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1. Introduction 

1.1. Porcine reproductive and respiratory syndrome virus (PRRSV) 

PRRSV is the causative agent of the porcine reproductive and respiratory syndrome (PRRS) in 

domestic pigs worldwide. The virus is a member of the family Arteriviridae, order Nidovirales, 

genus Betaarterivirus, which is divided into the subgenera, Eurpobartevirus and 

Ampobartevirus. Each subgenus consists of one virus species: Betaarterivirus suid 1, or 

PRRSV-1, which is mainly prevalent in Europe, and Betaarterivirus suid 2, or PRRSV-2, which 

is predominant in North America and Asia. These two species show a high genetic variability, 

leading to the hypothesis, that they might evolved separately (Plagemann 2003). Furthermore, 

within these two PRRSV species, there are considerable amounts of diverse strains. The 

mutation rate of RNA viruses lies between 1*10-6 and 1*10-4 mutations per nucleotide site per 

year (Peck und Lauring 2018), resulting in a fast evolutionary rate. Apart from the relatively 

unstable RNA genome, PRRSV lacks RNA proofreading activity, unlike other Nidovirales 

members with larger genomes, like the Coronaviridae (Gorbalenya et al. 2006). This makes 

phylogenetic analyses very complex, but due to improving and more available sequencing 

techniques, sequences are being submitted to data banks more rapidly. Unfortunately, this high 

genetic diversity makes virus containment difficult, since vaccines are often not cross-

protective against heterologous strains (Kim et al. 2015; Renukaradhya et al. 2015b). 

Subsequently, PRRSV causes a big financial burden on the swine industry worldwide 

(Neumann et al. 2005), caused by medical interventions and production losses. PRRS has first 

been observed in the early 1990s in North America (Collins et al. 1992) and Europe (Wensvoort 

1993; Wensvoort et al. 1991), and was called ‘swine mystery disease’ or ‘blue-ear pig disease’. 

In 1997 a positive stranded RNA virus was determined as the common cause of the disease 

outbreaks, and was assigned to the family Arteriviridae, and together with the Coronaviridae 

to the new order Nidovirales (Cavanagh 1997). Since then PRRSV has been reported nearly 

worldwide, especially in countries with commercialized meat production of domestic pigs. 

Nevertheless, many aspects of viral pathogenesis, host interactions and immune responses are 

yet poorly understood. Subsequently, a great research network has been established, making 

PRRSV a frequent topic in veterinary sciences.  
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1.1.1. Genome and structure 

PRRSV is an enveloped virus with a single-stranded RNA (ssRNA) genome of positive 

polarity. The viral capsid is between 45-60 nm in diameter (Dea et al. 1995) and the genome 

approximately 15.000 nucleotides (nt) long. The genomic RNA strand bears at least ten open 

reading frames (ORFs), which code for the viral structural proteins, needed for replication and 

proteolytic processing, and the non-structural proteins (nsps) of the viral envelope (figure 1).  
 

 

Figure 1. Depiction of the PRRSV genome and expression strategy of the ORFs; adapted from 

Matthew et al. (2015); ORF = open reading frame, UTR = untranslated region; RFS = ribosomal 

frameshift site; GP = glycoprotein, E = envelope, M = membrane, N = nucleocapsid. 

 

The genome starts with a 5’cap structure followed by an untranslated region and ends with a 3’ 

UTR and poly-A tail (Yun und Lee 2013). ORF1 encodes the virus’ nsps, needed for replication 

and processing of the polyproteins. This reading frame possesses one translational start site, but 

two internal ribosomal frameshifts, resulting in the production of four distinct polyproteins: 

pp1a is generated from ORF1a, pp1ab from ORF1ab, pp1a-nsp2N by a -1 ribosomal frame shift 

(RFS), and pp1a-nspTF by a -2 RFS within ORF1a (Snijder und Meulenberg 1998; Fang et al. 

2012). From these polyproteins at least 12 snps are generated by proteolytic processing (Music 

und Gagnon 2010). Nsp1, nsp2, nsp3, and nsp4 are viral proteases that are also involved in 

suppressing host IFN responses (Snijder et al. 2013; Boon et al. 1995). Nsp5 and nsp6 are 

transmembrane proteins (Boon et al. 1995), and together with nsp7 and nsp8 their functions are 



 

14 
 

not yet fully understood. Proteins encoded by ORF1b are nsp9, the RNA-dependent RNA 

polymerase (RdRp), nsp10, a helicase, nsp11, an IFN inhibitor, and nsp12, a mediator of 

subgenomic RNA (sgRNA) synthesis (Wang et al. 2019). ORF2-7 code for the structural 

proteins of the viral capsid. These are not directly translated, but generated through negative-

stranded, polycistronic, sgRNA intermediates (van Marle et al. 1999b). Like all Arteriviruses 

sgRNAs transcription is initiated by base pairing of the body transcription regulatory sequences 

(TRSs) of the individual reading frames with the leader TRS of the 5’ UTR (van Marle et al. 

1999a). These TRSs are sequences of six nucleotides in length, and are essential to generate the 

nested, polyadenylated sgRNAs. The leader TRS is highly conserved among PRRSV-1 and 

PRRSV-2 strains (UUAACC) (Tan et al. 2001), whereas the body TRSs show variable 

sequences (Faaberg et al. 1998). All sgRNAs harbor the 5’ leader TRS and are templates for 

the translation of viral proteins by host ribosomes. ORF2, ORF3, and ORF4 encode the 

glycoproteins GP2, GP3, and GP4, which form a trimeric protein complex, that is important for 

attachment to the cellular receptor CD163 and viral entry into the host cell (Wissink et al. 2005). 

Further, ORF5 encodes the major envelope glycoprotein GP5, which forms a dimeric complex 

with the membrane protein M, encoded by ORF6. This complex is a ligand for sialoadhesin 

(CD169), another cellular receptor of PRRSV (van Breedam et al. 2010). ORF7 encodes the N 

protein, which forms dimers to assemble a nucleocapsid around the genomic RNA. A depiction 

of the PRRSV genome can be found in figure 2. At last, there are two alternative reading frames: 

ORF2b codes for the envelope protein E (Wu et al. 2001), and ORF5a for a small 

unglycosylated protein (Johnson et al. 2011).  
 

 

Figure 2. Structure of the PRRSV virion. 
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1.1.2. The PRRSV life cycle 

Like with any other virus, the PRRSV life cycle starts with transmission from one host to 

another (see chapter 1.1.3.). This event is followed by the infiltration of susceptible target cells, 

which are primarily alveolar macrophages of the lungs. Two important cellular receptors are 

CD163 and CD169, which are expressed by cells of the monocyte/macrophage lineage, making 

the PRRSV cell tropism very specific. CD163 is the key entry mediator for PRRSV (Calvert et 

al. 2007). Macrophages from CD163 knock-out pigs have been shown to be resistant to 

infection (Burkard et al. 2017). CD169, also named Sialoadhesin or Siglec-1, is involved in 

(Vanderheijden et al. 2003), but not necessary for PRRSV infection (Prather et al. 2013). The 

uptake of the virions after receptor binding is mediated by clathrin-mediated endocytosis, and 

is dependent on a low pH (Nauwynck et al. 1999). After entering the host cell, the virions are 

uncoated to release their genomes into the cytoplasm, where RNA replication and translation 

of the viral proteins take place (Snijder et al. 2013), mediated by the RdRp, or nsp9. As 

discussed in chapter 1.1.1., the expression of viral proteins is mediated by direct translation and 

processing of the polyproteins of ORF1, and the generation of the ORF2-7 sgRNAs, for 

subsequent translation. Post-translational processing of the structural proteins occurs through 

the secretory pathway of the endoplasmic reticulum (ER) and the Golgi apparatus, where GP2-

5 are N-glycosylated (Veit et al. 2014). Only the N protein remains in the cytoplasm, where it 

forms a nucleocapsid around the RNA genome (Spilman et al. 2009). The nucleocapsid obtains 

the viral envelope by budding from the Golgi apparatus. At last, the mature virions are released 

by the cell through exocytosis. 

1.1.3. Pathogenesis 

As discussed in chapter 1.1.1. and 1.1.2., PRRSV infects cells expressing the molecule CD163, 

or cells of the monocyte/macrophage lineage. Modes of transmission are through direct contact, 

artificial insemination, airborne transmission, vertical transmission, and the contact with 

contaminated items (Pileri und Mateu 2016). Clinical symptoms of infected animals are mild 

to acute respiratory disease, cyanosis of the tails, ear and vulva, fever, lethargy, and pulmonary 

lesions (Lunney et al. 2016). The severity of PRRS symptoms is very variable between different 

strains; some are considered highly pathogenic, whilst others are of intermediate or low 
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pathogenicity (Stadejek et al. 2017). Additionally, the clinical outcome of PRRS is often 

deteriorated by secondary infections, for example with Porcine circovirus 2 (PCV-2) (Martín-

Valls et al. 2022), Mycoplasma hyopneumoniae (Thacker et al. 1999), Bordetella 

bronchiseptica (Brockmeier et al. 2001), Influenza (van Reeth et al. 1996), etc. Apart from 

respiratory disease, PRRSV can cause reproductive failure in pregnant sows. Vertical 

transmission usually occurs during the third trimester of gestation, when the fetuses become 

immunocompetent and start expressing CD163 and CD169 (Karniychuk and Nauwynck 2009). 

Transplacental infections of the fetuses can cause late term abortions, early farrowing, 

stillbirths, mummifications and the birth of weak, congenitally infected piglets (Mengeling et 

al. 1994). The reproductive form of PRRS causes the biggest production losses associated with 

PRRSV infections, and the prevention of transplacental infections is an important aspect of 

vaccine developments. 

1.1.4. PRRSV immunity 

It has been shown that PRRSV-specific innate and adaptive immune responses are highly 

dependent on the viral strain (Lunney et al, 2016). These differences can be observed by altering 

blood cell populations, humoral responses, viral load, and cytokine levels (Weesendorp et al. 

2013). Immune responses towards PRRSV have been extensively studied, nevertheless, there 

are still many open questions to be answered. 

1.1.4.1. Innate immunity  

As a first line of defense, the innate immune system is critical to the outcome of an infection. 

At first, a virus has to pass anatomical structures, like the mucus of the lungs. Mucosal 

membranes do not only contain chemical barriers but also complement proteins and innate 

immune cells, like monocytes, macrophages, dendritic cells, natural killer (NK) cells, and 

granulocytes, ready to initiate immune cascades (Murphy et al. 2017). These innate cells are 

activated by the binding of pathogen-associated molecular patterns (PAMPs) to pattern 

recognition receptors (PRRs). When PRRSV antigens get recognized by PRRs, it can lead to 

the production of pro-inflammatory cytokines, interferon (IFN) responses (Chow et al. 2015), 

and NK-cell-mediated cytotoxicity (Cao et al. 2013). Unfortunately, PRRSV has the ability to 
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suppress important innate immune reactions, such as NK-cell responses (Dwivedi et al. 2011), 

cytokine signaling (van Reeth et al. 1999), and type-I IFN production (Sun et al. 2012). 

Therefore, the activation of the adaptive immune system, and the generation of a long-term 

memory are of great importance upon PRRSV infections. 

1.1.4.2. Adaptive immunity 

Adaptive immune responses are activated if the innate immune system is not able to clear the 

virus from the host. Viral proteins are processed by the cell and expressed on cell surface 

molecules, the major histocompatibility complexes (MHC), to activate T cell responses. T cells 

originate in the thymus and are distributed into secondary lymphoid organs through the 

bloodstream. Once they encounter a specific antigen, presented by MHC molecules of antigen-

presenting cells, like macrophages or dendritic cells, they differentiate to become effector T 

cells. MHC class I (MHC-I)-bound antigens, or epitopes, which are generated by proteasomal 

degradation (see chapter 1.2.2.), are recognized by naive CD8+ T cells. Differentiation of these 

cells into an effector phenotype changes the expression of cell surface markers, allowing them 

to migrate towards inflammatory sites, and to neutralize infected cells with cytotoxic granules, 

which gives them the name cytotoxic T cells. Antigens presented by MHC-II molecules 

stimulate naive CD4+ T cells. This T cell subset can differentiate into a range of T helper (TH) 

cells, namely TH1, TH2, T follicular helper (TFH), and TH17 cells, and are essential for generating 

a humoral immune response. Anti-PRRSV antibodies are already detected 7-9 days post 

infection (p.i.) (Lopez und Osorio 2004), but they are not able to neutralize the virus (Labarque 

et al. 2000; Yoon et al. 1994). Neutralizing antibodies often only occur at 28 days p.i. (Meier 

et al. 2000), whereas most of them are against the major structural proteins GP5, M and N 

(Loemba et al. 1996; Lopez und Osorio 2004). Since PRRSV antibody responses are often not 

sufficient to protect from (re)infections, and are barely able to effectively neutralize the virus, 

CD8+ T cells are considered important correlates of protection. CD8+ T cell expansion and 

differentiation is observed 4-5 weeks p.i. with PRRSV (Albina et al. 1998b; Kawashima et al. 

1999). They are capable to identify infected cells via MHC-I-presented viral epitopes and 

eliminate them by inducing apoptosis, through the secretion of cytotoxic proteins like 

granzymes and granulysin. Furthermore, they produce IFN-γ to inhibit viral replication, activate 
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macrophages, and enhance MHC-I expression (Murphy et al. 2017). As the primary site of 

infection, PRRSV-specific CD8+ T cell responses have been shown to be the strongest in the 

lung (Kick et al. 2019). Furthermore, the virus is highly susceptible to type I IFN responses 

(Albina et al. 1998a; Overend et al. 2007), which can be produced by CD8+ T cells. 

Unfortunately, PRRSV has evolved to manipulate CD8+ T cell and macrophage effector 

functions in many ways, like downregulating MHC-I expression (Kick et al. 2019; Du et al. 

2016; Cao et al. 2016), altering IFN responses (Luo et al. 2008; Lee et al. 2004; Kim et al. 

2010), and modulating transcription and protein expression in macrophages (García-Nicolás et 

al. 2014; Renson et al. 2017). What is specifically important in PRRSV immunology is the 

establishment of a long-term memory to prevent (re)infections. This protection is assured by 

memory T cells, which remain after most effector T cells have vanished after an infection. In 

general, there are two subsets of memory T cells: effector-memory T cells (TEM) and central-

memory T cells (TCM). TEM ensure swift effector functions, but a limited proliferation potential, 

and TCM can quickly proliferate, but show a lower cytotoxic activity (Pennock et al. 2013). The 

establishment of a solid memory T cell response is crucial in PRRSV immunology to ensure 

protection after a vaccination or infection. 

1.1.5. Vaccination 

The search for a safe and cross-protective PRRSV vaccine is a relentless issue. Several modified 

life virus (MLV) vaccines are available and regularly used for prophylactic and metaphylactic 

purposes. Nevertheless, these vaccines are often not cross-protective against heterologous virus 

strains (Kim et al. 2015; Renukaradhya et al. 2015b), and are not completely safe, since they 

have the potential to revert to virulence (Charerntantanakul 2012) and recombine with other 

PRRSV strains (Li et al. 2009; Marton et al. 2019; Vandenbussche et al. 2021). The latter has 

been observed and described many times, and since sequencing methods are becoming more 

advanced and available, more recombinant PRRSV are appearing in genome data banks. This 

recombination potential is a big disadvantage of MLV vaccines, since some mosaic viruses 

have been the possible cause of severe PRRS outbreaks. A more detailed elaboration on 

recombination can be found in chapter 1.3.1. and 4.2. Due to the disadvantages of MLV 

vaccines, inactivated PRRSV vaccines have been intensively tested. Nevertheless, most 
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inactivated vaccines show limited protection from infection, vertical transmission and virus 

shedding (Kim et al. 2011; M Scortti, C Prieto, E Alvarez, I Simarro, J M Castro 2007; Nielsen 

et al. 1997). To overcome the problem of the missing cross-protection of PRRSV vaccines, the 

search for potent and conserved T cell epitopes is an important task. The administration of well-

designed subunit vaccines would exclude the risk of recombination and the reversion to 

virulence, which makes them relatively safe. Several subunit vaccines have been tested, but 

they only provide weak, or partial protection against PRRSV-1 and PRRSV-2 strains 

(Renukaradhya et al. 2015a; Oh et al. 2019). The disadvantage of these vaccines is the need of 

an adjuvant, which can cause side-effects, and the absence of a long-lasting immunity. To date, 

no data on PRRSV mRNA vaccines has been published. The mRNA vaccine technology is 

relatively new, and has improved very quickly since the Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) pandemic. Potent PRRSV antigens could be delivered with this 

system without the need of a live virus, making it a promising approach.  

1.2. MHC-I presentation and the immunoproteasome 

Immunopeptidomics, the research of the arrangement and dynamics of peptides presented by 

MHC molecules, has gained a lot of importance in the past decades. The search for 

immunogenic epitopes, with the potential to stimulate T cells, is especially important in the 

fields of vaccinology, cancer, transplantation biology, and autoimmune diseases. As already 

discussed in chapter 1.1.4.2., T cells require stimulation by peptide-loaded MHC molecules to 

differentiate, expand, and gain effector or memory phenotypes. Infected cells present foreign 

peptides, whereas naïve cells present self-peptides, to avoid T cell responses. Subsequently, 

these MHC-bound peptides are important mediators of immune responses and therefore a 

frequent focus of research. This thesis focuses on MHC-I molecules, since they are presenting 

antigens to CD8+ T cells, which are important, and yet underestimated, correlates of protection 

upon PRRSV infection. 
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1.2.1. The major histocompatibility complex-I (MHC-I) 

1.2.1.1. Structure and interaction with T cells 

MHC-I molecules are large proteins that bind and display peptides on the surface of antigen-

presenting cells. As discussed in chapter 1.2.2., the presented epitopes are generated by 

ubiquitin-mediated proteasomal degradation. The immunoglobulin-like MHC-I is a 

heterodimeric molecule. It consists of a membrane-spanning α-chain that is non-covalently 

linked to a β2-microglobulin (β2M) (Tysoe-Calnon et al. 1991). The α-chain harbors three 

domains (α1-3), whilst β2M consists of one domain only. A peptide-binding groove is formed 

by the α1 and α2 domains and is located at the top of the complex. This groove typically binds 

peptides between 8 and 12 amino acids in length with ionic interactions and hydrogen bonds 

(Murphy et al. 2017). Longer peptides are seldomly bound, since they are too large to fit the 

peptide-binding groove. In general, these peptides possess hydrophobic or basic amino acids 

anchor residues, interacting with the peptide groove (Murphy et al. 2017). Subsequently, not 

all proteasomal peptides are bound by MHC-I. Different allelic versions of MHC-I display 

different peptide-binding specificities, due to altering amino acid structures of the peptide-

binding groove.  

As already mentioned in chapter 1.1.4.2., MHC-I/peptide complexes are the key mediators for 

the activation of CD8+ T cells. Antigen-presenting cells and CD8+ T cells interact with two 

receptors on either side. The first interaction partners are the T cell receptor (TCR) and the α1 

and α2 domains of the MHC-I/peptide complex (Garboczi et al. 1996). Due to the large 

repertoire of MHC-I bound peptides TCRs are also highly diverse. This diversity is achieved 

with the arbitrary rearrangements of TCR gene segments (Lefranc 2001). The second 

interaction partners are the heterodimeric CD8αβ receptor and the α2 and α3 domains of MHC-

I (Albina 1997; Sun et al. 1995). Upon binding of the T cell to the antigen-presenting cell, signal 

cascades are initiated to activate transcription factors, metabolic activity, cell survival, 

adhesiveness and rearrangement of the cytoskeleton (Murphy et al. 2017). 
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1.2.1.2. SLA-I diversity 

The swine leukocyte antigen (SLA) complex is a gene dense region located on chromosome 7 

(Geffrotin et al. 1984). It consists of three clusters (SLAI-III) spanning the centromere. SLA-I, 

the focus of this thesis, harbors seven classical and three non-classical genes (Lunney et al. 

2009). While most classical genes have been found to be pseudogenes (Renard et al. 2006), 

SLA-1, SLA-2 and SLA-3 are constitutively expressed. These specific genes code for the 

MHC-I α-chain and β2M and show a high degree of genetic diversity. Subsequently, a 

nomenclature system was developed by the International Society for Animal Genetics (ISAG) 

and the International Union of Immunological Societies (IUIS) (Ho et al. 2009), which is 

elucidated in figure 4.  

 

Figure 3. The nomenclature system of SLA-I alleles developed by the ISAG and IUIS. 

Evaluation of SLA haplotypes can be done on a low-resolution level, with sequence specific 

PCRs, or on a high-resolution level, by sequencing of the specific genomic regions. Pig 

populations and breeds show different frequencies of SLA haplotypes (Hammer et al. 2021; 

Essler et al. 2013; Pedersen et al. 2014). This is an important aspect, since the high degree of 

SLA diversity impacts biomedical research (Hammer et al. 2020). More precisely, divergent 

haplotypes show different immune responses towards pathogens, vaccinations and 

allotransplantations. This enforces the importance of evaluating SLA haplotypes in 

immunologic research, to avoid biased data sets. 
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1.2.2. The immunoproteasome 

Self and foreign proteins are constitutively being degraded and recycled by the cell. The 

degradation of cytosolic proteins is conducted by the 26S proteasome, a large protease complex 

with catalytic activity. It consists of the core particle, or 20S proteasome, with catalytic 

functions, and the regulatory particle, or 19S proteasome, with initiation functions flanking the 

core particle on either sides (Coux et al. 1996). Assembly of these subcomplexes is induced by 

IFN-γ (Tanaka und Kasahara 1998), forming a barrel-like structure. Dedicated cytosolic 

proteins are marked with polyubiquitin chains by E3 ligases and, subsequently, recognized by 

the 19S proteasomal subunit. Next, the targeted protein is unfolded and enters the catalytic 

center of the complex, to be hydrolyzed by the 20S core protein’s catalytic core (Ferrington und 

Gregerson 2012). Peptide fragments are, however, not randomly generated, but preferentially 

cleaved after hydrophobic or basic amino acids (Murphy et al. 2017). The ATP-dependent 

transporters associated with antigens processing (TAP) proteins deliver the generated peptides  

into the ER. These ABC transporter proteins preferentially translocate peptides between 8 and 

16 amino acids in length, restricting shorter or longer products to enter. 

 

Figure 4. Ubiquitin-mediated proteasomal degradation of proteins and presentation of MHC-I 

epitopes to CD8+ T cells. 
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Since these MHC-I presented peptides stimulate CD8+ T cells, studies of these epitopes are 

important in the biomedical field. To date, the most conventional way of studying 

immunopeptidomes of viruses is with the generation of random, often overlapping, peptide 

libraries (Chung et al. 2016) or the use of MHC binding prediction softwares (Jurtz et al. 2017; 

Pan et al. 2019), to further stimulate T cells and measure their cytokine responses. Both methods 

have the limitation that it is unclear, whether the immunoproteasome will generate these 

hypothetical peptides in vitro or in vivo. Since the immunoproteasome follows a certain pattern 

of cleaving proteins, the direct isolation of MHC-I-bound peptides from cells, will provide 

naturally occurring peptides only. 

1.3. Recombination 

Viral recombination is the genetic cross-over of two or more different strains, after infecting 

the same host cell, and is an important process shaping viral evolution. Viruses with segmented 

RNA genomes, like Orthomyxoviridae, can reassort different genomes after infecting the same 

cell (Rabadan et al. 2008). This genetic shift, together with high mutation rates, leads to the fast 

evolution of Influenza A viruses (Lindstrom et al. 2004; Schweiger et al. 2006). RNA viruses 

with non-segmented genomes recombine by copy-choice replication. This mechanism relies on 

the RdRp’s ability to switch templates during replication, causing a chimeric genome from two 

or more parental strains, with one or more cross-over sites (Hwang et al. 2001). Furthermore, 

the fidelity of the RdRp to the template (Fitzsimmons et al. 2018), RNA secondary structures 

(Carpenter et al. 1995; Nagy et al. 1999), host proteins (Prasanth et al. 2015), and bacterial co-

infections (Erickson et al. 2018) can affect the recombination probability of positive-stranded 

RNA viruses (Wang et al. 2022a). Retroviral recombination relies on the same concept of 

template-switching during reverse transcription (Malim und Emerman 2001). Together with 

high mutation rates (see chapter 1.1.) recombination is a main contributor shaping the evolution 

of RNA viruses. Recombinant viruses have the potential to outcompete their parental strains by 

positive selection. These evolutionary advantages can be due to different cell and host tropisms, 

increased virulence, immune escape, and an overall increased fitness (Wang et al. 2022a). 

Nevertheless, these recombination events are random and can also result in less fitter chimeric 

strains that might be eliminated from the gene pool eventually.  



 

24 
 

1.3.1. Recombination of PRRSV  

PRRSV has a high recombination potential, as it is often observed in positive-stranded ssRNA 

viruses (Patiño-Galindo et al. 2021). Due to constant improvements in sequencing technology 

and bioinformatics, the identification of PRRSV recombinants has become more frequent in the 

past decade (see chapter 4.2). To date, many recombinant PRRSV strains have been isolated 

and sequenced. These chimeric strains have been identified to be the cross-over results of two 

or more different field strains (Cavanagh 1997; Liu et al. 2018; Wang et al. 2020), field strains 

and vaccine strains (Li et al. 2009; Marton et al. 2019; Vandenbussche et al. 2021), or even two 

different vaccine strains (Kvisgaard et al. 2020). Even though these viruses are often not 

characterized concerning their pathogenicity and infectivity, many are considered concerning, 

after being isolated from pigs with mild to severe clinical symptoms (Kvisgaard et al. 2020, Liu 

et al. 2018). Since PRRSV is very prevalent in the commercial pig population, and MLV 

vaccines are regularly applied, the chance that two (or more) heterologous strains infect the 

same host is not as improbable. This is why closer PRRSV monitoring of pig populations, by 

virus isolation and whole-genome sequencing, is an important risk management tool. A more 

detailed elaboration of PRRSV recombinants can be found in chapter 3.2. and 4.2. 
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2. Aims  

2.1. Identification of immunogenic MHC-I bound PRRSV peptides 

Since PRRSV antibody responses after infection or vaccination are often not sufficient to 

neutralize the virus, CD8+ T cells are considered important correlates of protection. The aim of 

the first part of this thesis was to develop a workflow for the isolation and identification of 

PRRSV-1-specific MHC-I bound peptides and explore their ability to stimulate CD8+ T cells.  

2.2. Recombination mechanisms of PRRSV  

Recombination is a common process during PRRSV replication. Due to the isolation of three 

similar recombinant PRRSV-1 virus strains of PRRS-affected farms between 2018 and 2022, 

the aim of the second part of this thesis was to characterize these recombinants by describing 

and characterizing their clinical manifestation, whole-genome sequences, recombination 

hotspots, and possible recombination mechanism.  
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3. Manuscripts 

3.1. Identification of MHC-I-Presented Porcine Reproductive and Respiratory 

Syndrome Virus (PRRSV) Peptides Reveals Immunogenic Epitopes within Several 

Non-Structural Proteins Recognized by CD8+ T Cells 
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3.2. A conserved stem-loop structure within ORF5 is a frequent recombination hotspot 

for Porcine Reproductive and Respiratory Syndrome Virus 1 (PRRSV-1) with a 

particular modified live virus (MLV) strain  
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Supplementary file 1 

Anamnesis and clinical findings associated with GER18-258 occurrence 

GER18-258 was derived from a farrow to finish farm in Southern Germany harboring 80 sows. The farm produces 

in a three-week farrowing interval. Piglets weaned at the age of 28 days are nursed on site and transferred to the 

fattening unit with a body weight of 28kg. The fattening unit with 1500 places is located at a distance of 2km from 

the remaining buildings and managed by different personnel. In addition to the on-farm produced fattening pigs 

150 fattening pigs are purchased every 3 weeks from different sources. The sows and gilts are vaccinated against 

Porcine Parvovirus and Erysipelas according to the manufacturer’s recommendation. Vaccination protocol of 

piglets includes Mycoplasma hyopneumoniae and porcine Circovirus type 2 (PCV-2) in the third week of life. The 

sow and the nursery units are known to be free of PRRSV since more than ten years, based on routine serological 

testing of sows and nursery piglets performed every six months. In accordance with the detection of GER18-258 

reproductive disorders characterized by stillborn piglets (5%, figure 1a) and weak born piglets (20 %) occurred. 

Approximately 30% of the sows in the farrowing unit were off feed and showed fever. In the affected batch, 70% 

of the suckling piglets died prior to weaning and in the two following farrowing batches the pre-weaning mortality 

accounted for 50% and 30%. Two weeks after the first occurrence of clinical signs in the farrowing unit respiratory 

distress was observed in the nursery and fattening unit. Based on clinical examination approximately 30% of the 

nursery pigs and 40% of the fattening pigs showed coughing, sneezing, increased respiratory rates, dyspnoea, and 

conjunctivitis. In addition, swollen joints (figure 1b) were noticed in individual nursery and fattening pigs. All-

cause mortality in the nursery increased from 3% to 5.5% and from 2.5% to 5% in the fattening unit.  

 
a)                                               b) 

Figure 1. PRRS affected pigs on the farm of isolate GER18-258. a) stillborn piglet, b) pig displaying swollen 

joints 

For diagnostic workup blood samples from 10 sows, 10 pigs end of nursery and 10 fattening pigs were collected. 

Blood samples from sows were negative for antibodies against Influenza A and Leptospira. Antibodies against 

PRRSV were present in 8/10 sows, 8/10 nursery pigs and in all fattening pigs. Six weak born piglets were submitted 

for necropsy. PRRSV was detected in lung and lymph nodes samples of all six weak born piglets using a 
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commercial RT-PCR kit. Post mortem examination of nursery and fattening pigs revealed poor retraction of the 

lungs in all animals as well as purulent arthritis in the nursery pigs. Histologically, interstitial pneumonia including 

hyperplasia of type II pneumocytes were found in the lungs of all investigated pigs. Bacterial isolation from lung 

tissue revealed growth of Streptococcus suis and Staphylococcus aureus. Streptococcus suis was also found in the 

joints of the nursery pigs. PRRSV was detected in lung and tonsil samples, whereas all investigated samples were 

negative for PCV-2 and IAV. 

Initial phylogenetic analysis of two qRT-PCR PRRSV positive samples was performed at IVD GmbH, Seelze, 

Germany using ORF 5 sequencing. ORF 5 sequencing revealed 97% nucleotide identity to Ingelvac PRRSFLEX® 

EU (Boehringer Ingelheim Vetmedica GmbH, Germany) for sample one and 99% nucleotide identity to Ingelvac 

PRRSFLEX® EU for the second sample. The nucleotide identity between these two samples and PRRSV-1 

prototype strain Lelystad virus (LV) was only 91% and 95% respectively. 

Anamnesis and clinical findings associated with AUT20-1664 occurrence 

Isolate AUT20-1664 was obtained from a nursery unit, which was newly built in 2019; piglets from two different 

sow farms of the same owner are housed in this unit from seven weeks of age until 30 – 35 kg body weight ,when 

they are sold to different finishing sites. The two sow farms both produce in a four-week batch farrowing interval 

with a two-week period in between farrowings of the two farms. Sow farm A operates with 350 sows and is 

classified as PRRS stable according to Holtkamp et al. [1]; sows are vaccinated against PRRSV (ReproCyc® PRRS 

EU, Boehringer Ingelheim Vetmedica GmbH, Germany) every three months after the introduction of a new field 

virus strain led to a severe PRRS outbreak in 2015. Piglets from this herd are vaccinated against PRRSV (Ingelvac 

PRRSFLEX® EU, Boehringer Ingelheim Vetmedica GmbH, Germany) at weaning (three weeks of age), when they 

are transferred to a weaning unit located within the sow farm. After three and a half weeks, piglets are moved to 

the newly built nursery unit which is located about 300 meters from the sow farm. Sow farm B produces piglets 

with 600 sows and is free of PRRS based on routine serological testing; piglets from this herd are housed in a 

nursery unit within the sow farm for 3.5 weeks after weaning before they are transferred to the newly built nursery 

unit located around 100 km from the sow farm. Piglets from farm B are vaccinated against PRRSV (Ingelvac 

PRRSFLEX® EU, Boehringer Ingelheim Vetmedica GmbH, Germany), when entering the nursery unit at the age 

of approximately 6.5 weeks. The set-up led to the placement of piglets with different PRRS status, i.e. vaccinated 

3.5 weeks prior to entry or vaccinated directly at entry, into the nursery unit every other week. The nursery unit 

consisted of four different rooms with 6 pens in each room to house a total of 2600 nursery piglets. No strict all-

in/all-out was performed and piglets from the two sources shared the same air space. According to the farmer, 

production parameters in the nursery were satisfying with 1-2 % average piglet all-cause mortality. Nevertheless, 

about 1 % of the piglets showed respiratory symptoms and retarded growth. Diagnostic investigations of such runt 

pigs revealed a mixed infection with PRRSV, PCV2 (no further genotyping done) and Influenza A virus (swine 

H1N1 of avian origin). Histologic lesions of the lung were described as purulent bronchopneumonia, peribronchial 

interstitial pneumonia and partially severe damage of alveoli with type 2 pneumocyte proliferation. Pathologists 

summarized their report as lung lesions caused by viral infection with secondary bacterial colonization. Following 
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bacteriological examination Streptococcus suis, Pasteurella multocida and Mycoplasma hyorhinis could be 

isolated.  

 

Anamnesis and clinical findings associated with AUT22-97 occurrence 

In January 2022, an Austrian piglet-producing farm harboring 70 sows faced respiratory distress and increased 

mortality in the nursery unit. The farm is located in Styria, the southern part of Austria, in an area with a high 

density of pig farms. The farm has a three-week batch farrowing rhythm and a suckling period of 28 days. 

Approximately 26 piglets are weaned per sow and year. Gilts are bought from a conventional gilt-producing farm 

with unknown PRRS-status. After arrival on the farm, all gilts are kept in isolation units for six weeks. During 

isolation, gilts are not routinely tested for the presence of certain pathogens or antibodies against common 

pathogens, like PRRSV. Semen is acquired from a conventional boar stud located in Styria; one teaser boar is kept 

in the service center. Cleaning and disinfection are performed between batches in the farrowing rooms as well as 

in the nursery, whereas a strict "all-in/all-out" is not possible in the nursery unit, since two age groups have to be 

kept together for structural reasons. 

The sows and gilts are vaccinated against porcine parvovirus and Erysipelas (Parvoruvac®, Ceva Santé 

Animale, France) according to the manufacturer’s recommendation. Vaccination protocol of piglets includes 

Mycoplasma hyopneumoniae (Hyogen®, Ceva Santé Animale, France) and PCV-2 (Ingelvac CircoFLEX®, 

Boehringer Ingelheim Vetmedica GmbH, Germany) in the third week of life. Additionally, an inactivated 

vaccination against Escherichia coli and Clostridium perfringens (Enteroporc Coli AC, Ceva Santé Animale, 

France) is used in sows for passive immunization of piglets. Prior to the PRRSV detection, the PRRSV-status of 

the farm was unknown. Investigated thymus pool samples from aborted fetuses were PRRSV negative by PCR in 

2018. The farm has recurring problems with post-weaning diarrhea. In January 2022 hemolytic Escherichia coli 

(virulence genes for fimH-fimbriae, F4-fimbriae, heat-labile enterotoxin LT, and hlyA-hemolysin) were detected. 

Colistin was used for treatment. 

The clinical signs started in the rearing period. Respiratory distress, wasting and increased mortality rates up to 

10% were observed. The herd-attending veterinarian suspected an outbreak of Actinobacillus pleuropneumoniae, 

which could be confirmed in necropsy and sampling of lung tissue. Additionally, 10 serum samples from 10-week-

old nursery pigs were taken and investigated for PRRSV as predisposing pathogen. Antibodies were investigated 

by IDEXX PRRS X3® ELISA (IDEXX PRRS X3® Ab Test, IDEXX Europe B.V., Netherlands), with positive 

results in 10/10 samples (S/P ratios ranged from 1.56 to 2.25; cut-off: 0.4). PRRSV1 ORF1 RT-qPCR was 

performed in pools of five with positive results (2.84 × 107 genome equivalents [GE]/mL and 4.85 × 107 GE/mL). 

In addition, four sows aborted at the same time clinical signs occurred in the nursery unit. Increased return-to-heat 

and increased numbers of stillborn or weak born piglets could not be observed. Fattening pigs didn’t show 

respiratory signs, but tail biting could be observed. 
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Immediately after occurrence of clinical signs, all gilts and sows were vaccinated against Actinobacillus 

pleuropneumoniae (Coglapix®, Ceva Santé Animale, France) and against PRRSV (UNISTRAIN® PRRS, 

Laboratorios Hipra, S.A., Spain). Additionally, all piglets were routinely vaccinated against PRRSV 

(UNISTRAIN® PRRS, Laboratorios Hipra, S.A., Spain) within the third week of life. After mass vaccination, 

gilts are vaccinated twice against PRRSV in the isolation unit. The sows are re-vaccinated every four months. 

Clinical signs in the nursery vanished after three batches and production parameters reached levels prior to the 

outbreak. The next batch of gilts was sampled within quarantine (April 2022), with negative PRRSV antibody and 

PCR results.  
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4. Discussion 

PRRSV is one of the most relevant porcine pathogens worldwide. It is prevalent in most 

countries with commercial pig farming and causes a significant amount of production and 

financial losses (Neumann et al. 2005; Zhang et al. 2022). Due to the big genetic diversity of 

circulating PRRSV strains, the prevention of PRRS outbreaks by developing safe and efficient 

vaccines has become a major challenge. MLV vaccines are regularly used, and it is indisputable 

that their use outweighs their risks - nevertheless they are still far from perfect. First of all, 

MLV vaccines have the potential to revert to virulence, by mutations (Nielsen et al. 2001), 

adaption (Wang et al. 2022b), and recombination (Eclercy et al. 2019). Recombination of MLV 

strains with other field strains can potentially result in fitter chimeric viruses that outcompete 

their parental strains (Kristensen et al. 2020; Kvisgaard et al. 2020; Eclercy et al. 2019; Sun et 

al. 2022). At last, several studies show that MLV vaccines do not elicit a cross-protective 

antibody response against heterologous strains (Park et al. 2015; Mengeling et al. 2003; Park et 

al. 2014). Subsequently, cellular immune responses are considered important factors in PRRSV 

immunology. With our research, we aimed to elucidate two of these issues: the search for cross-

protective PRRSV-1 epitopes with the ability to restimulate CD8+ T cells, and the investigation 

of PRRSV-1 recombination mechanisms with MLV vaccines. Both topics aimed to improve 

the current knowledge and possible refinement of the development of novel PRRSV vaccines.  

4.1. PRRSV CD8+ T cell epitopes  

Our approach for the isolation of MHC-I bound PRRSV-1 peptides from in vitro infected cells 

was designed to identify epitopes that are naturally synthesized by the cell. The 

immunoproteasome has a specific pattern of hydrolyzing proteins, and not all peptides are 

bound by the MHC-I α-chains’ peptide binding cleft, due to specific anchor residues and spatial 

limitations (Murphy et al. 2017). Many immunopeptidome studies focus on peptides that are 

predicted by specific algorithms, or randomly designed peptide libraries (Pan et al. 2019; Liang 

et al. 2021; Wang et al. 2011). Many of these hypothetical peptides are too large or small, or do 

not possess the preferred amino acid interaction partners of the specific MHC-I anchor residues. 



 

63 
 

Our data relies on in vitro generated immunoproteasomal peptides, that are isolated from PAMs 

18 hours p.i. with PRRSV-1. We chose this time point, since data from our preliminary 

experiments suggests that MHC-I starts to get downregulated at 24 hours p.i. With this strategy 

we wanted to ensure an optimal sample yield. Our isolated MHC-I bound peptides essentially 

follow the pattern of hydrophobic and basic amino acids as anchor residues. Furthermore, most 

isolated peptides are 9-mers, which agrees with the literature (Murphy et al. 2017). These results 

strongly support our MHC-I/peptide isolation protocol. Hence, our approach ensures that 

isolated epitopes are truly presented by MHC-I molecules upon infection. This is important, 

since the reinfection of an animal after previous infection or vaccination would be dependent 

on pre-existing PRRSV-specific T cell receptors. Such receptors are tailored to recognize 

epitopes they have been encountered previously. If these epitopes are not produced by the 

proteasome and displayed by an antigen-presenting cell, the infected cell would not be 

recognized, and subsequently not neutralized by CD8+ T cells.  

To identify the sequences of our peptide isolates, we analyzed the samples with liquid 

chromatography tandem mass spectrometry (LC-MS/MS). This data revealed that the most 

confident PRRSV-1-specific peptides from infected PAMs all derive from the nsps of ORF1. 

To elaborate, whether these identified peptides also have the potential to trigger CD8+ T cell 

responses, we developed an in vitro restimulation assay. This assay aided PBMCs of previously 

vaccinated and/or infected pigs, that were restimulated with a pool of our identified peptides, 

and the single peptides only. These results were compared to unstimulated cells, cells stimulated 

with endogenous (or porcine) peptides, and a positive control. After a staining of cell surface 

markers and intracellular cytokines, the PBMCs were gated and analyzed with a flow 

cytometer. Our results show that especially the pooled peptides elicit a PRRSV-1-specific IFNγ 

production of CD8+ T cells. Furthermore, several single peptides show an elevated IFNγ 

production, compared to the controls. No TNFα, or IFNγ/ TNFα double producers could be 

detected upon stimulation with the PRRSV-1 peptides. At last, we could show that there was a 

higher frequency of CD27+CD8+ T cells in the PRRSV-1 peptide-restimulated PBMCs, 

compared to the positive controls. CD27 is a marker for naïve T cells, that is depleted upon 

differentiation into an effector phenotype (Cossarizza et al., 2019). Subsequently, there are less 

effector (memory) cells present upon stimulation with our PRRSV-1-derived peptides. This 

could be a result of the short stimulation time of 17 hours only. A longer stimulation should be 
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considered for future experiments to investigate, whether our peptides have the potential to 

cause differentiation into memory T cells. This is an important feature that peptides used for 

the development of effective subunit vaccines should have. 

To address the issue, that our analyses show the most confident LC-MS/MS results of peptides 

derived from the PRRSV-1 nsps, we hypothesize that these proteins are plausible targets of 

ubiquitin-mediated immunoproteasomal degradation, since they are produced and reside in the 

cytosol. The PRRSV structural proteins of ORF2-6 are translocated into the ER to receive post-

translational modifications. Nevertheless, there must be a more thorough investigation of the 

hypothesis, that nsps are the main targets of MHC-I presentation. For this purpose, the LC-

MS/MS analyses have to be expanded by producing more replicates, investigating different 

PRRSV strains, and cells with different SLA-I haplotypes. Therefore, we designed a Classical 

Swine Fever Virus (CSFV) based vector, where a gene of insert can be inserted. This insert is 

fused to polyubiquitin, to mark it for ubiquitin-mediated proteasomal degradation. This 

recombinant vector can be used to infect porcine cells and to take a closer look at T cell epitopes 

from defined viral proteins. Additionally, this vector is not restricted to primary cells, but is 

able to infect permanent cell lines that are susceptible to CSFV, for example SK6 or MAX cells. 

We aspire to use this vector system in the future to gain a more detailed insight into the MHC-

I presentation of a defined proteins from defined ORFs. Special proteins of interest would be 

the PRRSV nsps, but also the nucleocapsid protein of ORF7. This structural protein also 

remains in the cytoplasm (Spilman et al. 2009) and could be a target of E3 ligases and 

immunoproteasomal degradation.  

In order to define the PRRSV immunopeptidome in more detail, different viral strains would 

have to be considered for MHC-I/peptide isolation and identification. Our data suggests that 

several PRRSV-1 epitopes, recognized by CD8+ T cells, are conserved among other strains. 

Nevertheless, the generation of a pool of epitopes, protecting against a broad quantity of 

PRRSV-1 and PRRSV-2 strains, would be important in regard of vaccine developments. Even 

though the two PRRSV species show different prevalence at certain geographical areas, the 

transmission between different counties is not unlikely due to the commercialized animal trade. 

Another issue that has to be considered during the search for cross-protective viral epitopes are 

the diverse SLA-I haplotypes. Our data provides isolated MHC-I peptides from the haplotype 
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SLA-I Lr-Hp 35.0/24mod and the PBMCs used for restimulation all possessed one similar 

allele. This similarity of the four different PBMC batches showed an CD8+ T cell-specific IFNγ 

response upon restimulation with our identified PRRSV-1 peptides. Nevertheless, the SLA-I 

haplotypes in the overall pig population are very diverse and a subunit vaccine, with the aim to 

stimulate CD8+ T cells, would have to protect numerous of these haplotypes. Therefore, 

optimally, a pool of PAMs with the most common SLA-I haplotypes should be analyzed for 

PRRSV-specific MHC-I epitopes. A limitation of this proposal is the availability of PAMs. 

These primary cells are extracted from lungs of euthanized pigs and are not available in an 

unlimited amount. Therefore, the establishment of a permanent PAM cell line, susceptible to 

PRRSV infection, is an urgent matter. This cell line could be genetically modified to express 

different SLA-I haplotypes, by removing the customary SLA-I locus with CRISPR/Cas9 and 

replace it with a different allele. Subsequently, this would allow a more detailed look into 

haplotype-specific MHC-I bound PRRSV peptides and would reduce the need of live animals 

for PAM extraction. At last, a permanent cell line has the additional advantages of providing 

an unlimited amount of cells, a smaller risk of contamination, robustness, and a better 

reproducibility of experiments.  

Comparing our results with other studies strengthens our suspicions, that the PRRSV 

immunopeptidome is much more diverse. An investigation of overlapping peptides from nsp9 

and nsp1 by restimulation of PBMCs revealed several immunogenic peptides (Parida et al. 

2012). The authors’ identified reactive peptide sequences do not show an overlap. A similar 

study identified one immunogenic peptide from nsp9, after MHC-I binding predictions with 

NetMHCpan 4.0 (Pan et al. 2019). This peptide sequence does not match any of our 

immunogenic PRRSV-1 peptides. Furthermore, the creation of a library of overlapping 20-mer 

PRRSV peptides and restimulation of PBMCs (Chung et al. 2016) identified several epitopes 

triggering CD8+ T cell responses. One sequence shows an overlap of peptide 7 (nsp4) with one 

of Chung et al., and two more peptides partially overlap with our peptides 1 and 2 (nsp1α). 

However, nsps are not the only targets of immunopeptidome studies. A study investigating T 

cell epitopes of the PRRSV-2 M protein identified three immunogenic peptides (Liang et al. 

2021). Furthermore, GP3 epitopes have been shown to trigger IFNγ responses of CD8+ T cells 

(Cao et al. 2016). These findings underline the importance of a more thorough investigation of 

the PRRSV immunopeptidome to identify more immunogenic MHC-I epitopes.  
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With our MHC-I/peptide isolation protocol, LC-MS/MS based identification, and validation of 

the immunogenicity of these epitopes with an intracellular cytokine staining, we established a 

solid method for PRRSV immunopeptidome studies in the future. Furthermore, we provide first 

immunogenic peptide sequences from the PRRSV-1 nsps. This could be helpful for the 

development of a rational novel vaccine that includes the stimulation of CD8+ T cells. 

4.2. PRRSV recombination mechanisms  

Recombination is a common process in positive stranded ssRNA viruses (Pérez-Losada et al. 

2015), induced by discontinuous RNA replication. During this process, the RdRp dissociates 

from its RNA template and re-associates with another complementary strand. This can result in 

the generation of chimeric genomes with two or more parental strands. Even though this 

mechanism can potentially result in evolutionary advantageous strains, as it has been shown in 

HIV-1 (Yusa et al. 1997; Moutouh et al. 1996; Nora et al. 2007), it can also generate less fitter 

strains, that are possibly eliminated from the gene pool. Nevertheless, together with high 

mutation rates, the recombination of RNA viruses is a main contributor to viral evolution and 

the quasispecies concept.  

To date, many recombinant PRRSV strains have been reported, and due to advanced sequencing 

techniques and recombination detection tools, these reports and the submission of full-genome 

sequences to data banks are increasing. These isolates can be chimeric viruses between two or 

more wild-type strains (Liu et al. 2018; Wang et al. 2020), wild-type and vaccine strains (Li et 

al. 2009; Marton et al. 2019), or different vaccine strains (Kvisgaard et al. 2020; Eclercy et al. 

2019; Sun et al. 2022). Some of these recombinants have been isolated from PRRS-affected 

farms (Kvisgaard et al. 2020), whereas others have been found by chance during whole-genome 

screenings of existing isolates or sequences (Vandenbussche et al. 2021). This supports the 

evidence, that recombination does not necessarily result in more pathogenic or infectious strains 

but is a random process.  

Our work presents three recombinant PRRSV-1 strains, originating from different farms in 

Germany and Austria, between 2018 and 2022. Strain GER18-258 originates from Southern 

Germany and was isolated in 2018. This farrow-to-finish farm reported reproductive disorders, 

characterized by still and weak born piglets and a high pre-weaning mortality. The nursery and 
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fattening pigs displayed typical PRRS symptoms, and overall mortality increased by 2.5%. 

Clinical samples revealed a co-infection of PRRSV-1 with Streptococcus suis and 

Staphylococcus aureus. Strain AUT20-1664 was isolated in Austria in 2020. This farm 

harbored a nursery unit with sows from two different farms. 1% of piglets showed retarded 

growth and respiratory symptoms. These piglets were diagnosed with a co-infection of PRRSV-

1, PCV2, Influenza A, Streptococcus suis, Pasteurella multocida, and Mycoplasma hyorhinis. 

Strain AUT22-97 was isolated in Austria in 2022. This piglet-producing farm reported an 

increased mortality, abortions, and respiratory symptoms in the nursery. PRRSV-1 and 

Actinobacillus pleuropneumoniae were detected in clinical samples from this farm.  

We were able to isolate PRRSV-1 from clinical samples of all farms and sequenced their 

genomes. Initial BLAST analysis revealed all three isolates to be recombinants between 

different wild-type strains and the Ingelvac PRRSFLEX EU® vaccine strain. Further 

investigations with a recombination detection program disclosed, that GER18-258 is most 

likely a recombinant strain with GER09-613 as a major and PRRSFLEX as a minor parent, 

AUT20-1664 a recombinant with an unknown major and PRRSFLEX as a minor parent, and 

AUT22-97 most likely a recombinant of AUT15-33 as a major and PRRSFLEX as a minor 

parent. The similarities of the major parents are below 93%, which cannot rule out a different, 

more similar, not yet isolated PRRSV strain to be the actual major parental strain. The 

recombination breakpoint of all recombinant strains was assigned to the beginning of ORF5. 

This made us suspect, that the RdRp template-switch did not occur randomly. RNA structure 

predictions of the ORF5 recombination hotspots of the parental strains revealed the presence a 

stem-loop. This structure is a plausible cause for the RdRp to switch templates, since such 

structures have been shown to cause of polymerase dissociation from RNA strands (Cheng et 

al, 1991). Having observed this structure, we analyzed other common PRRSV strains for the 

presence of the stem-loop. Interestingly, this structure revealed to be conserved among other 

PRRSV-1 wild-type and vaccine strains, but not among PRRSV-2 strains. BLAST analysis of 

ORF5-7 resulted in the clustering of several PRRSV isolates from Belgium (Vandenbussche et 

al., 2021) with our recombinant strains. The authors conducted a broad whole-genome 

sequencing study of 124 PRRSV isolates and detected several recombinants of wild-type and 

vaccine strains. Interestingly, four of these strains are chimeric viruses of different wild-type 

strains and the Ingelvac PRRSFLEX EU® vaccine strain, with a recombination breakpoint at 
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the beginning of ORF5. These results support our hypothesis, that PRRSV-1 strains and the 

PRRSFLEX vaccine strain possess a recombination hotspot at the beginning of ORF5. This lets 

us conclude, that a closer investigation of PRRSV strains in the field is necessary to monitor 

the emergence and spread of such chimeric viruses. Interestingly, one of the farm where our 

recombinant strains was isolated never applied a PRRSV vaccine. This means that GER18-258 

was spread from another farm, where the virus originates. This underlines that biosafety 

measures are to be taken seriously to avoid contamination of other pig populations with a 

potentially harmful virus.  

With this evidence, we suspect there will be more similar recombinant PRRSV strains emerging 

in the future. PRRSV demonstrates a considerably fast evolution with nucleotide exchange 

numbers between 1*10-6 and 1*10-4 mutations per nucleotide site per year (Peck und Lauring 

2018). Recombination further contributes to this fast evolution, which helps PRRSV to rapidly 

adapt to host to changes and generate strains with immune escape properties. As there is a big 

selective pressure on PRRSV field strains due to vaccination, the virus will evade immunity by 

all means. In this context it is difficult to comprehend which advantage recombined genes from 

MLV strains might provide. Even though veterinarians agree that the benefits of PRRSV 

vaccination outweighs their risks, a monitoring of isolates would help to further distinguish 

recombinant strains and could help prevent their spread. Additionally, a closer characterization 

of the ORF5 stem-loop has to be done to help understand recombination mechanisms of 

PRRSV, and other RNA viruses subsequently. 

4.3. Conclusion 

Taken together, both our manuscripts are part of a prevailing topic in PRRSV research: the 

search for a safe and potent vaccine. As already discussed in chapter 1.1.5. inactivated and 

subunit vaccines have so far not been providing a sufficient protection. Nevertheless, the 

available MLV vaccines used in the field are often not cross-protective against heterologous 

strains within the PRRSV-1 and PRRSV-2 species and bear the potential to revert to virulence 

or recombine with other strains. With our immunopeptidomics study, we provide a method to 

isolate and identify PRRSV-specific MHC-I bound epitopes with the ability to stimulate IFNγ 

production of CD8+ T cells and first immunogenic peptide sequences. It is especially important 
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to find conserved PRRSV MHC-I epitopes to avoid immune evasion by viral evolution. Some 

of our identified epitopes are conserved among other PRRSV strains, but it remains to be 

investigated, whether they elicit an IFNγ response of PBMCs from pigs with different SLA-I 

haplotypes. Furthermore, a follow up study to identify more epitopes from different viral strains 

has to be conducted, to provide a broad PRRSV immunopeptidome library. This library could 

be used in the future to design a reasonable subunit vaccine, causing a solid and cross-protective 

PRRSV-specific IFNγ response. Furthermore, the vaccine should optimally generate a long-

term immunologic memory to protect animals from (re)infections.  

Our finding of a conserved stem-loop within the PRRSV-1 ORF5 RNA sequence that is a 

recombination hotspot in PRRSV-1 strains, raises concerns about the emergence of more 

recombinant strains in the field. This strengthens the claim, that ideally PRRSV MLVs are to 

be replaced by safer alternatives. At last, we hypothesize that the function of the stem-loop 

within ORF5 is likely not a recombination tool. These RNA structure often have other 

functions, like translational initiation. It remains to be instigated, whether the original function 

of the stem-loop is to start the translation of a yet unknown PRRSV alternative ORF.  

A recent SARS-CoV-2 immunopeptidomics study discovered immunogenic out-of-frame T cell 

epitopes (Weingarten-Gabbay et al., 2021). This would be the missing link of our two studies 

– to look for out-of-frame epitopes within the PRRSV immunopeptidome, to not only identify 

immunogenic peptides, but potentially new ORFs. This would not only contribute to finding 

candidates for novel vaccines stimulating CD8+ T cell responses but would help to better 

understand PRRSV immunology and the virus as an entity.  
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5. Summary 

PRRSV is an enveloped single-stranded RNA virus of positive polarity, and one of the most 

devastating porcine pathogens worldwide. Clinical signs of infected animals include respiratory 

disease and reproductive disorders, causing huge production and financial losses of affected 

farms. MLV vaccines are available and widely used, but they are often not cross-protective 

against heterologous virus strains and able to recombine with wild-type or other vaccine strains. 

These two issues are the focus of this thesis: The search for cross-protective PRRSV-1 epitopes 

with the potential to elicit a CD8+ T cell response, and the investigation of recombination 

mechanism of PRRSV-1 wild type and MLVs strains.  

For the identification of PRRSV-1 epitopes with the potential to restimulate CD8+ T cells, we 

isolated MHC-I/peptide complexes of PRRSV-1 infected PAMs by immunoprecipitation. 

Furthermore, we analyzed the bound peptides with LC-MS/MS and compared them to the pig 

proteome. For the confirmation of the immunogenicity of these epitopes, we conducted in vitro 

restimulation assays of PBMCs followed by an ICS and flow cytometry. We were able to 

successfully establish a convenient MHC-I/peptide complex isolation protocol for the LC-

MS/MS identification of PRRSV-1 epitopes. Furthermore, we conducted a workflow for the 

restimulation of PBMCs with these identified peptides to measure CD8+ T cell cytokine 

responses. Our analyses reveal the most confident MS matches of MHC-I-bound peptides 

derive from the PRRSV-1 nsps of ORF1. Additionally, we confirmed the elicitation of an IFNγ 

response by CD8+ T cells after restimulation with several of these peptides. At last, we 

compared these peptide sequences with proteomes of other PRRSV strains and detected the 

conservation of several epitopes in other PRRSV-1, PRRSV-2, and PRRSV vaccine strains. We 

enforce a more detailed research of the PRRSV immunopeptidome by investigating other 

strains and other SLA-I haplotypes to gain a deeper understanding of MHC-I presentation 

toward CD8+ T cells after infection. 

The second part of the thesis focuses on PRRSV recombination mechanisms. After the isolation 

and sequencing of three recombinant PRRSV-1 strains from farms with mild to severe PRRS 

cases, our attention was drawn towards a specific MLV vaccine strain. Recombination analyses 

of these isolates confirmed the recombination of three different wild-type strain with the same 
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MLV strain at the beginning of ORF5. RNA structure predictions revealed a conserved stem-

loop within ORF5, which might be a plausible cause of the RdRp to switch temples during 

replication upon the co-infection of the same animal with different strains. We suggest a more 

detailed exploration of this stem-loops structure and function and underline the surveillance of 

PRRSV recombination in the swine population. 

Taken together, we suggest a more thorough investigation of the PRRSV immunopeptidome 

for the development of PRRSV vaccines with the ability to elicit a cross-protective CD8+ T cell 

response, in order to eliminate the risk of introducing more recombinant strains in the field. 

  



 

72 
 

Zusammenfassung 

PRRSV ist ein umhülltes, einzelsträngiges RNA-Virus mit positiver Polarität und einer der 

verheerendsten Krankheitserreger bei Schweinen weltweit. Zu den klinischen Symptomen 

infizierter Tiere gehören Atemwegserkrankungen und Fortpflanzungsstörungen, die in den 

betroffenen Betrieben enorme finanzielle Verluste verursachen. Modifizierte Lebendimpfstoffe 

sind verfügbar und weit verbreitet, aber sie sind oft nicht kreuzprotektiv gegen heterologe 

Virusstämme und können mit Wildtyp- oder anderen Impfstämmen rekombinieren. Diese 

beiden Probleme stehen im Mittelpunkt dieser Arbeit: Die Suche nach PRRSV-spezifischen 

MHC-I Epitopen, die das Potenzial haben, eine CD8+ T-Zell-Antwort hervorzurufen, und die 

Suche nach dem Rekombinationsmechanismus von PRRSV-1 Impf- und Wildtyp-Stämmen.  

Zur Identifizierung von PRRSV-1 Epitopen die CD8+ T-Zellen stimulieren, isolierten wir 

MHC-I/Peptid-Komplexe von PRRSV-1-infizierten Alveolarmakrophagen durch 

Immunpräzipitation. Dann analysierten wir die isolierten Peptide mit LC-MS/MS und 

verglichen sie mit dem Proteom des Schweins. Zur Bestätigung der Immunogenität dieser 

Epitope führten wir in vitro Restimulationsversuche mit PBMCs durch, gefolgt von einer 

intrazellulärem Zytokinfärbung und Durchflusszytometrie. Es gelang uns, ein erfolgreiches 

MHC-I/Peptidkomplex-Isolierungsprotokoll für die LC-MS/MS-Identifizierung von PRRSV-1 

Epitopen zu entwickeln. Außerdem führten wir eine PBMC-Restimulation mit diesen 

identifizierten Peptiden durch, um die Zytokinreaktionen von CD8+ T-Zellen zu messen. 

Unsere Analysen zeigen, dass die zuverlässigsten MS-Übereinstimmungen der MHC-I-

gebundenen Peptide von den PRRSV-1 Nichtstrukturproteinen vom Leseraster 1 stammen. 

Darüber hinaus bestätigten wir die Generierung einer IFNγ-Antwort durch CD8+ T-Zellen nach 

Restimulation mit mehreren dieser Peptide. Schließlich verglichen wir diese Peptidsequenzen 

mit den Proteom anderer PRRSV-Stämme und stellten fest, dass mehrere unserer Epitope in 

anderen PRRSV-1-, PRRSV-2- und PRRSV-Impfstoff-Stämmen konserviert sind. In der 

Zukunft beabsichtigen wir eine detailliertere Analyse des PRRSV-Immunopeptidoms, indem 

wir andere Virusstämme und andere SLA-I-Haplotypen untersuchen, um ein tieferes 

Verständnis der MHC-I-Präsentation gegenüber CD8+ T-Zellen nach der Infektion zu 

gewinnen. 
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Der zweite Teil der Arbeit befasst sich mit Rekombinationsmechanismen von PRRSV. Nach 

der Isolierung und Sequenzierung von drei rekombinanten PRRSV-1-Stämmen aus Betrieben 

mit leichten bis schweren PRRS-Fällen wurde unsere Aufmerksamkeit auf einen spezifischen 

modifizierten Lebendimpfstoffstamm gelenkt. Rekombinationsanalysen dieser Isolate 

bestätigten die Rekombination von drei verschiedenen Wildtyp-Stämmen mit demselben 

Impfstamm am Anfang vom Leseraster 5. RNA-Strukturvorhersagen ergaben eine konservierte 

Haarnadelstruktur innerhalb des Leserasters 5, die ein plausibler Grund dafür sein könnte, dass 

das RdRp während der Replikation, bei der Koinfektion desselben Tieres mit verschiedenen 

Stämmen, die RNA-Vorlage wechselt. Wir schlagen eine genauere Untersuchung der Struktur 

und Funktion dieser Stammschleife vor und unterstreichen die genauere Überwachung von 

rekombinanten PRRSV Stämmen in der Schweinepopulation. 

Zusammenfassend schlagen wir eine gründlichere Untersuchung des PRRSV 

Immunopeptidoms vor, um Impfstoffe zu entwickeln, die in der Lage sind, eine kreuzprotektive 

CD8+ T-Zellen-Antwort auszulösen, um das Risiko der Einführung weiterer rekombinanter 

Stämme in der Praxis zu vermeiden. 

  



 

74 
 

6. References (in alphabetical order) 

Albina, E. (1997): Epidemiology of porcine reproductive and respiratory syndrome (PRRS): 

An overview. In: Veterinary microbiology 55 (1-4), S. 309–316. DOI: 10.1016/s0378-

1135(96)01322-3. 

Albina, E.; Carrat, C.; Charley, B. (1998a): Interferon-alpha response to swine arterivirus 

(PoAV), the porcine reproductive and respiratory syndrome virus. In: Journal of interferon & 

cytokine research : the official journal of the International Society for Interferon and Cytokine 

Research 18 (7), S. 485–490. DOI: 10.1089/jir.1998.18.485. 

Albina, E.; Piriou, L.; Hutet, E.; Cariolet, R.; L'Hospitalier, R. (1998b): Immune responses in 

pigs infected with porcine reproductive and respiratory syndrome virus (PRRSV). In: 

Veterinary immunology and immunopathology 61 (1), S. 49–66. DOI: 10.1016/s0165-

2427(97)00134-7. 

Boon, J. A. den; Faaberg, K. S.; Meulenberg, J. J.; Wassenaar, A. L.; Plagemann, P. G.; 

Gorbalenya, A. E.; Snijder, E. J. (1995): Processing and evolution of the N-terminal region of 

the arterivirus replicase ORF1a protein: identification of two papainlike cysteine proteases. In: 

Journal of virology 69 (7), S. 4500–4505. DOI: 10.1128/JVI.69.7.4500-4505.1995. 

Brockmeier, S. L.; Palmer, M. V.; Bolin, S. R.; Rimler, R. B. (2001): Effects of intranasal 

inoculation with Bordetella bronchiseptica, porcine reproductive and respiratory syndrome 

virus, or a combination of both organisms on subsequent infection with Pasteurella multocida 

in pigs. In: American journal of veterinary research 62 (4), S. 521–525. DOI: 

10.2460/ajvr.2001.62.521. 

Burkard, C.; Lillico, S. G.; Reid, E.; Jackson, B.; Mileham, A. J.; Ait-Ali, T. et al. (2017): 

Precision engineering for PRRSV resistance in pigs: Macrophages from genome edited pigs 

lacking CD163 SRCR5 domain are fully resistant to both PRRSV genotypes while maintaining 

biological function. In: PLoS pathogens 13 (2), e1006206. DOI: 10.1371/journal.ppat.1006206. 

Calvert, J. G.; Slade, D. E.; Shields, S. L.; Jolie, R.; Mannan, R. M.; Ankenbauer, R. G.; Welch, 

S. W. (2007): CD163 expression confers susceptibility to porcine reproductive and respiratory 

syndrome viruses. In: Journal of virology 81 (14), S. 7371–7379. DOI: 10.1128/JVI.00513-07. 



 

75 
 

Cao, J.; Grauwet, K.; Vermeulen, B.; Devriendt, B.; Jiang, P.; Favoreel, H.; Nauwynck, H. 

(2013): Suppression of NK cell-mediated cytotoxicity against PRRSV-infected porcine alveolar 

macrophages in vitro. In: Veterinary microbiology 164 (3-4), S. 261–269. DOI: 

10.1016/j.vetmic.2013.03.001. 

Cao, Q. M.; Subramaniam, S.; Ni, Y.; Cao, D.; Meng, X. (2016): The non-structural protein 

Nsp2TF of porcine reproductive and respiratory syndrome virus down-regulates the expression 

of Swine Leukocyte Antigen class I. In: Virology 491, S. 115–124. DOI: 

10.1016/j.virol.2016.01.021. 

Carpenter, C. D.; Oh, J. W.; Zhang, C.; Simon, A. E. (1995): Involvement of a stem-loop 

structure in the location of junction sites in viral RNA recombination. In: Journal of molecular 

biology 245 (5), S. 608–622. DOI: 10.1006/jmbi.1994.0050. 

Cavanagh, D. (1997): Nidovirales: a new order comprising Coronaviridae and Arteriviridae. In: 

Archives of virology 142 (3), S. 629–633. PMID: 9349308. 

Charerntantanakul, W. (2012): Porcine reproductive and respiratory syndrome virus vaccines: 

Immunogenicity, efficacy and safety aspects. In: World journal of virology 1 (1), S. 23–30. 

DOI: 10.5501/wjv.v1.i1.23. 

Cheng, S. W.; Lynch, E. C.; Leason, K. R.; Court, D. L.; Shapiro, B. A.; Friedman, D. I. (1991):  

Functional importance of sequence in the stem-loop of a transcription terminator. In: Science 

254(5035):1205-7. DOI: 10.1126/science.1835546 

Chow, J.; Franz, K. M.; Kagan, J. C. (2015): PRRs are watching you: Localization of innate 

sensing and signaling regulators. In: Virology 479-480, S. 104–109. DOI: 

10.1016/j.virol.2015.02.051. 

Chung, C.n J.; Cha, S.; Grimm, A. L.; Chung, G.; Gibson, K. A.; Yoon, K. et al. (2016): 

Recognition of Highly Diverse Type-1 and -2 Porcine Reproductive and Respiratory Syndrome 

Viruses (PRRSVs) by T-Lymphocytes Induced in Pigs after Experimental Infection with a 

Type-2 PRRSV Strain. In: PloS one 11 (10), e0165450. DOI: 10.1371/journal.pone.0165450. 

Collins, J. E.; Benfield, D. A.; Christianson, W. T.; Harris, L.; Hennings, J. C.; Shaw, D. P. et 

al. (1992): Isolation of swine infertility and respiratory syndrome virus (isolate ATCC VR-

2332) in North America and experimental reproduction of the disease in gnotobiotic pigs. In: 



 

76 
 

Journal of veterinary diagnostic investigation : official publication of the American Association 

of Veterinary Laboratory Diagnosticians, Inc 4 (2), S. 117–126. DOI: 

10.1177/104063879200400201. 

Cossarizza, A.; Chang, H.D.; Radbruch, A.; Acs, A.; Adam, D.; Adam-Klages, S. et al. (2019): 

Guidelines for the use of flow cytometry and cell sorting in immunological studies (second 

edition). In: Eur J Immunol 49(10):1457-1973. DOI: 10.1002/eji.201970107  

Coux, O.; Tanaka, K.; Goldberg, A. L. (1996): Structure and functions of the 20S and 26S 

proteasomes. In: Annual review of biochemistry 65, S. 801–847. DOI: 

10.1146/annurev.bi.65.070196.004101. 

Dea, S.; Sawyer, N.; Alain, R.; Athanassious, R. (1995): Ultrastructural characteristics and 

morphogenesis of porcine reproductive and respiratory syndrome virus propagated in the highly 

permissive MARC-145 cell clone. In: Advances in experimental medicine and biology 380, S. 

95–98. DOI: 10.1007/978-1-4615-1899-0_13. 

Du, J.; Ge, X.; Liu, Y.; Jiang, P.; Wang, Z.; Zhang, R. et al. (2016): Targeting Swine Leukocyte 

Antigen Class I Molecules for Proteasomal Degradation by the nsp1α Replicase Protein of the 

Chinese Highly Pathogenic Porcine Reproductive and Respiratory Syndrome Virus Strain 

JXwn06. In: Journal of virology 90 (2), S. 682–693. DOI: 10.1128/JVI.02307-15. 

Dwivedi, V.; Manickam, C.; Patterson, R.; Dodson, K.; Murtaugh, M.; Torrelles, J. B. et al. 

(2011): Cross-protective immunity to porcine reproductive and respiratory syndrome virus by 

intranasal delivery of a live virus vaccine with a potent adjuvant. In: Vaccine 29 (23), S. 4058–

4066. DOI: 10.1016/j.vaccine.2011.03.006. 

Eclercy, J.; Renson, P.; Lebret, A.; Hirchaud, E.; Normand, V.; Andraud, M. et al. (2019): A 

Field Recombinant Strain Derived from Two Type 1 Porcine Reproductive and Respiratory 

Syndrome Virus (PRRSV-1) Modified Live Vaccines Shows Increased Viremia and 

Transmission in SPF Pigs. In: Viruses 11 (3). DOI: 10.3390/v11030296. 

Erickson, A. K.; Jesudhasan, P. R.; Mayer, M. J.; Narbad, A.; Winter, S. E.; Pfeiffer, K. (2018): 

Bacteria Facilitate Enteric Virus Co-infection of Mammalian Cells and Promote Genetic 

Recombination. In: Cell host & microbe 23 (1), 77-88.e5. DOI: 10.1016/j.chom.2017.11.007. 



 

77 
 

Essler, S. E.; Ertl, W.; Deutsch, J.; Ruetgen, B. C.; Groiss, S.; Stadler, M. et al. (2013): 

Molecular characterization of swine leukocyte antigen gene diversity in purebred Pietrain pigs. 

In: Animal genetics 44 (2), S. 202–205. DOI: 10.1111/j.1365-2052.2012.02375.x. 

Faaberg, K.S.; Elam, M.R.; Nelsen C.J.; Murtaugh, M.P. Subgenomic RNA7 is transcribed with 

different leader-body junction sites in PRRSV (strain VR2332) infection of CL2621 cells. In: 

Adv Exp Med Biol. 1998;440:275-9. DOI: 10.1007/978-1-4615-5331-1_36.  

Fang, Y.; Treffers, E. E.; Li, Y.; Tas, A.; Sun, Z.; van der Meer, Y. et al. (2012): Efficient -2 

frameshifting by mammalian ribosomes to synthesize an additional arterivirus protein. In: 

Proceedings of the National Academy of Sciences of the United States of America 109 (43), 

E2920-8. DOI: 10.1073/pnas.1211145109. 

Ferrington, D. A.; Gregerson, D. S. (2012): Immunoproteasomes: structure, function, and 

antigen presentation. In: Progress in molecular biology and translational science 109, S. 75–

112. DOI: 10.1016/B978-0-12-397863-9.00003-1. 

Fitzsimmons, W. J.; Woods, R. J.; McCrone, J. T.; Woodman, A.; Arnold, J. J.; Yennawar, M. 

et al. (2018): A speed-fidelity trade-off determines the mutation rate and virulence of an RNA 

virus. In: PLoS biology 16 (6), e2006459. DOI: 10.1371/journal.pbio.2006459. 

Garboczi, D. N.; Ghosh, P.; Utz, U.; Fan, Q. R.; Biddison, W. E.; Wiley, D. C. (1996): Structure 

of the complex between human T-cell receptor, viral peptide and HLA-A2. In: Nature 384 

(6605), S. 134–141. DOI: 10.1038/384134a0. 

García-Nicolás, O.; Quereda, J. J.; Gómez-Laguna, J.; Salguero, F. J.; Carrasco, L.; Ramis, G.; 

Pallarés, F. J. (2014): Cytokines transcript levels in lung and lymphoid organs during genotype 

1 Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) infection. In: Veterinary 

immunology and immunopathology 160 (1-2), S. 26–40. DOI: 10.1016/j.vetimm.2014.03.008. 

Geffrotin, C.; Popescu, C. P.; Cribiu, E. P.; Boscher, J.; Renard, C.; Chardon, P.; Vaiman, M. 

(1984): Assignment of MHC in swine to chromosome 7 by in situ hybridization and serological 

typing. In: Annales de genetique 27 (4), S. 213–219. PMID: 6335366. 

Gorbalenya, A. E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E. J. (2006): Nidovirales: evolving the 

largest RNA virus genome. In: Virus research 117 (1), S. 17–37. DOI: 

10.1016/j.virusres.2006.01.017. 



 

78 
 

Hammer, S. E.; Duckova, T.; Groiss, S.; Stadler, M.; Jensen-Waern, M.; Golde, W. T. et al. 

(2021): Comparative analysis of swine leukocyte antigen gene diversity in European farmed 

pigs. In: Animal genetics 52 (4), S. 523–531. DOI: 10.1111/age.13090. 

Hammer, S. E.; Ho, C.; Ando, A.; Rogel-Gaillard, C.; Charles, M.; Tector, M. et al. (2020): 

Importance of the Major Histocompatibility Complex (Swine Leukocyte Antigen) in Swine 

Health and Biomedical Research. In: Annual review of animal biosciences 8, S. 171–198. DOI: 

10.1146/annurev-animal-020518-115014. 

Ho, C-S; Lunney, J. K.; Ando, A.; Rogel-Gaillard, C.; Lee, J-H; Schook, L. B.; Smith, D. M. 

(2009): Nomenclature for factors of the SLA system, update 2008. In: Tissue antigens 73 (4), 

S. 307–315. DOI: 10.1111/j.1399-0039.2009.01213.x. 

Hwang, C. K.; Svarovskaia, E. S.; Pathak, V. K. (2001): Dynamic copy choice: steady state 

between murine leukemia virus polymerase and polymerase-dependent RNase H activity 

determines frequency of in vivo template switching. In: Proceedings of the National Academy 

of Sciences of the United States of America 98 (21), S. 12209–12214. DOI: 

10.1073/pnas.221289898. 

Johnson, C. R.; Griggs, T. F.; Gnanandarajah, J.; Murtaugh, M. P. (2011): Novel structural 

protein in porcine reproductive and respiratory syndrome virus encoded by an alternative ORF5 

present in all arteriviruses. In: The Journal of general virology 92 (Pt 5), S. 1107–1116. DOI: 

10.1099/vir.0.030213-0. 

Jurtz, V.; Paul, S.; Andreatta, M.; Marcatili, P.; Peters, B.; Nielsen, M. (2017): NetMHCpan-

4.0: Improved Peptide-MHC Class I Interaction Predictions Integrating Eluted Ligand and 

Peptide Binding Affinity Data. In: Journal of immunology (Baltimore, Md. : 1950) 199 (9), S. 

3360–3368. DOI: 10.4049/jimmunol.1700893. 

Kappes, M.A.; Faaberg, K.S. (2015): PRRSV structure, replication and recombination: Origin 

of phenotype and genotype diversity. In: Virology 479-480:475-86. DOI: 

10.1016/j.virol.2015.02.012. 

Karniychuk, U. U.; Nauwynck, H. J. (2009): Quantitative changes of sialoadhesin and CD163 

positive macrophages in the implantation sites and organs of porcine embryos/fetuses during 

gestation. In: Placenta 30 (6), S. 497–500. DOI: 10.1016/j.placenta.2009.03.016. 



 

79 
 

Kawashima, K.; Narita, M.; Yamada, S. (1999): Changes in macrophage and lymphocyte 

subpopulations of lymphoid tissues from pigs infected with the porcine reproductive and 

respiratory syndrome virus (PRRSV). In: Veterinary immunology and immunopathology 71 (3-

4), S. 257–262. DOI: 10.1016/s0165-2427(99)00102-6. 

Kick, A. R.; Amaral, A. F.; Cortes, L. M.; Fogle, J. E.; Crisci, E.; Almond, G. W.; Käser, T. 

(2019): The T-Cell Response to Type 2 Porcine Reproductive and Respiratory Syndrome Virus 

(PRRSV). In: Viruses 11 (9). DOI: 10.3390/v11090796. 

Kim, H.; Kim, H. K.; Jung, J. H.; Choi, Y. J.; Kim, J.; Um, C. G. et al. (2011): The assessment 

of efficacy of porcine reproductive respiratory syndrome virus inactivated vaccine based on the 

viral quantity and inactivation methods. In: Virology journal 8, S. 323. DOI: 10.1186/1743-

422X-8-323. 

Kim, O.; Sun, Y.; Lai, F. W.; Song, C.; Yoo, D. (2010): Modulation of type I interferon 

induction by porcine reproductive and respiratory syndrome virus and degradation of CREB-

binding protein by non-structural protein 1 in MARC-145 and HeLa cells. In: Virology 402 (2), 

S. 315–326. DOI: 10.1016/j.virol.2010.03.039. 

Kim, T.; Park, C.; Choi, K.; Jeong, J.; Kang, I.; Park, S.; Chae, C. (2015): Comparison of Two 

Commercial Type 1 Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) 

Modified Live Vaccines against Heterologous Type 1 and Type 2 PRRSV Challenge in 

Growing Pigs. In: Clinical and vaccine immunology : CVI 22 (6), S. 631–640. DOI: 

10.1128/CVI.00001-15. 

Kristensen, C. S.; Christiansen, M. G.; Pedersen, K.; Larsen, L. E. (2020): Production losses 

five months after outbreak with a recombinant of two PRRSV vaccine strains in 13 Danish sow 

herds. In: Porcine health management 6, S. 26. DOI: 10.1186/s40813-020-00165-z. 

Kvisgaard, L. K.; Kristensen, C. S.; Ryt-Hansen, P.; Pedersen, K.; Stadejek, T.; Trebbien, R. et 

al. (2020): A recombination between two Type 1 Porcine Reproductive and Respiratory 

Syndrome Virus (PRRSV-1) vaccine strains has caused severe outbreaks in Danish pigs. In: 

Transboundary and emerging diseases. DOI: 10.1111/tbed.13555. 

Labarque, G. G.; Nauwynck, H. J.; van Reeth, K.; Pensaert, M. B. (2000): Effect of cellular 

changes and onset of humoral immunity on the replication of porcine reproductive and 



 

80 
 

respiratory syndrome virus in the lungs of pigs. In: Microbiology 81 (5), S. 1327–1334. DOI: 

10.1099/0022-1317-81-5-1327. 

Lai, M. M. (1992): RNA recombination in animal and plant viruses. In: Microbiological 

reviews 56 (1), S. 61–79. DOI: 10.1128/mr.56.1.61-79.1992. 

Lee, S.; Schommer, S. K.; Kleiboeker, S. B. (2004): Porcine reproductive and respiratory 

syndrome virus field isolates differ in in vitro interferon phenotypes. In: Veterinary immunology 

and immunopathology 102 (3), S. 217–231. DOI: 10.1016/j.vetimm.2004.09.009. 

Lefranc, M. P. (2001): Nomenclature of the human T cell receptor genes. In: Current protocols 

in immunology Appendix 1, Appendix 1O. DOI: 10.1002/0471142735.ima01os40. 

Li, B.; Fang, L.; Xu, Z.; Liu, S.; Gao, J.; Jiang, Y. et al. (2009): Recombination in vaccine and 

circulating strains of porcine reproductive and respiratory syndrome viruses. In: Emerging 

infectious diseases 15 (12), S. 2032–2035. DOI: 10.3201/eid1512.090390. 

Liang, C.; Xia, Q.; Zhou, J.; Liu, H.; Chen, Y.; Liu, Y. et al. (2021): Identification of potential 

SLA-I-restricted CTL epitopes within the M protein of porcine reproductive and respiratory 

syndrome virus. In: Veterinary microbiology 259, S. 109131. DOI: 

10.1016/j.vetmic.2021.109131#. 

Lindstrom, S. E.; Cox, N. J.; Klimov, A. (2004): Genetic analysis of human H2N2 and early 

H3N2 influenza viruses, 1957-1972: evidence for genetic divergence and multiple reassortment 

events. In: Virology 328 (1), S. 101–119. DOI: 10.1016/j.virol.2004.06.009. 

Liu, Y.; Li, J.; Yang, J.; Zeng, H.; Guo, L.; Ren, S. et al. (2018): Emergence of Different 

Recombinant Porcine Reproductive and Respiratory Syndrome Viruses, China. In: Scientific 

reports 8 (1), S. 4118. DOI: 10.1038/s41598-018-22494-4. 

Loemba, H. D.; Mounir, S.; Mardassi, H.; Archambault, D.; Dea, S. (1996): Kinetics of humoral 

immune response to the major structural proteins of the porcine reproductive and respiratory 

syndrome virus. In: Archives of virology 141 (3-4), S. 751–761. DOI: 10.1007/BF01718333. 

Lopez, O. J.; Osorio, F. A. (2004): Role of neutralizing antibodies in PRRSV protective 

immunity. In: Veterinary immunology and immunopathology 102 (3), S. 155–163. DOI: 

10.1016/j.vetimm.2004.09.005. 



 

81 
 

Lunney, J. K.; Fang, Y.; Ladinig, A.; Chen, N.; Li, Y.; Rowland, B.; Renukaradhya, G. J. 

(2016): Porcine Reproductive and Respiratory Syndrome Virus (PRRSV): Pathogenesis and 

Interaction with the Immune System. In: Annual review of animal biosciences 4, S. 129–154. 

DOI: 10.1146/annurev-animal-022114-111025. 

Lunney, J. K.; Ho, C.; Wysocki, M.; Smith, D. M. (2009): Molecular genetics of the swine 

major histocompatibility complex, the SLA complex. In: Developmental and comparative 

immunology 33 (3), S. 362–374. DOI: 10.1016/j.dci.2008.07.002. 

Luo, R.; Xiao, S.; Jiang, Y.; Jin, H.; Wang, D.; Liu, M. et al. (2008): Porcine reproductive and 

respiratory syndrome virus (PRRSV) suppresses interferon-beta production by interfering with 

the RIG-I signaling pathway. In: Molecular immunology 45 (10), S. 2839–2846. DOI: 

10.1016/j.molimm.2008.01.028. 

Scortti, M.; Prieto, C.; Alvarez, E.; Simarro, I.; Castro, J. M. (2007): Failure of an inactivated 

vaccine against porcine reproductive and respiratory syndrome to protect gilts against a 

heterologous challenge with PRRSV. In: Veterinary Record 2007 (161), Artikel 24, S. 809–

813. 

Malim, M. H.; Emerman, M. (2001): HIV-1 Sequence Variation. In: Cell 104 (4), S. 469–472. 

DOI: 10.1016/S0092-8674(01)00234-3. 

Martín-Valls, G. E.; Li, Y.; Díaz, I.; Cano, E.; Sosa-Portugal, S.; Mateu, E. (2022): Diversity 

of respiratory viruses present in nasal swabs under influenza suspicion in respiratory disease 

cases of weaned pigs. In: Frontiers in veterinary science 9, S. 1014475. DOI: 

10.3389/fvets.2022.1014475. 

Marton, S.; Szalay, D.; Kecskeméti, S.; Forró, B.; Olasz, F.; Zádori, Z. et al. (2019): Coding-

complete sequence of a vaccine-derived recombinant porcine reproductive and respiratory 

syndrome virus strain isolated in Hungary. In: Archives of virology 164 (10), S. 2605–2608. 

DOI: 10.1007/s00705-019-04338-2. 

Meier, W.; Wheeler, J.; Husmann, R. J.; Osorio, F.; Zuckermann, F. A. (2000): Characteristics 

of the immune response of pigs to PRRS virus. In: Veterinary Research 31 (1), S. 41. DOI: 

10.1051/vetres:2000032. 



 

82 
 

Mengeling, W. L.; Lager, K. M.; Vorwald, A. C. (1994): Temporal characterization of 

transplacental infection of porcine fetuses with porcine reproductive and respiratory syndrome 

virus. In: American journal of veterinary research 55 (10), S. 1391–1398. PMID: 7998696. 

Mengeling, W. L.; Lager, K. M.; Vorwald, A. C.; Clouser, D. F. (2003): Comparative safety 

and efficacy of attenuated single-strain and multi-strain vaccines for porcine reproductive and 

respiratory syndrome. In: Veterinary microbiology 93 (1), S. 25–38. DOI: 10.1016/S0378-

1135(02)00426-1. 

Moutouh, L.; Corbeil, J.; Richman, D. D. (1996): Recombination leads to the rapid emergence 

of HIV-1 dually resistant mutants under selective drug pressure. In: Proceedings of the National 

Academy of Sciences of the United States of America 93 (12), S. 6106–6111. DOI: 

10.1073/pnas.93.12.6106. 

Murphy; Weaver; Mowat; Berg; Chaplin; Janeway et al. (2017): Janeway's immunobiology. 9. 

ed. New York and London: Garland science. 

Music, N.; Gagnon, C. A. (2010): The role of porcine reproductive and respiratory syndrome 

(PRRS) virus structural and non-structural proteins in virus pathogenesis. In: Animal health 

research reviews 11 (2), S. 135–163. DOI: 10.1017/S1466252310000034. 

Nagy, P. D.; Pogany, J.; Simon, A. E. (1999): RNA elements required for RNA recombination 

function as replication enhancers in vitro and in vivo in a plus-strand RNA virus. In: The EMBO 

Journal 18 (20), S. 5653–5665. DOI: 10.1093/emboj/18.20.5653. 

Nauwynck, H. J.; Duan, X.; Favoreel, H. W.; van Oostveldt, P.; Pensaert, M. B. (1999): Entry 

of porcine reproductive and respiratory syndrome virus into porcine alveolar macrophages via 

receptor-mediated endocytosis. In: The Journal of general virology 80 (Pt 2), S. 297–305. DOI: 

10.1099/0022-1317-80-2-297. 

Neumann, E. J.; Kliebenstein, J. B.; Johnson, C. D.; Mabry, J. W.; Bush, E. J.; Seitzinger, A. 

H. et al. (2005): Assessment of the economic impact of porcine reproductive and respiratory 

syndrome on swine production in the United States. In: Journal of the American Veterinary 

Medical Association 227 (3), S. 385–392. DOI: 10.2460/javma.2005.227.385. 

Nielsen, H. S.; Oleksiewicz, M. B.; Forsberg, R.; Stadejek, T.; Bøtner, A.; Storgaard, T. (2001): 

Reversion of a live porcine reproductive and respiratory syndrome virus vaccine investigated 



 

83 
 

by parallel mutations. In: The Journal of general virology 82 (Pt 6), S. 1263–1272. DOI: 

10.1099/0022-1317-82-6-1263. 

Nielsen, T. L.; Nielsen, J.; Have, P.; Bækbo, P.; Hoff-Jørgensen, R.; Bøtner, A. (1997): 

Examination of virus shedding in semen from vaccinated and from previously infected boars 

after experimental challenge with porcine reproductive and respiratory syndrome virus. In: 

Veterinary microbiology 54 (2), S. 101–112. DOI: 10.1016/S0378-1135(96)01272-2. 

Nora, T.; Charpentier, C.; Tenaillon, O.; Hoede, C.; Clavel, F.; Hance, A. J. (2007): 

Contribution of recombination to the evolution of human immunodeficiency viruses expressing 

resistance to antiretroviral treatment. In: Journal of virology 81 (14), S. 7620–7628. DOI: 

10.1128/JVI.00083-07. 

Oh, T.; Kim, H.; Park, K. H.; Jeong, J.; Yang, S.; Kang, I. et al. (2019): A comparative study 

of the efficacy of a porcine reproductive and respiratory syndrome subunit and a modified-live 

virus vaccine against respiratory diseases in endemic farms. In: Canadian Journal of Veterinary 

Research 83 (2), S. 110–121. PMID: 31097873. 

Overend, C.; Mitchell, R.; He, D.; Rompato, G.; Grubman, M. J.; Garmendia, A. E. (2007): 

Recombinant swine beta interferon protects swine alveolar macrophages and MARC-145 cells 

from infection with Porcine reproductive and respiratory syndrome virus. In: The Journal of 

general virology 88 (Pt 3), S. 925–931. DOI: 10.1099/vir.0.82585-0. DOI: 

10.1099/vir.0.82585-0. 

Pan, X.; Zhang, N.; Wei, X.; Jiang, Y.; Chen, R.; Li, Q. et al. (2019): Illumination of PRRSV 

Cytotoxic T Lymphocyte Epitopes by the Three-Dimensional Structure and Peptidome of 

Swine Lymphocyte Antigen Class I (SLA-I). In: Frontiers in immunology 10, S. 2995. DOI: 

10.3389/fimmu.2019.02995. 

Parida, R.; Choi, I.; Peterson, D. A.; Pattnaik, A. K.; Laegreid, W.; Zuckermann, F. A.; Osorio, 

F. A. (2012): Location of T-cell epitopes in nonstructural proteins 9 and 10 of type-II porcine 

reproductive and respiratory syndrome virus. In: Virus research 169 (1), S. 13–21. DOI: 

10.1016/j.virusres.2012.06.024. 

Park, C.; Choi, K.; Jeong, J.; Chae, C. (2015): Cross-protection of a new type 2 porcine 

reproductive and respiratory syndrome virus (PRRSV) modified live vaccine (Fostera PRRS) 



 

84 
 

against heterologous type 1 PRRSV challenge in growing pigs. In: Veterinary microbiology 

177 (1-2), S. 87–94. DOI: 10.1016/j.vetmic.2015.02.020. 

Park, C.; Seo, H. W.; Han, K.; Kang, I.; Chae, C. (2014): Evaluation of the efficacy of a new 

modified live porcine reproductive and respiratory syndrome virus (PRRSV) vaccine (Fostera 

PRRS) against heterologous PRRSV challenge. In: Veterinary microbiology 172 (3-4), S. 432–

442. DOI: 10.1016/j.vetmic.2014.05.030. 

Patiño-Galindo, J. Á.; Filip, I.; Rabadan, R. (2021): Global Patterns of Recombination across 

Human Viruses. In: Molecular Biology and Evolution 38 (6), S. 2520–2531. DOI: 

10.1093/molbev/msab046. 

Peck, K. M.; Lauring, A. S. (2018): Complexities of Viral Mutation Rates. In: Journal of 

virology 92 (14). DOI: 10.1128/JVI.01031-17. 

Pedersen, L. E.; Jungersen, G.; Sorensen, M. R.; Ho, C.; Vadekær, D. F. (2014): Swine 

Leukocyte Antigen (SLA) class I allele typing of Danish swine herds and identification of 

commonly occurring haplotypes using sequence specific low and high resolution primers. In: 

Veterinary immunology and immunopathology 162 (3-4), S. 108–116. DOI: 

10.1016/j.vetimm.2014.10.007. 

Pennock, N. D.; White, J. T.; Cross, E. W.; Cheney, E. E.; Tamburini, B. A.; Kedl, R. M. (2013): 

T cell responses: naive to memory and everything in between. In: Advances in physiology 

education 37 (4), S. 273–283. DOI: 10.1152/advan.00066.2013. 

Pérez-Losada, M.; Arenas, M.; Galán, J. C.; Palero, F.; González-Candelas, F. (2015): 

Recombination in viruses: mechanisms, methods of study, and evolutionary consequences. In: 

Infection, genetics and evolution : journal of molecular epidemiology and evolutionary genetics 

in infectious diseases 30, S. 296–307. DOI: 10.1016/j.meegid.2014.12.022. 

Pileri, E.; Mateu, E. (2016): Review on the transmission porcine reproductive and respiratory 

syndrome virus between pigs and farms and impact on vaccination. In: Veterinary Research 47 

(1), S. 108. DOI: 10.1186/s13567-016-0391-4. 

Plagemann, Peter G. W. (2003): Porcine reproductive and respiratory syndrome virus: origin 

hypothesis. In: Emerging infectious diseases 9 (8), S. 903–908. DOI: 10.3201/eid0908.030232. 



 

85 
 

Prasanth, K. Reddisiva; Barajas, Daniel; Nagy, Peter D. (2015): The proteasomal Rpn11 

metalloprotease suppresses tombusvirus RNA recombination and promotes viral replication via 

facilitating assembly of the viral replicase complex. In: Journal of virology 89 (5), S. 2750–

2763. DOI: 10.1128/JVI.02620-14. 

Prather, R. S.; Rowland, R. R. R.; Ewen, C.; Trible, B.; Kerrigan, M.; Bawa, B. et al. (2013): 

An intact sialoadhesin (Sn/SIGLEC1/CD169) is not required for attachment/internalization of 

the porcine reproductive and respiratory syndrome virus. In: Journal of virology 87 (17), S. 

9538–9546. DOI: 10.1128/JVI.00177-13. 

Rabadan, R.; Levine, A. J.; Krasnitz, M. (2008): Non-random reassortment in human influenza 

A viruses. In: Influenza and other respiratory viruses 2 (1), S. 9–22. DOI: 10.1111/j.1750-

2659.2007.00030.x. 

Renard, C.; Hart, E.; Sehra, H.; Beasley, H.; Coggill, P.; Howe, K. et al. (2006): The genomic 

sequence and analysis of the swine major histocompatibility complex. In: Genomics 88 (1), S. 

96–110. DOI: 10.1016/j.ygeno.2006.01.004. 

Renson, P.; Rose, N.; Le Dimna, M.; Mahé, S.; Keranflec'h, A.; Paboeuf, F. et al. (2017): 

Dynamic changes in bronchoalveolar macrophages and cytokines during infection of pigs with 

a highly or low pathogenic genotype 1 PRRSV strain. In: Veterinary Research. 48 (1), S. 15. 

DOI: 10.1186/s13567-017-0420-y. 

Renukaradhya, G. J.; Meng, X.; Calvert, J. G.; Roof, M.; Lager, K. M. (2015a): Inactivated and 

subunit vaccines against porcine reproductive and respiratory syndrome: Current status and 

future direction. In: Vaccine 33 (27), S. 3065–3072. DOI: 10.1016/j.vaccine.2015.04.102. 

Renukaradhya, Go. J.; Meng, X.; Calvert, J. G.; Roof, M.; Lager, K. M. (2015b): Live porcine 

reproductive and respiratory syndrome virus vaccines: Current status and future direction. In: 

Vaccine 33 (33), S. 4069–4080. DOI: 10.1016/j.vaccine.2015.06.092. 

Schweiger, B.; Bruns, L.; Meixenberger, K. (2006): Reassortment between human A(H3N2) 

viruses is an important evolutionary mechanism. In: Vaccine 24 (44-46), S. 6683–6690. DOI: 

10.1016/j.vaccine.2006.05.105. 

Snijder, E. J.; Meulenberg, J. J. (1998): The molecular biology of arteriviruses. In: The Journal 

of general virology 79 (Pt 5), S. 961–979. DOI: 10.1099/0022-1317-79-5-961. 



 

86 
 

Snijder, E.J.; Kikkert, M.; Fang, Y. (2013): Arterivirus molecular biology and pathogenesis. In: 

The Journal of general virology 94 (Pt 10), S. 2141–2163. DOI: 10.1099/vir.0.056341-0. 

Spilman, M. S.; Welbon, C.; Nelson, E.; Dokland, T. (2009): Cryo-electron tomography of 

porcine reproductive and respiratory syndrome virus: organization of the nucleocapsid. In: The 

Journal of general virology 90 (Pt 3), S. 527–535. DOI: 10.1099/vir.0.007674-0. 

Stadejek, T.; Larsen, L. E.; Podgórska, K.; Bøtner, A.; Botti, S.; Dolka, I. et al. (2017): 

Pathogenicity of three genetically diverse strains of PRRSV Type 1 in specific pathogen free 

pigs. In: Veterinary microbiology 209, S. 13–19. DOI: 10.1016/j.vetmic.2017.05.011. 

Sun, J.; Leahy, D. J.; Kavathas, P. B. (1995): Interaction between CD8 and major 

histocompatibility complex (MHC) class I mediated by multiple contact surfaces that include 

the alpha 2 and alpha 3 domains of MHC class I. In: The Journal of experimental medicine 182 

(5), S. 1275–1280. DOI: 10.1084/jem.182.5.1275. 

Sun, Q.; Xu, H.; Li, C.; Gong, B.; Li, Z.; Tian, Z.; Zhang, H. (2022): Emergence of a novel 

PRRSV-1 strain in mainland China: A recombinant strain derived from the two commercial 

modified live viruses Amervac and DV. In: Frontiers in veterinary science 9, S. 974743. DOI: 

10.3389/fvets.2022.974743. 

Sun, Y.; Han, M.; Kim, C.; Calvert, J. G.; Yoo, D. (2012): Interplay between interferon-

mediated innate immunity and porcine reproductive and respiratory syndrome virus. In: Viruses 

4 (4), S. 424–446. DOI: 10.3390/v4040424. 

Tan, C.; Chang, L.; Shen, S.; Liu, D.X.; Kwang, J. Comparison of the 5' leader sequences of 

North American isolates of reference and field strains of porcine reproductive and respiratory 

syndrome virus (PRRSV). In: Virus Genes. 2001 Mar;22(2):209-17. DOI: 

10.1023/a:1008179726163.  

Tanaka, K.; Kasahara, M. (1998): The MHC class I ligand-generating system: roles of 

immunoproteasomes and the interferon-gamma-inducible proteasome activator PA28. In: 

Immunological reviews 163, S. 161–176. DOI: 10.1111/j.1600-065X.1998.tb01195.x. 

Thacker, E. L.; Halbur, P. G.; Ross, R. F.; Thanawongnuwech, R.; Thacker, B. J. (1999): 

Mycoplasma hyopneumoniae potentiation of porcine reproductive and respiratory syndrome 



 

87 
 

virus-induced pneumonia. In: Journal of clinical microbiology 37 (3), S. 620–627. DOI: 

10.1128/JCM.37.3.620-627.1999. 

Tysoe-Calnon, V. A.; Grundy, J. E.; Perkins, S. J. (1991): Molecular comparisons of the beta 

2-microglobulin-binding site in class I major-histocompatibility-complex alpha-chains and 

proteins of related sequences. In: The Biochemical journal 277 (Pt 2) (Pt 2), S. 359–369. DOI: 

10.1042/bj2770359. 

van Breedam, W.; van Gorp, H.; Zhang, J. Q.; Crocker, P. R.; Delputte, P.L.; Nauwynck, H. J. 

(2010): The M/GP(5) glycoprotein complex of porcine reproductive and respiratory syndrome 

virus binds the sialoadhesin receptor in a sialic acid-dependent manner. In: PLoS pathogens 6 

(1), e1000730. DOI: 10.1371/journal.ppat.1000730. 

van Marle, G.; Dobbe, J. C.; Gultyaev, A. P.; Luytjes, W.; Spaan, W. J.; Snijder, E. J. (1999a): 

Arterivirus discontinuous mRNA transcription is guided by base pairing between sense and 

antisense transcription-regulating sequences. In: Proceedings of the National Academy of 

Sciences of the United States of America 96 (21), S. 12056–12061. DOI: 

10.1073/pnas.96.21.12056. 

van Marle, G.; van Dinten, L. C.; Spaan, W. J.; Luytjes, W.; Snijder, E. J. (1999): 

Characterization of an equine arteritis virus replicase mutant defective in subgenomic mRNA 

synthesis. In: Journal of virology 73 (7), S. 5274–5281. DOI: 10.1128/JVI.73.7.5274-

5281.1999. 

van Reeth, K.; Labarque, G.; Nauwynck, H.; Pensaert, M. (1999): Differential production of 

proinflammatory cytokines in the pig lung during different respiratory virus infections: 

correlations with pathogenicity. In: Research in veterinary science 67 (1), S. 47–52. DOI: 

10.1053/rvsc.1998.0277. 

van Reeth, K.; Nauwynck, H.; Pensaert, M. (1996): Dual infections of feeder pigs with porcine 

reproductive and respiratory syndrome virus followed by porcine respiratory coronavirus or 

swine influenza virus: a clinical and virological study. In: Veterinary microbiology 48 (3-4), S. 

325–335. DOI: 10.1016/0378-1135(95)00145-x. 



 

88 
 

Vandenbussche, F.; Mathijs, E.; Tignon, M.; Vandersmissen, T.; Cay, A. B. (2021): WGS- 

versus ORF5-Based Typing of PRRSV: A Belgian Case Study. In: Viruses 13 (12). DOI: 

10.3390/v13122419. 

Vanderheijden, N.; Delputte, P. L.; Favoreel, H. W.; Vandekerckhove, J.; van Damme, J.; van 

Woensel, P. A.; Nauwynck, H. J. (2003): Involvement of sialoadhesin in entry of porcine 

reproductive and respiratory syndrome virus into porcine alveolar macrophages. In: Journal of 

virology 77 (15), S. 8207–8215. DOI: 10.1128/jvi.77.15.8207-8215.2003. 

Veit, M.; Matczuk, A. K.; Sinhadri, B. C.; Krause, E.; Thaa, B. (2014): Membrane proteins of 

arterivirus particles: structure, topology, processing and function. In: Virus research 194, S. 

16–36. DOI: 10.1016/j.virusres.2014.09.010. 

Wang, H.; Cui, X.; Cai, X.; An, T. (2022): Recombination in Positive-Strand RNA Viruses. In: 

Frontiers in microbiology 13, S. 870759. DOI: 10.3389/fmicb.2022.870759. 

Wang, J.; Zhang, M.; Cui, X.; Gao, X.; Sun, W.; Ge, X. et al. (2022): Attenuated Porcine 

Reproductive and Respiratory Syndrome Virus Regains Its Fatal Virulence by Serial Passaging 

in Pigs or Porcine Alveolar Macrophages To Increase Its Adaptation to Target Cells. In: 

Microbiology spectrum 10 (6), e0308422. DOI: 10.1128/spectrum.03084-22. 

Wang, J.; Lin, S.; Quan, D.; Wang, H.; Huang, J.; Wang, Y. et al. (2020): Full Genomic 

Analysis of New Variants of Porcine Reproductive and Respiratory Syndrome Virus Revealed 

Multiple Recombination Events Between Different Lineages and Sublineages. In: Frontiers in 

veterinary science 7, S. 603. DOI: 10.3389/fvets.2020.00603. 

Wang, T.; Fang, Q.; Cong, F.; Liu, Y.; Wang, H.; Zhang, H. et al. (2019): The Nsp12-coding 

region of type 2 PRRSV is required for viral subgenomic mRNA synthesis. In: Emerging 

microbes & infections 8 (1), S. 1501–1510. DOI: 10.1080/22221751.2019.1679010. 

Wang, Y.; Zhou, Y.; Li, G.; Zhang, S.; Jiang, Y.; Xu, A. et al. (2011): Identification of 

immunodominant T-cell epitopes in membrane protein of highly pathogenic porcine 

reproductive and respiratory syndrome virus. In: Virus research 158 (1-2), S. 108–115. DOI: 

10.1016/j.virusres.2011.03.018. 

Weesendorp, E.; Morgan, S.; Stockhofe-Zurwieden, N.; Popma-De Graaf, D.J.; Graham, S.P.; 

Rebel, Johanna M. J. (2013): Comparative analysis of immune responses following 



 

89 
 

experimental infection of pigs with European porcine reproductive and respiratory syndrome 

virus strains of differing virulence. In: Veterinary microbiology 163 (1-2), S. 1–12. DOI: 

10.1016/j.vetmic.2012.09.013. 

Weingarten-Gabbay, S.; Klaeger, S.; Sarkizova. S.; Pearlman, L.R.; Chen, D.Y.; Gallagher, 

K.M.E. et al. Profiling SARS-CoV-2 HLA-I peptidome reveals T cell epitopes from out-of-

frame ORFs. In: Cell. 2021 Jul 22;184(15):3962-3980.e17. DOI: 10.1016/j.cell.2021.05.046. 

Wensvoort, G. (1993): Lelystad virus and the porcine epidemic abortion and respiratory 

syndrome. In: Veterinary Research. 24 (2), S. 117–124. PMID: 8343802. 

Wensvoort, G.; Terpstra, C.; Pol, J. M.; Laak, E. A. ter; Bloemraad, M.; Kluyver, E. P. de et al. 

(1991): Mystery swine disease in The Netherlands: the isolation of Lelystad virus. In: The 

veterinary quarterly 13 (3), S. 121–130. DOI: 10.1080/01652176.1991.9694296. 

Wissink, E. H. J.; Kroese, M. V.; van Wijk, H. A. R.; Rijsewijk, F. A. M.; Meulenberg, J. J. 

M.; Rottier, P. J. M. (2005): Envelope protein requirements for the assembly of infectious 

virions of porcine reproductive and respiratory syndrome virus. In: Journal of virology 79 (19), 

S. 12495–12506. DOI: 10.1128/JVI.79.19.12495-12506.2005. 

Wu, W. H.; Fang, Y.; Farwell, R.; Steffen-Bien, M.; Rowland, R. R.; Christopher-Hennings, J.; 

Nelson, E. A. (2001): A 10-kDa structural protein of porcine reproductive and respiratory 

syndrome virus encoded by ORF2b. In: Virology 287 (1), S. 183–191. DOI: 

10.1006/viro.2001.1034. 

Yoon, I. J.; Joo, H. S.; Goyal, S. M.; Molitor, T. W. (1994): A modified serum neutralization 

test for the detection of antibody to porcine reproductive and respiratory syndrome virus in 

swine sera. In: Journal of veterinary diagnostic investigation : official publication of the 

American Association of Veterinary Laboratory Diagnosticians, Inc 6 (3), S. 289–292. DOI: 

10.1177/104063879400600326. 

Yun, S.; Lee, Young-Min (2013): Overview: Replication of porcine reproductive and 

respiratory syndrome virus. In: Journal of microbiology (Seoul, Korea) 51 (6), S. 711–723. 

DOI: 10.1007/s12275-013-3431-z. 



 

90 
 

Yusa, K.; Kavlick, M. F.; Kosalaraksa, P.; Mitsuya, H. (1997): HIV-1 acquires resistance to 

two classes of antiviral drugs through homologous recombination. In: Antiviral research 36 (3), 

S. 179–189. DOI: 10.1016/s0166-3542(97)00053-3. 

Zhang, Z.; Li, Z.; Li, H.; Yang, S.; Ren, F.; Bian, T. et al. (2022): The economic impact of 

porcine reproductive and respiratory syndrome outbreak in four Chinese farms: Based on cost 

and revenue analysis. In: Frontiers in veterinary science 9, S. 1024720. DOI: 

10.3389/fvets.2022.1024720. 

  



 

91 
 

7. Supplement 

 

Supplementary file from part 3.2: S2 Accession numbers of PRRSV strains used for 

phylogenetic trees of figure 3 

 

A26843.1 

AF046869.1 

AF494042.1 

AY032626.1 

AY588319.1 

EU200962.1 

EU624117.1 

FJ797690.1 

GU047344.1 

GU047345.1 

GU067771.1 

GU737264.2 

HQ233605.1 

JF802085.1 

JQ326271.1 

JX187609.1 

JX192632.1 

JX192633.1 

JX192634.1 

JX192635.1 

JX192636.1 

JX192637.1 

JX192638.1 

JX192639.1 

JX215551.1 

JX215552.1 

JX215553.1 

JX215554.1 

JX235365.1 

JX235366.1 

JX235367.1 

JX235370.1 

JX258843.1 

JX679179.1 

JX857698.1 

KC492504.1 

KC492505.1 

KC492506.1 

KC862566.1 

KC862567.1 

KC862568.1 

KC862569.1 

KC862570.1 

KC862571.1 

KC862572.1 

KC862573.1 

KC862574.1 

KC862575.1 

KC862576.1 

KC862577.1 

KC862578.1 

KC862579.1 

KC862580.1 

KC862581.1 

KC862582.1 

KC862583.1 

KC862584.1 

KC862585.1 

KF001144.1 

KF183946.1 

KF183947.1 

KF815525.1 

KJ415276.1 

KJ523894.1 

KJ523895.1 

KJ523896.1 

KJ523897.1 

KJ747052.1 

KM453698.1 

KM453699.1 

KP704287.1 

KP889243.1 



 

92 
 

KR296711.1 

KT033457.1 

KT159248.1 

KT159249.1 

KT326148.1 

KT334375.1 

KT344816.1 

KT988004.1 

KU131557.1 

KU131558.1 

KU131559.1 

KU131560.1 

KU131561.1 

KU131562.1 

KU131563.1 

KU131564.1 

KU131565.1 

KU131566.1 

KU131567.1 

KU131568.1 

KU131569.1 

KU560579.1 

KX169191.1 

KX622783.1 

KX650082.1 

KX668221.1 

KX766378.1 

KX815407.1 

KX815408.1 

KX815409.1 

KX815410.1 

KX815411.1 

KX815412.1 

KX815413.1 

KX815414.1 

KX815415.1 

KX815416.1 

KX815417.1 

KX815418.1 

KX815419.1 

KX815420.1 

KX815421.1 

KX815422.1  

KX815423.1 

KX815424.1 

KX815425.1 

KX815426.1 

KX815427.1 

KX815428.1 

KX815429.1 

KX815430.1 

KX815431.1 

KX815432.1 

KX815433.1 

KX815434.1 

KX967492.1 

KY366411.1 

KY767026.1 

M96262.2 

MF124329.1 

MF187956.1 

MF196905.1 

MF196906.1 

MF346695.1 

MH018883.1 

MH324400.1 

MH463455.1 

MH463456.1 

MH463457.1 

MH463458.1 

MH463459.1 

MH588710.1 

MK024324.1 

MK024325.1 

MK024326.1 

MK024327.1 

MK315208.1 

MK315209.1 

MK315210.1 

MK359258.1 

MK359259.1 

MK359260.1 

MK359261.1 

MK359262.1 

MK359263 

MK359264.1 

MK359265.1 

MK359266.1 

MK359267.1 

MK359268.1 



 

93 
 

MK359269.1 

MK359270.1 

MK359271.1 

MK359272.1 

MK359273.1 

MK359274.1 

MK359275.1 

MK359276.1 

MK359277.1 

MK359278.1 

MK359279.1 

MK359280.1 

MK359281.1 

MK359282.1 

MK359283.1 

MK359284.1 

MK639926.1 

MK876228.1 

MN603982.1 

MN604234.1 

MT000052.1 

MT008024.1 

MT311646.1 

MT746146.1 

MW115431.1 

MW448197.1 

MW847781.1 

MZ287327.1 

MZ287328.1 

MZ287329.1 

MZ287330.1 

MZ417409.1 

MZ417420.1 

MZ417463.1 

MZ417464.1 

MZ417465.1 

MZ417495.1 

MZ417496.1 

NC043487.1 

OK635576.1 

OL516347.1 

OM681585.1 

OM681586.1 

 


	Title
	Table of contents
	1. Introduction
	2. Aims
	3. Manuscripts
	4. Discussion
	5. Summary
	6. References (in alphabetical order)
	7. Supplement

