mijn verbale sparringpartner n°1.  Om het wetenschappelijk 

gebakkelei wat te compenseren hebben we ook vooral heel veel gezeverd en gelachen in ons 

bureautje.  Marc, daar heb jij niet in het minst een aanzienlijke rol in gespeeld.  Maar verder 

heb ik van jou vooral ook heel veel geleerd over ‘de praktijk’ en over hoe om te gaan met 

nukkige zeugen van indrukwekkend formaat.  Angela, you were also part (and sometimes 

subject) of the fun.  Besides, you were always ready to introduce us in the fascinating Chinese 

culture and habits.  Uladzimir, you were there for the Belarussian culture and (culinary) 

habits, and of course as the pathogenesis-man of our group.  Thanks also to the other 

PRRSV-colleagues (Miet, Mieke, Ilias) for the fruitful interactions.  I wish you all the best in 

research! 
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Dierproeven en labowerk zijn heel arbeidsintensief, en een groot deel van die arbeid wordt 

getorst door de ‘blijvers’ in het labo.  Beste laboranten en (dier)technici, hoe jullie zich 

dagelijks uit de naad werken om onze wetenschappelijke verzinselen in de praktijk uit te 

testen is ronduit bewonderenswaardig!  In het bijzonder wil ik hier Chris, Chantal en Carine 

op mijn blote knietjes bedanken voor het vele werk dat zij voor mij hebben verzet.  Dries, 

merci voor de vele liters virus die je voor mij hebt opgezuiverd (en de vele liters die we in het 

boerderijtje en elders hebben genuttigd).  Geert, merci voor de vele aangename uren die je 

met mij in de stallen hebt gespendeerd, weekends inclusief.  Ytse, tijdens je stage was je steeds 

gemotiveerd en heb je heel veel werk voor me verricht.  

Jan, jou wil ik graag bedanken voor al je sequencing- en kloneerwerk, en voor de interessante 

discussies.  De samenwerking die we met jou hadden is van grote waarde gebleken voor ons 

onderzoek.   

Verder ook een stevig woord van dank aan de mensen die de administratie, boekhouding, 

informatica,… in het labo op wieltjes laten lopen, en aan Marijke en kompanen die de vloeren 

hier dagelijks doen blinken.  

 

Ambiance in de resto, diertjes kijken op de faculteit, crypto’s oplossen in de keuken, gezellige 

drukte in het moleculair labo, samen op congres, pintje-na-het-werk op vrijdag, pintje-

tijdens-het-werk als het al eens laat werd, koffiekoeken op zondag bij weekendwerk, labo-

uitstapjes, nieuwjaarsrecepties, etentjes in Gent, welkomst- en afscheidsfeestjes, 

geïmproviseerde barbecues, nog meer geïmproviseerde koor-repetities in de kelder, BMX-en 

tijdens de sportnamiddag, gewoon een aangename babbel,… Beste collega’s en ex-collega’s, 

heel erg bedankt voor deze onvergetelijke tijd! 

 

Mama en papa, ik mocht worden wat ik wou, als ik het maar graag deed en er mijn best voor 

deed.  Jullie hebben mij altijd op alle mogelijke manieren gesteund en oprecht interesse 

getoond in alles wat ik doe.  Op dagen als vandaag besef ik welke luxe dat is. 

 

Sophie, jij hebt hoegenaamd niets concreet aan dit doctoraat gedaan, en dat is zowat het 

beste wat je kon doen.  Bij jou kan ik mijn labo-zorgen vergeten en alles eens ferm 

relativeren.  Jensje, jij beseft nog maar half wat een varken is (‘karken!’), laat staan een 

virus.  Niemand die mij zo ver van alle wetenschappelijke beslommeringen kan weghalen als 

jij.  Houden zo! 

 

Merijn, juni 2011 
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