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“Viruses may be defined as acellular organisms whose genomes consist of nucleic acid, and which 

obligatorily replicate inside host cells using host metabolic machinery to form a pool of components 

which assemble into particles called virions, which serve to protect the genome and to transfer it to 

other cells.” [1-3]
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1.1 Glycan - lectin interactions in virus biology 

 

1.1.1 Introduction 

Animal viruses are obligatory intracellular pathogens that (ab)use the host cell machinery to ensure 

their own replication. Infection with these pathogens can deregulate normal cell physiology and can 

compromise the well-functioning of the whole host organism. In many cases, the host immune system 

can clear the infection quite rapidly and efficiently. In other cases however, the host defence 

mechanisms are not able to efficiently control the infection, which can lead the way for persistent 

infections. This is often because the virus has the ability to counteract or evade the host defence. 

Some viruses directly infect immune cells that are crucial for induction of a protective immunity. Other 

viruses have evolved mechanisms to evade recognition by the immune system. Depending on virus- 

as well as host-related factors, the host may present a pathology ranging from virtually asymptomatic 

to severe disease. 

A good knowledge of the infection mechanism, but also of the immune responses triggered, is a 

prerequisite for well-founded prevention and treatment of any virus-induced disease. Historically, cell 

biological and consequently microbiological research was mainly focused on the nucleic acid and 

protein level. However, during the last decades it has become clear that also carbohydrates, and more 

specifically glycans, account to a great extent for the structural and functional diversity displayed by 

animal cells and their pathogens. At this moment, glycobiology is one of the most rapidly expanding 

disciplines in biology. Increasingly elegant and sensitive techniques (glycomics) and new insights in 

this field have prompted many scientists to apply this knowledge into the field of virology, in order to 

decipher the many roles of glycans in the context of viral infection. Particularly fascinating is the 

multitude of glycan - lectin interactions that occurs during viral infection of a host. In some cases, the 

glycan portions of host glycoconjugates can function as receptors for the virus. In other cases 

however, glycans attached to virion components can serve as ligands for certain molecules within the 

host organism. For instance, an increasing number of studies document on the interaction of viral 

pathogens with immune system lectins. The outcome of these glycan-lectin interactions depends on 

the nature of the lectin as well as on the biology of the virus and often shapes the complex relation 

between the viral agent, the host and its defence mechanism. 

This first part of the introduction of this thesis reflects on glycosylation of cells and viruses and 

explores glycan-lectin interactions in the context of viral infections. A brief introduction on 

glycosylation and lectins will be given and some specific glycan-lectin interactions will be highlighted 

and situated within the larger framework of viral infection and immunity. Distinction will be made 

between interactions that benefit the host and interactions that benefit the virus. In a final section, 

factors that contribute to glycan and lectin variation (and that ultimately govern glycan-lectin 

interactions) will be briefly discussed. 
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1.1.2 Glycosylation1 

Like nucleic acids, proteins and lipids, carbohydrates are essential components of the animal cell. 

Carbohydrates do not only have a crucial role in energy metabolism, but also cover other important 

structural and functional roles within the cell and organism. The term ‘glycan’ refers to the 

carbohydrate portion of glycoproteins and glycolipids found at cell surfaces, in extracellular matrices 

and in cell secretions. Many of these glycans cover important structural roles and are implicated in 

protein folding and solubility, protease resistance and masking of highly immunogenic protein 

stretches. Alternatively, glycans can also have non-structural roles and take part in specific recognition 

events, in which they usually interact with specific complementary glycan-binding proteins (GBPs) 

called lectins. Many glycan-lectin interactions have been shown to represent key events in a variety of 

biological processes including cell adhesion, cell signaling and intercellular communication. 

The biosynthesis of glycans is, unlike the synthesis of DNA, RNA and proteins, not a template-driven 

process. Glycan formation depends on the concerted action of different glycosyltransferase and 

glycosidase enzymes. Expression of these enzymes differs between cell types and is linked to the cell 

status. The set of enzymes available during the synthesis of a glycoconjugate directs the addition and 

further extension and modification of glycan chains. Other crucial factors such as the accessibility of a 

glycosylation site/glycan chain for specific enzymes and the availability of precursors also significantly 

affect this process. As a consequence, glycosylation can be extremely complex and heterogeneous. 

However, many glycans share conserved structural characteristics as they follow (partially) 

overlapping biosynthetic pathways. Consequently, glycans can be categorized in different classes 

according to their basic core structure, the type of molecule they are linked with and the type of the 

linkage. 

Two major types of glycosylation are N- and O-linked glycosylation. N-linked glycosylation of 

proteins is maybe the best-known form of glycosylation. N-linked glycans are covalently attached to 

the amide nitrogens of asparagine side chains and are almost exclusively found on asparagine 

residues within the sequence Asn-X-Ser/Thr, in which X can be any amino acid (aa) except proline. 

Nascent polypeptides obtain their N-linked glycans co-translationally in the endoplasmic reticulum 

(ER) via an ‘en bloc’ transfer of a precursor glycan (Glc3Man9GlcNAc2) to the Asn residue. Further 

modification of this precursor glycan occurs during passage of the glycopeptide through the ER and 

Golgi compartments by different glycosidases and glycosyltransferases. Depending on the extent and 

nature of these modifications, the N-glycans present on mammalian glycoproteins can be classified as 

high-mannose, hybrid or complex type N-glycans. 

As the name implies, O-linked glycans are linked to a carrier molecule via an oxygen atom. 

Although there are different types of O-linked glycosylation, the term O-linked glycan is often used to 

specifically refer to protein-linked glycan chains that have a GalNAc residue α-linked to the hydroxyl 

group of serine or threonine residues. Unlike with N-linked protein glycosylation, there are no clear 

motifs that define these O-linked glycosylation sites. Also, there is no ‘en bloc’ transfer of a preformed 

                                                
1 This brief introduction on glycosylation was written using “Essentials of Glycobiology” [4] and “Introduction to 
Glycobiology” [5] as reference works. Additional useful sources are indicated where necessary. 
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precursor glycan to the protein. Instead, individual monosaccharides are added one at a time due to 

the consecutive action of different glycosyltransferases present in the ER and Golgi apparatus. The 

glycan chain composition dictates classification of O-linked glycans in different subtypes. 

A particular type of glycoprotein that deserves attention in the context of this introduction is the 

proteoglycan. Proteoglycans consist of a core protein carrying one or more covalently attached 

glycosaminoglycans (GAGs). GAGs are linear polysaccharide chains composed of repeated 

disaccharide subunits of an amino sugar and a uronic acid/galactose residue. Most of the GAG types 

studied carry sulphates at various positions. In proteoglycans, GAG chains can be linked to the core 

protein in different ways. Heparan sulphate (HS)/heparin and chondroitin sulphate (CS)/dermatan 

sulphate (DS), two different classes of GAGs, are assembled on serine-linked xylose residues. In 

contrast, keratan sulphate (KS), another type of GAG, can be linked to the protein through a core 

glycan structure as described for N-glycosylation (KS I) or through an O-linked GalNAc residue on Ser 

or Thr (KS II), as described for O-glycosylation. Most proteoglycans carry, apart from the GAG chains, 

also N- and/or O-linked glycans as described above. 

From the above, it is clear that protein glycosylation is a complex and versatile process. However, not 

only proteins, but also lipids can be modified with glycan chains. One class of glycolipids comprises 

the glycosphingolipids. Glycosphingolipids are amphipathic molecules made up of a hydrophilic 

glycan moiety linked to a hydrophobic sphingolipid termed ceramide. Glycosphingolipid formation is 

initiated on the membranes of the ER or the Golgi apparatus. A monosaccharide unit, in higher animal 

cells generally glucose or galactose, is directly coupled to the ceramide molecule. The presence of 

different glycosyltransferase enzymes in the ER/Golgi allows further extension of the glycan moiety via 

stepwise addition of monosaccharides. A different type of glycolipid is the glycophospholipid 

anchor or GPI (glycosyl phosphatidyl inositol) anchor. This molecule is found in association 

with certain membrane proteins and serves as a linker between the protein and the lipid membrane. 

GPI anchors have a common core structure comprised of ethanolamine-PO4-6Manα1-2Manα1-

6Manα1-4GlcNα1-6myo-Ino-1-PO4-lipid. The protein is linked to the GPI anchor via an amide linkage 

between the C-terminal carboxyl group of the protein and the amino group of 

phosphatidylethanolamine. The bioynthesis of a GPI-linked membrane protein involves the separate 

synthesis of a GPI anchor precursor and the membrane protein on the ER membrane. Subsequently, 

the protein is transferred to the GPI anchor via a transamidation reaction, which involves the cleavage 

of a C-terminal GPI signal sequence from the protein and coupling of the newly formed C-terminus 

with the ethanolamine group of the GPI anchor. Although the basic core structure of different GPI 

anchors is the same, both the glycan and the lipid moiety of the GPI anchor can show extensive 

variability. 

As mentioned above, many glycans show a similar basic glycan core structure and linkage of this core 

to the carrier molecule, which allows classification of these molecules as N-glycans, O-glycans, etc. 

Further processing of the glycan core structure results in diversification and accounts for the huge 

variation in glycan composition. Although some glycan structures may be exclusively found in one 

specific glycan class, many (sub)terminal glycan modifications can be found in different glycan 
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classes. Common (sub)terminal modifications include polylactosamine, ABO blood group antigens, 

Lewis antigens and sialic acids in different linkages. Consequently, N- and O-glycans and the glycan 

part of glycolipids and proteoglycans often have more in common than one would expect based on 

their core structure. 

Apart from the different glycan types introduced here, several other forms of glycosylation exist. 

However, an in-dept discussion of these is beyond the scope of this introduction. For more detailed 

information on glycosylation, readers may refer to the “Essentials of Glycobiology” [4] and 

“Introduction to Glycobiology” [5] text books. 

 

Pathogens may benefit from the fine-tuned cellular biosynthetic pathways that govern glycan addition. 

This is most obvious in the case of viruses, which are obligatory intracellular pathogens that use the 

cellular building blocks and machinery to generate progeny virus (cfr. supra) [1-3]. Glycans form an 

important part of the virion structure of many viral pathogens. Cellular membrane glycoproteins and 

glycolipids can be incorporated in the virion of enveloped viruses, as they inherit their lipid envelope 

from their target cell. More significant however is the N- and/or O-linked glycosylation of the virus-

encoded gene products. It is clear that many advantages of protein glycosylation do not only apply to 

cellular components, but also to the viral constituents. Glycosylation can guarantee correct folding and 

transport of viral proteins and can render these proteins, and hence the virus, more stable. In 

addition, glycosylation can confer other intrinsic properties to the virus, some of which are 

indispensable when it comes to efficient infection and spread. Some glycosylated viruses use specific 

lectins on host cells to facilitate viral infection and spread [6,7] (cfr. infra: 1.1.4.2 Glycan-lectin 

interactions that benefit the virus). Also, glycan chains present on glycoproteins that line the virion 

surface can mask highly antigenic protein stretches and protect them from being recognized by 

specific receptors of the immune system such as antibodies, B- and T-cell receptors (‘glycan 

shielding’) [8-10]. Bearing this in mind, the acquisition of additional glycosylation sites as a 

consequence of mutational events may seem highly beneficial for the virus and to some extent it 

probably is. However, the presence of a denser glycan array on the virion surface may also negatively 

affect crucial steps in the viral infection process [8] or entail enhanced recognition by the lectin 

branch of the immune system, implicated in the first-line defence against a wide variety of pathogens 

[9] (cfr. infra 1.1.4.1 Glycan-lectin interactions that benefit the host). Hence, also for viral 

glycosylation, there seems to be a golden mean. 

Although the building blocks and the glycosylation machinery used in normal host cell-specific and 

viral glycosylation are basically the same, the glycan array displayed on the virion surface can differ 

substantially from the one covering normal host cell glycoconjugates. Not only are viral glycoproteins 

often more heavily glycosylated than their cellular counterparts (e.g. gp120 envelope protein of 

human immunodeficiency virus (HIV) [10]), the composition of individual glycan chains and variation 

thereof can also diverge greatly. After all, viral infection is a stress factor for the cell and this has 

repercussions on the glycosylation biology. Moreover, the available set of cellular glycosylation 

enzymes and precursors can be insufficient to ensure homogeneous glycosylation of the vast amounts 
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of viral glycoprotein generated in the infected cell and consequently these viral glycoconjugates may 

show a significantly higher degree of glycan heterogeneity. Some viruses even actively modify the 

glycome by modulating the expression of host cell glycosylation enzymes [11-13] or via the 

expression of their own viral glycosyltransferases [14-21]. Another factor to be considered is that 

several animal viruses can infect multiple cell types in their host (e.g. HIV) or even infect multiple host 

species (e.g. Dengue virus). As different cell types often show different glycosylation characteristics 

[4,22,23], viruses produced in different cells can display different glycans on their surface [24-28]. 

Virus originating from different cell types may thus be prone to different interactions with immune 

system lectins, either promoting or counteracting viral infection. 

 

1.1.3 Lectins and the immune system 

As stated in the former paragraph, the non-structural roles of glycans involve their interaction with 

lectins. Lectins may simply be defined as carbohydrate-binding proteins. Some definitions are however 

more restrictive and make abstraction of enzymes, glycan-specific antibodies and even GAG-binding 

proteins [4]. According to the more strict definitions, GAG-binding proteins and lectins are 

distinguished based on different factors, including their ligand range, the structural basis of their 

glycan recognition and their conservation [4]. In general, GAG-binding proteins interact with 

negatively charged, sulphated GAGs via clusters of positively charged aa residues and do not appear 

to be evolutionarily related to each other2 [4]. In contrast, most (strict sense) lectins belong to protein 

families with defined “carbohydrate recognition domains” (CRDs). The CRDs within a lectin family 

share structural and functional properties and selectively recognize specific aspects of N- and O-linked 

glycans and glycosphingolipids (sometimes also GAGs) [4]. Some CRDs can discriminate between 

different monosaccharides, while other CRDs show no significant affinity for monosaccharides and 

specifically interact with oligosaccharides [4,29]. The latter CRD type often has a preference for 

ligands with specific linkages between the monosaccharide units, as these linkages determine the 3D 

structure of the glycan ligand and the portions of the glycan that are available for interaction with the 

CRD [4,29]. Interactions between a single CRD and a single mono/oligosaccharide are often very 

weak and strong interactions are usually the result of multivalent binding, i.e. the interaction of 

multiple CRDs with multiple ligands (avidity) [4,29]. While some lectins contain multiple CRDs that can 

participate in ligand binding, others contain only a single CRD and rely on clustering of individual lectin 

molecules for high avidity binding [4,29]. Clustering of CRDs does not only allow stronger interactions 

with ligands, but also contributes to the specificity/selectivity of interactions at the multivalent level. 

The relative spacing of the CRDs allows highly avid, multivalent binding to saccharide ligands in a 

certain density and particular presentation [4,29,30]. 

 

Animal lectins are typically expressed in a cell- and/or tissue-specific manner. They are involved in 

many different biological processes, including glycoprotein trafficking, cell adhesion and signaling and 

                                                
2 An important exception to this general rule can be found in GAG-binding proteins that interact with the non-
sulphated GAG hyaluronan, as these seem to share a characteristic, evolutionarily conserved fold. 
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their expression is usually tightly regulated [4]. Particularly striking is the great number of lectins that 

are linked with the innate immune system [30-37]. The innate immune system makes up a first-line 

defence against a wide variety of pathogens, effectively coupling specific recognition events with a 

complex network of signaling and effector mechanisms. The recognition function is covered by a set 

of so-called pattern recognition receptors (PRRs) that recognize unique molecular patterns of self 

and/or non-self origin [38,39]. Some of these molecules predominantly recognize pathogen-associated 

molecular patterns (PAMPs) and are therefore mainly associated with pathogen surveillance. Others 

have a slightly broader ligand range and can also bind self and altered-self and may contribute to 

tolerance as well as immunity [38,39]. Some PRRs recognize e.g. DNA or RNA, but others are 

endowed with a lectin activity detecting specific carbohydrate moieties [38,39]. The majority of lectin 

PRRs identified to date are C-type lectins, since they bind carbohydrate ligands via a C-type CRD that 

requires Ca2+ ions for its functionality [4,30,35-38,40]. The innate immune system PRRs include 

membrane-associated as well as soluble lectins. Binding of glycosylated ligands to membrane-

associated lectins can initiate signaling mechanisms or may result in uptake of the ligand into the 

degradative compartment of the cell. The cytoplasmic domain of these lectins usually contains 

characteristic motifs that drive endocytosis and/or take part in specific signaling pathways [35-37]. A 

well-known example of such a membrane-associated lectin PRR is the dendritic cell-specific 

intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) [41]. The soluble immune system 

lectins on the other hand have quite a different mode of action. In fact, considering their functioning, 

a comparison between soluble lectin PRRs and antibodies is not that far off. Binding of soluble lectin 

PRRs to pathogens can result in agglutination (aggregation) and neutralization of these pathogens 

[31]. Also, binding of a pathogen by a soluble PRR can facilitate recognition by specific immune cell 

receptors (opsonization) and enhance pathogen uptake [31]. Some soluble lectin PRRs are also 

involved in activation and regulation of the complement cascade [31]. Well-known soluble lectin PRRs 

include the mannose-binding lectin (MBL) and surfactant protein A and D (SP-A and SP-D) [31]. 

Considering all this, it is clear that both membrane-associated and soluble lectins cover crucial roles in 

the immune system as PRRs. However, it is also clear that their role is not restricted to pathogen 

recognition. Several immune system lectins are involved in intercellular communication, positive 

and/or negative regulation of activation, regulation of inflammation, disposal of damaged and 

apoptotic cells, ... [31-35] In conclusion, animal lectins cover essential functions in the integrated 

system that makes up the innate immune system, which is not only an important first defence line 

against pathogens but also activates and directs pathogen-specific adaptive immune responses. Figure 

1 gives a schematic overview of different types of animal lectins that have been shown to interact 

with viral pathogens. 
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Figure 1. Schematic overview of different types of membrane-associated (A) and soluble (B) animal 
lectins that have been shown to interact with viral pathogens (adapted from [4,31,42]) 
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1.1.4 Glycan - lectin interactions in virus biology 

Glycan-lectin interactions can play major roles in virus biology. As mentioned above, host lectins are 

pivotal in different aspects of the host’s physiology, including the immune defence against (viral) 

pathogens. However, it has become apparent that host lectins may also promote viral infection in 

several ways. In addition, many viruses also encode their own dedicated viral lectins. The presence of 

such viral lectins at the surface of the infectious virion generally aids in targeting the virion to 

potential target cells, but may also entail some negative effects for the virus. 

In general, the nature of the glycan, the lectin and the specific conditions under which their 

interaction occurs determines the outcome of a specific binding event and directs virions to a certain 

fate. In the context of a viral infection however, many different (lectin-dependent or -independent) 

interactions and processes take place simultaneously, resulting in a complex network of virus - 

hostfactor interaction, signaling and effector mechanisms. The net effect of these interactions may 

either benefit the host or the virus. 

In this section, different scenarios of how glycan-lectin interactions shape the virus-host interaction 

are introduced and exemplified, thereby mainly focusing on glycan-lectin interactions in which virions 

or structural virus components are directly involved. 

 

1.1.4.1 Glycan - lectin interactions that benefit the host 

As mentioned above, the immune system is a very sophisticated defence mechanism against a wide 

range of pathogens and efficiently couples recognition functions with specific responses in order to 

counteract infection with these pathogens. Major players in this context are the immune system 

lectins. Several membrane-associated immune system lectins act as pathogen recognition molecules: 

they can bind pathogens and activate signaling mechanisms or capture pathogens for subsequent 

degradation and presentation to cells of the adaptive immune system (e.g. MHC-II-restricted 

presentation of antigens to T cells), resulting in the induction of a pathogen-specific adaptive immune 

response. Alternatively, pathogens attached to such cell surface lectins may also be directly presented 

to neighbouring immune cells in trans, a process that seems especially significant at sites with a high 

density of immune cells (e.g. the lymph nodes). Hence, binding of a viral pathogen to membrane-

associated (immune system) lectins can lead to its clearance and degradation. One example of this 

can be found in the interaction between HIV-1 and human langerin, a lectin exclusively expressed on 

Langerhans cells [43,44]. De Witte and coworkers (2007) reported that HIV-1 interacts with langerin 

via high-mannose glycans on the gp120 envelope protein and is subsequently internalized into Birbeck 

granules, leading to virus degradation [43]. Another study showed that human papillomavirus 16 

colocalizes with langerin at the cell surface and in cytoplasmic vesicles of Langerhans cells, leading to 

the assumption that these cells conduct langerin-mediated clearance of the virus [45]. Considering 

these data, lectin-mediated uptake of virions into immune cells seems an ideal route for virus 

clearance. However, many membrane-associated immune system lectins seem to have a dubious role 

in virus biology. Although they are essentially a part of the host’s defence against pathogens, many 

lectin PRRs are also abused by viruses to facilitate infection or viral spread and it almost seems that 
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membrane-associated lectins are a curse rather than a blessing when it comes to combating viral 

infections (cfr. 1.1.4.2 Glycan - lectin interactions that benefit the virus). This is in contrast to most 

soluble immune system lectins, which have mainly been associated with protection against viral 

infection. Different soluble immune system lectins have been reported to aid in neutralization and 

clearance of various viral pathogens. Table 1 gives an overview of both membrane-associated and 

soluble host lectins that have been associated with antiviral defence. 

 

Table 1. Overview of host lectins that have been implicated in antiviral defence 
Host lectin Implicated in defence against ... 

Membrane-associated lectin  
• Langerin Human immunodeficiency virus [43], Human papillomavirus [45] 

Soluble lectin  
• Collectin-43 
  (CL-43) 

Bovine rotavirus [46], Influenza A virus [47] 

• Conglutinin Bovine rotavirus [46], Influenza A virus [48-51] 

• L-ficolin Hepatitis C virus [52] 

• Ficolin-α Porcine reproductive and respiratory syndrome virus [53] 

• Galectin-1 
  (Gal-1) 

Hendra virus [54], Human paramyxovirus III [54], Nipah virus [54,55] 

• Mannose-binding lectin 
  (MBL) 

Dengue virus [56], Ebola virus [57], Hepatitis B virus [58-60], Hepatitis C virus 
[60-63], Herpes simplex virus [64,65], Human cytomegalovirus [66], Human 
immunodeficiency virus [67-70], Human papillomavirus [71,72], Human T-cell 
lymphotropic virus [73], Infectious bronchitis virus [74], Influenza A virus 
[50,51], Marburg virus [57], Respiratory syncitial virus [75,76], Severe acute 
respiratory syndrome coronavirus [77-80], West nile virus [56,81] 

• Pentraxin-3 
  (PTX-3) 

Human cytomegalovirus [82], Influenza A virus [83,84], Murine 
cytomegalovirus [82] 

• Serum amyloid P component 
  (SAP) 

Influenza A virus [85-87], Influenza B virus [86], Parainfluenza 3 virus [86] 

• Surfactant protein A 
  (SP-A) 

Adenovirus [88], Herpes simplex virus [89,90], Human immunodeficiency virus 
[91], Influenza A virus [51], Respiratory syncitial virus [92-95] 

• Surfactant protein D 
  (SP-D) 

Bovine rotavirus [46], Human immunodeficiency virus [96], Influenza A virus 
[51], Respiratory syncitial virus [94,95,97-99], Severe acute respiratory 
syndrome coronavirus [100,101], Sendai virus [102] 

 

While an in-dept discussion of all interactions between soluble immune system lectins and viral 

glycans that have been implicated in antiviral defence seems excessive, a short introduction on some 

characteristic interactions feels appropriate. Different studies suggest an important role of SP-A, SP-D 

and MBL in the defence against influenza A virus (IAV) infection. The interaction of SP-A and SP-D 

with IAV has been extensively studied. While both SP-A and SP-D show IAV-neutralizing capacity, 

their interaction with the virus appears to be radically different. SP-D binds mannose-rich glycans on 

the viral spike proteins hemagglutinin and neuraminidase through its CRD [51,103]. In contrast, it 

appears that binding of SP-A with IAV does not require the lectin activity of SP-A, but depends on the 

interaction of the viral hemagglutinin with a sialylated N-glycan on the SP-A CRD [51,104]. 

Interestingly, it was found that porcine SP-D can associate with IAV via either of these mechanisms. 

While porcine SP-D can bind IAV virions through interaction of its CRD with high mannose glycans on 

the virion surface, as described for other SP-D molecules, the presence of a sialylated glycan on the 

lateral surface of its CRD also allows sialic acid-dependent association with the IAV hemagglutinin, cfr. 

SP-A [104-107]. Ultimately, the interaction mechanism of these molecules with IAV determines the 
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spectrum of IAV variants it associates with: SP-D binding depends on viral glycosylation, SP-A binding 

depends on the specificity of the hemagglutinin and interaction with the porcine SP-D depends on 

both. Both SP-A and SP-D inhibit viral hemagglutinating activity [51] and SP-D was also reported to 

inhibit the viral neuraminidase [108]. Moreover, SP-A and SP-D both induce viral aggregation and 

enhance IAV binding to neutrophils and SP-D - IAV complexes were found to internalize upon 

attachment to neutrophils [51]. Preincubation of IAV with SP-D or SP-A enhances the ability of the 

virus to stimulate H2O2 responses in neutrophils [51]. Preincubation with SP-D also protects 

neutrophils from IAV-induced deactivation, while preincubation with SP-A had no such effect [51]. In 

vivo studies using SP-A and SP-D knock-out mice suggest that SP-D may have a more important role 

than SP-A in the innate response against IAV infection [98,108-115]. While such studies are certainly 

valuable, it can be hard to uncouple and distinguish direct anti-IAV effects from other roles in the 

(regulation of the) host’s immune system. Moreover, it is difficult to generalize these conclusions, as 

reactivity of SP-A and SP-D with IAV variants is strain-specific. 

MBL binds with high-mannose type glycans on the spike proteins of IAV [51,116]. In vitro studies 

pointed out that MBL can counteract IAV by roughly the same mechanisms as SP-D [51,108], 

although its ability to activate the complement cascade expands its capabilities [117,118]. 

Complement activation can occur via three distinct pathways: the classical, the alternative and the 

lectin pathway [31]. The classical pathway is activated by binding of C1q to a ligand, usually an 

antigen-antibody complex. Upon C1q binding, the C1q-associated serine protease tetramer C1s-C1r-

C1r-C1s gets activated and initiates the further complement cascade [31]. In contrast, the alternative 

pathway of complement activation assumes direct binding of C3 to a ligand [31]. The lectin pathway 

on the other hand is quite similar to the classical pathway: ligand binding by a lectin such as MBL or 

ficolin leads to activation of MBL-associated serine proteases (MASPs) and activates the complement 

cascade [31]. 

Figure 2 gives a schematic overview of how both host and viral lectins can be implicated in 

interactions that benefit the host and contribute to protection against viral infection. 

 

 

 

Figure 2. Schematic overview of how viral lectins (A) and host lectins (B) can be implicated in 
interactions that benefit the host and protect against viral infection 
(A-1) Attachment of viral GAG-binding proteins/lectins to decoy GAGs/glycans present on non-target cells 
prevents binding to and infection of actual target cells; (A-2) Binding of viral lectins to decoy glycans present on 
soluble glycoconjugates competes with host cell receptor usage; (B1-1) Binding of virion-associated glycans with 
membrane-associated host lectins can lead to virus uptake, degradation and presentation of viral antigens to cells 
of the adaptive immune system; binding can trigger specific signaling that is crucial to mount an effective 
immune response; (B1-2) Binding of virion-associated glycans with membrane-associated host lectins may lead 
to direct presentation of the virus to immune cells in trans; binding can trigger specific signaling that is crucial to 
mount an effective immune response; (B2-1) Binding of soluble host lectins to virion-associated glycans can lead 
to direct virus neutralization by aggregating virions, blocking interaction of the virus with its receptors, ...; (B2-2) 
Binding of soluble host lectins to virion-associated glycans can lead to enhanced uptake of the virus by immune 
cells, leading to viral degradation and potential presentation of viral antigens to cells of the adaptive immune 
system; (B2-3) Binding of soluble host lectins to virion-associated glycans can lead to activation of the 
complement cascade (Lectin pathway), which ultimately leads to lysis of the enveloped virion. 
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From the data presented above, it is clear that specific host (immune system) lectins can contribute 

greatly to inhibition of viral infection and spread. However, also glycan-lectin interactions involving 

viral lectin activity are not always beneficial for the virus. Binding of viral lectins to non-target cell-

associated glycoconjugates can result in virus neutralization. This is further situated in the following 

section on glycan - lectin interactions that benefit the virus. 

 

1.1.4.2 Glycan - lectin interactions that benefit the virus 

In contrast to the scenarios described above, glycan-lectin interactions can also represent crucial 

events in the infection process of a virus. The most intuitive examples are evidently found in viruses 

that carry viral proteins with a lectin activity. Virally encoded lectins are instrumental in targeting 

infectious virions to potential host cells via binding to cell-associated glycans and can cover important 

roles in the initial steps of the infection cycle. Many viruses have been shown to interact with GAGs 

[119-127]. GAGs are found in many different tissues as part of proteoglycan molecules on cell 

surfaces and in the extracellular matrix [128]. Interaction with these GAGs often constitutes the first 

contact between a virus and its target cell and can allow more efficient infection. However, it has 

been documented for several viruses that the ability to interact with GAGs can result from adaptation 

to growth in cell culture [129-132]. Clearly, use of primary virus isolates seems to be appropriate 

when assessing the occurrence and relevance of such interactions in vivo. Some viruses possess 

dedicated lectins that display an affinity for other glycan types, e.g. histo-blood group antigens 

(HBGAs) or sialic acids. Many examples of such viruses can be found in the Caliciviridae family. 

Human noroviruses (a.o. Norwalk virus) bind HGBAs in a strain-specific manner: specific strains 

recognize specific types of HGBAs [133-140]. Also the bovine norovirus GIII, the rabbit hemorrhagic 

disease virus and the rhesus monkey Tulane virus have been shown to interact with HGBAs [141-

144]. The murine norovirus and the feline calicivirus on the other hand use sialic acids as receptors 

[145,146]. 

As most animal cells display a dense and diverse glycan array on their surface, these glycans may 

seem ideal targets for the initial interaction between a virus and its host cell and to some extent they 

are. However, the glycan receptors for viral lectins are often not target cell-specific and high 

affinity/avidity binding of viruses to non-target cells or glycan-carrying molecules (‘decoy receptors’) 

can prevent the virus from targeting its natural host cells and lead to virus neutralization. Some 

viruses may escape this fate as their lectin activity is coupled with the activity of a receptor-destroying 

enzyme (RDE), which makes attachment to glycosylated ligands reversible. Viruses that carry such 

RDE include several members of the Orthomyxoviridae, the Paramyxoviridae and the Coronaviridae 

virus families. The best-known examples in this context are, without a doubt, the influenza viruses, 

members of the Orthomyxoviridae family. Both influenza A and B viruses display hemagglutinin 

proteins on their surface [147]. This spike protein shows lectin activity and interacts with specific sialic 

acid receptors, but is also responsible for the pH-dependent fusion required for the virus to infect its 

host cell [147]. The RDE activity was mapped to another spike protein in the viral membrane, 

designated neuraminidase [147,148]. This enzyme removes sialic acid moieties by catalyzing the 
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hydrolysis of the α-ketosidic linkage to the subterminal sugar residue and allows the virus to detach 

from sialic acid-carrying cells/molecules [148]. The RDE activity is crucial for efficient release of newly 

formed virions from (sialic acid-carrying) infected cells and is instrumental in preventing virion 

aggregation, but can also provide an escape route for the virus after hemagglutinin-mediated binding 

to non-target cells. Upon interaction of the virus with sialic acids on a potential target cell, productive 

infection of this cell may occur. However, if the virus does not initiate the next stage of the infection 

process and simply remains attached to the cell surface, as can occur with binding to non-target cells, 

the RDE activity can set the virion free again and allow it to interact with other potential target cells. 

In contrast to influenza A and B viruses, some other viruses combine both lectin and RDE functions in 

one protein complex. For example, the viral membranes of some paramyxoviruses, including mumps 

virus, Newcastle disease virus, Sendai virus and human parainfluenza virus 3 and 5, are studded with 

hemagglutinin-neuraminidase (HN) proteins [149,150]. Another example is the influenza C virus, 

which carries the hemagglutination, RDE and fusion protein functions in one single spike protein 

named the hemagglutinin-esterase-fusion protein (HEF) [151,152]. Whereas the RDE of influenza A 

and B viruses is a neuraminidase, which cleaves off entire sialic acid residues, the RDE of influenza C 

functions as a sialate-O-acetylesterase and cleaves off specific O-acetyl groups [153,154]. A similar 

situation is seen for certain coronaviruses and in toroviruses, both classified within the Coronaviridae 

family [155]. These viruses carry an accessory protein called hemagglutinin-esterase (HE) on their 

surface. As the name implies, functional HE proteins combine a hemagglutinating activity with a 

sialate-O-esterase activity [155-157]. Interestingly, for some Coronaviridae members, the HE protein 

is not the only envelope protein endowed with a lectin activity. For example, the spike proteins of 

bovine coronavirus and human coronavirus OC43 have been shown to be potent sialic acid-binding 

lectins [158,159]. Also the spike protein of transmissible gastroenteritis virus has been shown to 

possess such a lectin activity [160-162]. However, transmissible gastroenteritis virus has no HE 

protein that serves as RDE to counteract the hemagglutinating activity of the spike protein. 

 

Viruses do not only benefit from virally encoded lectins, but can also use host lectins to their 

advantage. Paradoxically, many of the host lectins that are exploited by viruses form part of the 

immune system. While capture of viral pathogens by these lectins may be necessary for the induction 

or modulation of an efficient immune response against this pathogen (cfr. supra), many viruses 

employ such interactions to promote efficient infection and spread (see Table 2). Virus binding to 

membrane-associated lectins can lead to concentration of virions at the cell surface and can facilitate 

infection of target cells. In many cases, host lectins appear to function as true portals for viral entry: 

the virus binds to the lectin, which drives subsequent internalization of the virus into specific cellular 

compartments from which the virus can initiate the next stage of infection. However, it has also been 

shown that lectins present on non-target cells can facilitate infection of target cells, a process called 

trans-infection. Many membrane-associated (immune system) lectins also participate in specific 

signaling pathways and engagement of such lectins by a virus may modulate both viral infection and 

the immune response in favour of the pathogen. An immune system lectin that can be used as a 
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paradigm in this context is DC-SIGN. This molecule is mainly expressed on dendritic cells (DCs), but 

expression on macrophages and even on B cell subsets has also been reported [41,163]. DC-SIGN 

functions as an adhesion molecule for different endogenous ligands. For example, DC-SIGN present 

on the DC surface can bind to T cell-expressed intercellular adhesion molecule 3 (ICAM-3) and thus 

contribute to the interaction between DCs and resting T cells [41]. Moreover, DC-SIGN has been 

implicated in DC regulation and maturation and covers an important role as a PRR, capturing and 

internalizing antigens for degradation and subsequent presentation to other immune cells [41]. Over 

the last decade, it has become apparent that DC-SIGN interacts with a wide variety of viral pathogens. 

A textbook example of a virus that recruits DC-SIGN is HIV-1. The HIV-1 - DC-SIGN interaction has 

already been extensively studied and has recently been reviewed by several research groups [163-

166]. DC-SIGN can bind the enveloped HIV-1 particle and mainly recognizes high mannose glycans on 

the viral envelope protein (especially the gp120 unit) [167,168]. The glycosylation profile of the HIV-1 

envelope glycoproteins is a function of the cell in which the virus is produced and determines the 

efficiency of DC-SIGN recruitment. Lin and coworkers (2003) reported that a higher high mannose 

content corresponds with more efficient DC-SIGN recruitment and vice versa [26]. Binding of HIV-1 to 

DC-SIGN can entail both negative and positive effects for the virus. As situated above, virions bound 

to DC-SIGN can be internalized into the degradative pathway and processed for antigen presentation 

to elicit a specific immune response [169-171]. In contrast, HIV-1 binding to DC-SIGN may also 

augment productive infection of the DC-SIGN-expressing cell (cis-infection) by functioning as a HIV-1 

attachment factor on cells that also express CD4 (HIV receptor) and a HIV co-receptor (e.g. 

chemokine receptors) [172-174]. A large body of evidence also supports a crucial role of DC-SIGN in 

HIV-1 trans-infection: DC-SIGN molecules on the cell surface can capture HIV-1 particles and transfer 

them to adjacent target cells, without the need for productive infection of the DC-SIGN-expressing cell 

[7,169,175]. This trans-infection mechanism forms the basis of a popular model for the sexual route 

of HIV-1 transmission and infection. According to this model, submucosal DCs capture HIV-1 virions 

and, by homing to the lymph nodes, provide a means of transport for the virus to a region rich in 

target cells. The DC then interacts with CD4+ T cells and the captured virus is transferred to the target 

cell over the infectious synapse, the contact zone between the DC and the target T cell. DC-SIGN-

mediated trans-infection by HIV-1 has been extensively documented and it is generally accepted that 

such trans-enhancement of infection can contribute significantly to the viral spread and dissemination 

in vivo. Nevertheless, some of the specifics on how this process occurs remain a matter of debate. 

Initial studies reported lectin-mediated internalization of infectious virus into low pH compartments 

and advocate that the virus traffics in intracellular compartments towards the zone of T cell contact, 

where it is released into the infectious synapse [176]. Moreover, it was postulated that such capture 

of HIV virions temporarily protects them from degradation and preserves viral infectivity [175,176]. 

These data supporting sequential endo- and exocytosis of intact HIV particles were rapidly adopted by 

a broad scientific public and gave rise to the “Trojan horse model” of HIV trans-infection. However, 

other studies on this subject contradict these findings. Indeed, it has been demonstrated that DC-

SIGN-mediated internalization of HIV-1 mainly leads to virus degradation and MHC presentation 
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[170,171]. In addition, Cavrois and coworkers (2007) reported that HIV-1 trans-infection does not 

require intracellular virus trafficking, but is exclusively dependent on cell surface-associated virions 

that reach the infectious synapses via transport on the cell surface [177]. In line with this, Yu et al. 

(2008) reported that HIV-1 traffics towards the infectious synapse through a specialized, surface-

accessible intracellular compartment [178]. These and other data also counter the theory that HIV-1 

capture preserves viral infectivity [169,172,173,179] and the presence of infectious virus at later time 

points can likely be explained by productive infection of the transmitting cells [169,172,173]. 

Regardless of how HIV-1 virions reach the infectious synapse, it is clear that DC-SIGN can aid in 

trans-infection with the virus and without a doubt, further research will allow a better understanding 

of this process. The role of DC-SIGN in HIV-1 infection appears however not to be restricted to purely 

physical capture of virions for subsequent degradation or cis- or trans-infection. Recruitment of DC-

SIGN by HIV-1 also triggers signal transduction that modulates immune responses and promotes 

infection of DCs and adjacent target cells more indirectly. For example, Hodges and coworkers (2007) 

reported that binding of HIV-1 to DC-SIGN compromises DC maturation and primes these cells for 

trans-infection: CD86 and MHC-II upregulation are hampered, while synapse formation between DCs 

and CD4+ T cells is promoted [180]. Another study by Gringhuis and colleagues (2010) showed that 

triggering of both toll-like receptor 8 (TLR8) and DC-SIGN is also required to induce synthesis of full-

length HIV transcripts in HIV-1-infected DCs [181]. In general, it is clear from the data above that DC-

SIGN recruitment by HIV-1 significantly affects viral infection and spread as well as the antiviral 

defence against this pathogen in several ways. Clearly, recruitment of immune system lectins can 

markedly influence the in vivo clinical picture upon viral infection. 

Over the last decade, both DC-SIGN and its homologue DC-SIGN-related protein (DC-SIGNR) have 

become prototypes for lectin-mediated cis- and trans-infection and have been implicated in the 

infection process of several other viruses. Of course, DC-SIGN and DC-SIGNR are not the only host 

lectins that are (ab)used by viruses to promote infection and spread. Table 2 gives an overview of 

host lectins that may be used by viruses to their advantage. 

Although generally implicated in antiviral defence, also soluble host lectins can act in support of viral 

infection. For example, a role for galectin-1 has been proposed in infection with HIV-1 [182,183]. In 

vitro experiments pointed out that galectin-1 could enhance HIV-1 infection of different cell types, 

including human lymphoid cell lines, peripheral blood mononuclear cells (PBMC), CD4+ T lymphocytes 

and monocyte-derived macrophages [182,183]. Galectin-1 also increased HIV-1 infection in an ex vivo 

lymphoid tissue model [183]. Further experiments showed that galectin-1 accelerates virion binding to 

the target cell surface, likely by crosslinking viral and cellular glycans. Hence, it was proposed that 

galectin-1 enhances infection efficiency by promoting firmer adhesion of HIV-1 to the cell surface 

[182,183]. 

Figure 3 gives a schematic overview of how both viral and host lectins can be implicated in 

interactions that benefit the virus and facilitate viral infection and spread. 
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Table 2. Overview of host lectins that have been implicated in the promotion of viral infection, 
spread or persistence 

Host lectin Implicated in infection with/spread or persistence of ... 

Membrane-associated lectin  
• Asialoglycoprotein receptor 
  (ASGPR) 

Ebola virus [26], Hepatitis A virus [184], Hepatitis B virus [185-190], Hepatitis C 
virus [191,192], Marburg virus [193] 

• Dendritic cell immuno-  
   receptor 
  (DCIR) 

Human immunodeficiency virus [194] 

• Dendritic cell-specific inter-  
   cellular adhesion molecule 
   3-grabbing non-integrin 
  (DC-SIGN) 

Dengue virus [28,195-203], Ebola virus [26,57,204-208], Feline coronavirus 
[209,210], Hepatitis C virus [192,211-218], Human coronavirus NL-63 [219], 
Human cytomegalovirus [220-222], Human immunodeficiency virus [7,163,169], 
Human T-cell lymphotropic virus [223], Marburg virus [206,224], Measles virus 
[225-227], Porcine reproductive and respiratory syndrome virus [228], Severe 
acute respiratory syndrome coronavirus [206,219,229-231], Simian 
immunodeficiency virus [7], Sindbis virus [232], West Nile virus [233-235] 

• DC-SIGN-related protein 
  (DC-SIGNR/L-SIGN) 

Ebola virus [26,204-208], Hepatitis C virus [192,211-218], Human coronavirus 
NL-63 [219], Human coronavirus 229E [236], Human cytomegalovirus [220], 
Human immunodeficiency virus [7,237], Marburg virus [206], Severe acute 
respiratory syndrome coronavirus [206,219,231,238], Simian immunodeficiency 
virus [7], Sindbis virus [232], West Nile virus [233,234] 

• Liver and lymph node 
   sinusoidal endothelial cell 
   C-type lectin 
  (LSECtin) 

Ebola virus [239,240], Hepatitis C virus [241], Marburg virus [239], Severe acute 
respiratory syndrome coronavirus [239] 

• Macrophage galactose/N 
   acetylgalactosamine-  
   specific C-type lectin 
  (MGL) 

Ebola virus [242], Influenza A virus [243], Marburg virus [224,242] 

• Mannose receptor 
  (MR) 

Dengue virus [244], Hepatitis B virus [245], Human immunodeficiency virus 
[246-250], Influenza A virus [243,251], Japanese encephalitis virus [244], Tick-
borne encephalitis virus [244] 

• Paired immunoglobulin-like 
   type 2 receptor alpha 
  (PILR-α) 

Herpes simplex virus [252-259], Pseudorabies virus [256] 

• Sialoadhesin 
  (Sn) 

Human immunodeficiency virus [260], Porcine reproductive and respiratory 
syndrome virus [6,261-263] 

Soluble lectin  
• Galectin-1 
  (Gal-1) 

Human immunodeficiency virus [182,183], Human T-cell lymphotropic virus 
[264] 

• Mannose-binding lectin 
  (MBL) 

Epstein-barr virus [265] 

• Surfactant protein A 
  (SP-A) 

Human immunodeficiency virus [91] 

 

 

Figure 3. Schematic overview of how viral lectins (A) and host lectins (B) can be implicated in 
interactions that benefit the virus and facilitate viral infection and spread 
(A-1) Attachment of viral proteins to GAGs displayed on a target cell leads to concentration of virions on the 
target cell surface, which ultimately enhances viral infection; (A-2) Attachment of viral lectins to glycan receptors 
displayed on a target cell leads to virus entry (attachment, internalization and fusion, depending on specific virus 
biology); (B1-1) Binding of virion-associated glycans with membrane-associated host lectins leads to virus entry 
(attachment, internalization and fusion, depending on specific virus biology); binding can trigger signaling 
mechanisms that benefit viral infection, spread and/or immune evasion; (B1-2) Binding of virion-associated 
glycans with membrane-associated host lectins leads to presentation of the virus to target cells in trans, 
facilitating target cell infection; binding can trigger signaling mechanisms that benefit viral infection, spread 
and/or immune evasion; (B2-1) Cross-linking of virion-associated glycans and glycans displayed on the host cell 
surface by soluble lectins can facilitate and stabilize virus attachment, which ultimately enhances viral infection; 
(B2-2) Binding of soluble host lectins to virion-associated glycans, followed by association of the lectins with 
receptors on the host cell surface can facilitate viral entry (attachment, internalization and fusion, depending on 
specific virus biology). 
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1.1.5 Glycan and lectin variation 

As exemplified above, glycan-lectin interactions can certainly make their mark during viral infection. 

Consequently, variation or changes in either glycan or lectin can shift the balance between host and 

pathogen. Variability in glycan or lectin expression and structure may exist on host as well as on virus 

level. 

 

As situated above, cellular glycosylation is not a template-driven process, but depends on the 

concerted action of different glycosyltransferase and glycosidase enzymes. The availability of these 

enzymes, the availability of precursor molecules and the accessibility of specific glycosylation sites 

govern (the efficiency of) glycan addition and modification and hence determine glycan variability. In 

line with this, factors such as the activation [22,266,267] or infection [268] status of a cell can 

significantly influence glycosylation processes and different cell types can assemble radically different 

glycomes [22,23]. Hence, different biological factors lie at the basis of the glycan heterogeneity that is 

seen for many different animal glycoconjugates. 

Several studies have revealed significant heterogeneity relating to animal lectins. For different animal 

lectins, gene polymorphisms have been described that affect expression and/or functionality of these 

proteins. It is for example well known that polymorphisms in the promoter region as well as in the 

coding region of the human MBL2 gene affect protein expression levels and functionality [269,270]. 

Mutations in the promoter region affect MBL expression levels, likely by influencing binding of 

transcription factors. Polymorphisms in exon 1, encoding the collagen-like domain of MBL, appear to 

hinder correct oligomerization of multiple MBL protein chains and impede efficient activation of the 

lectin complement pathway [269,270]. Functional MBL levels have been correlated with susceptibility 

to different viral infections and subsequent disease progression [269,270]. Another interesting 

example in this context is DC-SIGN. Polymorphisms in the promoter region of the CD209 gene are 

assumed to affect DC-SIGN expression levels and have been linked with altered susceptibility to 

certain viral infections [271-273]. In addition, gene polymorphisms in the DC-SIGN-encoding region 

have been described and different isoforms are also formed as a result of alternative splicing [273-

275]. DC-SIGN isoforms reported to date include variants with truncated lectin domains or variations 

in the neck region, variants that lack the transmembrane region and variants displaying an alternative 

cytoplasmic domain [273,274]. Information on the expression and biological activity of many of these 

DC-SIGN variants is rather limited. However, the expression of DC-SIGN neck domain variants on DCs 

and myeloid cells has been documented and DC-SIGN neck domain heterozygosity has e.g. been 

associated with a reduced risk of HIV-1 infection [273,275]. Although variations in the neck domain 

may be correlated with altered multimerization competence in the cell membrane and altered glycan-

binding capacity, they do not necessarily impede the interaction with specific pathogens [273]. 

However, the obervation that the presence of neck domain variants can influence the presence and 

stability of prototypic DC-SIGN multimers on the cell surface may hold an explanation for the link 

between DC-SIGN heterozygosity and HIV-1 susceptibility [273]. Further research is necessary to 

clarify these issues. 
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Since viruses largely rely on the host cell machinery for glycosylation, viral glycoconjugates are 

subject to similar limitations regarding enzyme and precursor availability and glycosylation site 

accessibility. Consequently, viral glycoconjugates can show a similar heterogeneity and viruses can 

incorporate multiple glycoforms of their structural components into newly generated virions. 

Considering these boundaries, it is clear that overexpression of viral glycoproteins in an infected target 

cell can result in an increased glycan heterogeneity of viral as well as cellular glycoconjugates. Also in 

line with this, an additional source of variation can be discerned for viruses that can infect multiple cell 

types (e.g. HIV [24-27]) or even different host species (e.g. Dengue virus [28]): viruses can obtain 

radically different glycomes, depending on the specific cell they are produced in. 

Another significant factor to be considered in this context is the rapid evolution of many viral 

pathogens. This seems especially significant for RNA viruses, as these viruses generally evolve more 

rapidly than DNA viruses due to factors inherent to their biology and infection strategy [2,276,277]. 

The higher mutation frequency of many RNA viruses directly implies there is a higher chance for 

addition/deletion of putative glycosylation sites. Changes in the glycosylation profile of the virus can 

influence its interaction with a whole array of lectins and may e.g. affect the ability of the virus to 

infect specific target cells or alter its capacity to evade host immune mechanisms. However, not only 

the viral glycosylation status, but also the affinity and specificity of viral lectins for specific 

glycoconjugates can change as a result of mutations. Mitnaul and coworkers (2000) postulated that aa 

changes at specific sites of the hemagglutinin protein of IAV can alter its affinity for sialic acid-

containing receptors [278]. In line with this, several studies indicate that single aa substitutions in the 

IAV hemagglutinin protein can significantly alter its receptor specificity [279-282], which has been 

linked to the ability of the virus to cross the species barrier and infect other host species. Moreover, in 

the context of viruses that possess both viral lectin and RDE activity, one must also consider the 

specific RDE. RDEs can significantly influence the interaction between viral lectins and glycosylated 

host cell receptors and, consequently, functional alterations in the RDE due to mutations can have a 

strong impact. For IAV, it has been reported that balanced hemagglutinin and neuraminidase 

functions are necessary for efficient virus replication [278]. 

 

Clearly, while the web of glycan-lectin interactions in the context of a viral infection is already quite 

complex, variability in glycans and lectins and in pathogen and host further complicate this matter. 

More research is required to better define this fascinating and important aspect of virus biology. 
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1.2 Porcine reproductive and respiratory syndrome virus 
 

1.2.1 Introduction 

Late in the 1980s, a new pig disease was reported in the USA [283], and subsequently also in Canada 

[284], Europe [285-289] and Asia [290]. Disease symptoms included early farrowing, late term 

abortions and stillbirths in sows, and respiratory problems in pigs of all ages. As these symptoms 

could not be related with any specific known pathogen, the disease was initially referred to as 

‘Mystery Swine Disease’ (MSD) [289,291,292]. Other names were also used, including ‘blue-eared pig 

disease’ [286-288,293], ‘porcine reproductive and respiratory syndrome’ (PRRS) [284-286,290,293], 

‘porcine epidemic abortion and respiratory syndrome’ (PEARS) [291,294] and ‘swine infertility and 

respiratory syndrome’ (SIRS) [295,296], all of them reflecting some of the characteristic symptoms. In 

1991, researchers at the ID-DLO in Lelystad (The Netherlands) managed to isolate an unknown 

infectious agent from MSD-affected pigs [289]. This infectious agent was characterized as a virus, 

designated “Lelystad virus” (LV), and fulfillment of Koch’s postulates pointed towards this virus as the 

etiological agent of MSD [289,291]. Around the same time, American scientists were able to cultivate 

an American isolate of the virus on CL2621 cells and named this isolate VR-2332 [296]. These 

important findings were the starting point for further study of the pathogenesis and epidemiology of 

the disease. In 1992, at the first international symposium on this disease (St. Paul, MN, USA), ‘porcine 

reproductive and respiratory syndrome’ (PRRS) and ‘PRRS virus’ (PRRSV) were accepted as the official 

names to refer to the disease and the virus, respectively. 

 

At present, PRRSV is endemic in swine-producing countries worldwide [297,298]. Despite the great 

efforts of pig holders, veterinarians, researchers and vaccine developers, the virus remains difficult to 

control and this is at least partly due to the high variability of the virus. Phylogenetic studies have 

shown that two PRRSV genotypes exist: the European genotype (type 1), with LV as prototype virus, 

and the American genotype (type 2), for which VR-2332 is the prototype [289,295,299,300]. These 

two genotypes differ significantly from one another and are thought to have originated from a 

common ancestor via independent evolution on distinct continents [300-304]. This vision is supported 

by the fact that at the beginning of PRRSV outbreaks, genotype 1 appeared to be restricted to 

Europe, while genotype 2 was only found in America and Asia. Currently however, these restrictions 

do no longer apply and genotype 1 and 2 PRRSV variants co-exist in several European, American and 

Asian swine-producing countries [305-315]. Not only between both genotypes, but also within each 

genotype a high degree of genetic and antigenic variation is seen [316,317]. The virus clearly evolves 

rapidly, which allows rapid emergence of new PRRSV variants [316,317]. The pathogenicity of 

different virus variants can vary greatly. While many PRRSV isolates have been described as 

apathogenic or only moderately virulent, different studies report on the emergence of higly 

pathogenic PRRSV variants [316-324]. To date, the factors that determine the virulence of PRRSV 

remain poorly understood. Further study of the PRRSV biology, including immunology and 
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epidemiology, is necessary to gain better insights into the evolution of this pathogen and its 

interaction with the host. 

 

1.2.2 Taxonomy 

PRRSV is classified in the Arteriviridae virus family (genus Arterivirus) within the order of the 

Nidovirales [325-327]. Viruses are classified within the Nidovirales order based on similarities in their 

genome organization and the relatedness of proteins involved in RNA replication and transcription 

[325,328]. The order name is derived from “nidus”, latin for “nest”, and refers to the nested set of 3’ 

co-terminal subgenomic-length mRNAs that is generated for expression of the open reading frames 

(ORFs) downstream of the replicase gene [326,327]. Based on phylogenetic analysis of the viral RNA-

dependent RNA polymerases (RdRps), current nidovirus classification recognizes three distinct 

families: the Arteriviridae (genus Arterivirus), the Coronaviridae (genus Coronavirus and Torovirus) 

and the Roniviridae (genus Okavirus) [325]. The vast majority of nidoviruses known to date can be 

assigned to one of these families. PRRSV is classified within the Arteriviridae family and, besides 

PRRSV, this virus family currently contains 3 other members: the equine arteritis virus (EAV), the 

simian haemorrhagic fever virus (SHFV) and the lactate dehydrogenase-elevating virus (LDV) of mice 

[325,326]. Although arteriviruses are highly species specific, they share the ability to cause persistent 

infections in their respective hosts [326]. They primarily target macrophages and/or endothelial cells 

and display similarities in their virion morphology, genome organization and replication strategy [326]. 

They are enveloped, positive-stranded RNA viruses and generally appear as roughly spherical particles 

with indistinct projections on their surface [326,327]. 

 

Historically, PRRSV isolates are categorized into the European (type 1) or the North American (type 2) 

genotype, with respectively the PRRSV LV and VR-2332 isolates as prototypes [289,295,299]. 

However, genetic and antigenic profiling have shown that the virus evolves rapidly and displays a 

huge genetic and antigenic variability in the field [316,317,329-335]. While it is clear that some parts 

of the PRRSV genome are more variable than others, we are only just beginning to understand the 

mechanisms behind this. As it was found that PRRSV can exist in single animals as a cluster of 

different virus variants (either with common or distinct ancestral roots), it has been suggested that 

PRRSV may exist as a quasispecies [336,337]. Following quasispecies theory, each single round of 

virus replication yealds a mixture (‘cloud’) of virions bearing different, closely related genomes. While 

some virus variants that carry mutations at crucial sites of the genome are not viable, other variants 

can become dominant under specific selective conditions. However, the fitness of an individual 

genotype is always subordinate to the global fitness of the entire genotype population [2]. Further 

research will hopefully provide a better understanding of this important aspect of PRRSV biology. 
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1.2.3 Genome organization and virion structure 

 

1.2.3.1 Genome organization 

The PRRSV genome (Figure 4) is a positive-sense, single-stranded RNA molecule of approximately 15 

kb [294,338,339]. The genome is capped at the 5’ end and polyadenylated at the 3’ end and contains 

multiple ORFs [294,339-343]. ORF1a and ORF1b are located in the 5’ end of the genome and occupy 

about 75 % of the total genome length [294,327,344]. These so-called ‘replicase ORFs’ encode two 

large polyproteins, pp1a and pp1ab, with expression of the latter depending on a ribosomal frameshift 

signal in the ORF1a/ORF1b overlap region [294,327,344-346]. Expression and subsequent proteolytic 

processing of these polyproteins in infected cells generates a set of non-structural proteins (nsp) that 

is required for genome replication and subgenomic mRNA production [344]. Downstream of the 

replicase ORFs are several smaller, partially overlapping ORFs that encode the different structural 

PRRSV proteins. The structural proteins GP2, E, GP3, GP4, GP5, M and N are encoded by ORF2a, 2b, 3, 

4, 5, 6 and 7, respectively [294,327,338,342,347-350]. Noteworthy is that ORF2b of PRRSV is 

comprised within ORF2a [347]. Only very recently, Johnson and coworkers (2011) identified a novel 

structural PRRSV protein encoded by ORF5a (ORF5a protein) [343]. It cannot be excluded that future 

research leads to the identification of additional ORFs that encode important (non-)structural PRRSV 

proteins. 

 

 

Figure 4. Schematic representation of the PRRSV genome organization 
The scalebar shows the length of the sequence in kb. Numbered orange blocks represent the different ORFs (the 
ORF encoding the recently discovered structural ORF5a protein is not depicted). The black box at the 5’ end 
represents the leader sequence. The 3’ end of the genome carries a poly A sequence (A)n. The black circle in the 
ORF1a/ORF1b overlap region indicates the site where the ribosomal frameshift occurs during translation of the 
ORF1ab polyprotein pp1ab. 
 

1.2.3.2 Virion structure 

The PRRSV virion (Figure 5) consists of a nucleocapsid, surrounded by a lipid bilayer envelope. The 

nucleocapsid is composed of nucleocapsid proteins (N) and contains the viral genome [294,295,351-

355]. The N proteins are highly basic and predominantly occur in the PRRSV virion as disulfide-linked 

homodimers [356,357]. Further (non-covalent) association of N proteins probably contributes to the 

formation of the higher order structures that constitute the nucleocapsid [357]. Unlike the N protein, 

the other structural PRRSV proteins are membrane proteins: the small envelope protein E, the 

membrane protein M and the N-glycosylated glycoproteins GP2 (or GP2a), GP3, GP4 and GP5 are all 

embedded in the viral envelope [347-349,351,356,358]. Also the recently identified structural PRRSV 

protein “ORF5a protein” is predicted to be a membrane protein [343]. M, N and GP5 are the major 
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structural proteins of PRRSV while E, GP2, GP3, GP4 and probably also the ORF5a protein are minor 

virion components [343,351,356]. 

 

 

Figure 5. PRRSV virion structure and morphology 
(A) Cryo-electron microscopy image of a PRRSV particle (adapted from [355]). Bar, 100 nm. (B) Schematic 
representation of the PRRSV virion structure. The PRRSV virion consists of a nucleocapsid, surrounded by a lipid 
bilayer envelope. The nucleocapsid is composed of nucleocapsid proteins (N) and contains the viral genome. The 
small envelope protein E, the membrane protein M and the N-glycosylated glycoproteins GP2, GP3, GP4 and GP5 
are all embedded in the viral envelope. The major envelope proteins M and GP5 are present as disulfide-linked 
heterodimers. The minor envelope proteins E, GP2, GP3 and GP4 likely associate via non-covalent interactions. The 
recently discovered structural ORF5a protein is not depicted. 
 

The structural nature and membrane topology of the PRRSV envelope proteins have not yet been 

experimentally determined and remain a matter of debate. The current assumptions are mainly based 

on hydrophobicity profiles and on the similarities found between these proteins and proteins of other, 

related viruses. Knowledge concerning specific co- and post-translational modifications (e.g. N-

glycosylation) can (partially) substantiate these predictions. 

By analogy to arteri-/coronavirus proteins with similar hydrophobicity profiles, the PRRSV M protein is 

believed to be a transmembrane protein with a central triple membrane-spanning domain connecting 

a short N-terminal ectodomain with a C-terminal endodomain [294,327,351]. The GP5 envelope 

protein is also presumed to span the membrane three times, with only a short N-terminal ectodomain 

displayed at the virion surface [351]. The GP5 and M proteins occur in the virion as covalently linked 

heterodimers, as a result of disulfide-bridge formation between the ectodomains of these proteins 

[351,356]. 

Membrane topology predictions point towards the GP2 and GP4 proteins as putative single-pass 

transmembrane proteins (i.e. traversing the lipid membrane only once) with a NectoCendo orientation 

[351], although some data indicate that GP4 may be GPI-anchored in the viral membrane [359]. 

Concerning GP3, conflicting data have been reported on the incorporation of this protein into virions. 

Some North-American PRRSV isolates were suggested not to incorporate GP3 as a structural 

membrane protein [360,361]. However, other studies clearly indicate the presence of GP3 in the virion 

for European as well as North-American isolates [358,362,363]. Topology predictions for GP3 indicate 

a potential single-pass transmembrane protein structure with a NectoCendo orientation, however, a 

terminal hydrophobic domain may also keep the N-terminus anchored in the viral envelope (cfr. EAV) 

[351,364]. Similarly, Johnson and coworkers (2011) predicted a single-pass NectoCendo topology for the 
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recently identified ORF5a protein [343]. Topology predictions for the small envelope protein E suggest 

that also this protein traverses the membrane once [351] and it has been postulated that E forms 

homo-oligomeric structures with ion channel functionality in the viral membrane [351,365]. The minor 

structural proteins GP2, GP3 and GP4 appear to associate via non-covalent interactions and there are 

indications that also the E protein may be associated with the minor glycoprotein trimer [362]. In 

addition, recent data suggest that interactions may exist between major and minor envelope proteins 

[366], but further research is necessary to confirm this. 

 

When considering PRRSV virion structure, it is important to keep in mind that PRRSV evolves rapidly 

(cfr. supra). Base alterations in the genome can lead to changes at the protein level and consequently 

production of virions that are structurally different, the success of which is determined by different 

factors, including infection efficiency and sensitivity to immune pressure. Genetic and antigenic 

analysis learns that some regions in the PRRSV genome are relatively well conserved, while others 

appear to be highly variable. In the structural proteins of PRRSV, some positionally conserved cysteine 

residues can be pinpointed. These cysteine residues are hypothesized to have crucial roles in protein 

folding and multimerization, and ultimately in the correct formation of infectious virions, explaining 

their conservation. Also remarkable is that many of the predicted N-glycosylation sites in the structural 

proteins appear to be well conserved. The ectodomains of the PRRSV envelope glycoproteins GP2, 

GP3, GP4 and GP5 are N-glycosylated and as a result, the PRRSV virion is capped with a glycan array. 

The conservation of the N-linked glycosylation sites suggests that a high degree of glycosylation is 

beneficial for the virus. In contrast, the PRRSV genome also contains regions that are clearly less 

conserved. High variability in a specific region implies that potential functions of this site in PRRSV 

biology do not require strict conservation. An example of a hypervariable region in the PRRSV genome 

can be found in the overlap between ORF3 and ORF4 of type 1 PRRSV. The corresponding protein 

stretch in the GP4 protein has been shown to be a target for neutralization in vitro and in vivo [367-

369]. A neutralizing antibody-mediated selective pressure on an epitope within this region gives a 

selective advantage to virions that have aa substitutions in this epitope and which are consequently 

not recognized and neutralized by these antibodies [367,368]. Hence, the high variability in this region 

of GP4, and in the corresponding region of GP3, seems at least partly due to the selective pressure of 

GP4-specific neutralizing antibodies. Although there are currently no experimental data to support this, 

it is possible that such neutralizing antibody-mediated selective pressure also contributes to the higher 

variability seen in other regions of the PRRSV genome. 

 

Early studies on PRRSV employed negative stain and thin section electron microscopy (EM) to study 

the PRRSV virion structure and revealed a smooth, roughly spherical particle with a diameter of 

approximately 60 nm and a 20-30 nm core [352,353,355]. More recent data, obtained via cryo-

electron EM and tomographic reconstruction [355], suggest however that the virion is pleomorphic, 

with a spherical to oval shape about 60 nm in diameter and with a hollow layered core of 

approximately 40 nm diameter. The PRRSV virions generally appear as smooth particles with few 
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protruding features [355]. The projections were suggested to correspond with the ectodomains of the 

more bulky, less abundant envelope glycoproteins such as GP2, GP3 and GP4, while the more abundant 

membrane proteins M and GP5, with only short predicted ectodomains, would explain the overall 

smooth particle outline. The internal core of the virion is separated from the envelope by a 2-3 nm 

gap, traversed only by a few strands of density, suggesting that interactions between the core and 

the envelope proteins, if any, are weak and flexible [355]. The core appears to be quite disorganized, 

but its size and shape generally follow those of the viral envelope [355]. Current data suggest a 

model for the PRRSV core in which two layers of N dimers interact with the genomic RNA forming a 

chain, which is wrapped up into a hollow ball that constitutes the virion core [351,355]. Future 

research will hopefully complement our current knowledge and allow us to validate and further refine 

the model of the PRRSV virion structure. 

 

1.2.4 Cell tropism3 

Like other members of the Arteriviridae family, PRRSV has a very narrow cell tropism. In vivo, the 

virus shows a preference for cells of the monocyte/macrophage lineage and infects specific subsets of 

differentiated macrophages in lungs, lymphoid tissues and placenta. Macrophage precursor cells, i.e. 

bone marrow cells and peripheral blood monocytes, are largely refractory and peritoneal macrophages 

are also not susceptible [370-372]. 

Several studies report that porcine DCs are susceptible to PRRSV infection. However, these results 

have to be interpreted with caution. As primary DCs are often hard to obtain, the majority of the 

studies have been performed with monocyte-derived DCs (MoDCs) or bone marrow-derived DCs 

(BmDCs), obtained by treating PBMCs or bone marrow haematopoietic cells (BmHCs) with both 

granulocyte-macrophage colony stimulating factor (GM-CSF) and interleukin 4 (IL-4) [373-377]. These 

cells are clearly susceptible to PRRSV infection, but they are also different from primary DCs. Loving 

and coworkers (2007) assessed the susceptibility of both MoDCs and primary lung DCs (L-DCs) to 

PRRSV infection and showed that L-DCs, in contrast to MoDCs, were not permissive to the virus [378]. 

This was suggested to be due to the distinct differentiation pathways of MoDCs and L-DCs. Although 

MoDCs display many characteristics of primary DCs, they might still retain specific characteristics of 

monocytes/macrophages that leave them susceptible to PRRSV infection. Clearly, further study is 

needed to assess the occurrence of PRRSV infection of DCs in vivo. 

For in vitro study of host cell infection, primary cultures of porcine alveolar macrophages are often 

used. As these are main in vivo target cells of PRRSV, findings in these cells provide relevant 

information on the events occuring in the in vivo situation. In addition, the African green monkey 

kidney cell line MA-104 and cells derived thereof (Marc-145 and CL2621) sustain PRRSV infection 

[379,380] and are also often used to explore the PRRSV replication cycle. However, one has to keep 

in mind that the infection process in these cell lines differs from that in porcine macrophages and that 

                                                
3 This part of the introduction was adapted from a recent review by Van Breedam and coworkers, entitled 
“Porcine reproductive and respiratory syndrome virus entry into the porcine macrophage” [262]. 
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the findings in such cells need to be verified in the porcine target cells to see them in the right 

perspective. 

 

1.2.5 Replication cycle 

 

1.2.5.1 Virus entry4 

Despite its restricted cell tropism, PRRSV is able to replicate in several non-permissive cell lines upon 

transfection of these cells with the viral genomic RNA. This finding indicates that the cell tropism is 

determined by the presence or absence of specific entry mediators in the target cell [340,381]. 

Different cellular factors with a PRRSV entry mediator activity have been identified (Figure 6). Some of 

these molecules have been shown to facilitate viral infection upon binding of the virus 

[6,123,124,382,383]. However, for other entry mediators the mode of action and possible interaction 

with the PRRSV virion have not yet been elucidated [384].  

 

 

Figure 6. Schematic overview of the membrane-associated entry mediators involved in PRRSV 
infection of the porcine macrophage (adapted from [262]) 
 

                                                
4 This part of the introduction was adapted from a recent review by Van Breedam and coworkers, entitled 
“Porcine reproductive and respiratory syndrome virus entry into the porcine macrophage” [262]. 
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Heparan sulphate 

Although PRRSV was identified in the beginning of the 1990s [289,296], it was not until five years 

later that the first entry mediator for the virus was identified. Jusa and coworkers (1997) found that 

heparin-like molecules on the surface of Marc-145 cells were involved in the infection of these cells. 

Incubation of the virus with heparin prior to inoculation of the cells greatly decreased infectivity. 

Treating the cells prior to inoculation with heparinase I, an enzyme that cleaves heparin and heparan 

sulphate, had a similar effect, indicative of a heparin-like entry mediator on the cell surface [385]. 

Similar experiments on porcine alveolar macrophages suggested the presence of a similar factor on 

these cells, though the effects of heparin and heparinase I-treatment were more modest than on 

Marc-145 cells [123,124]. The effect of heparin on infectivity was also strongly dependent on the virus 

isolate used, arguing that antigenically different PRRSV isolates differ in their capacity to interact with 

the heparin-like entry mediator on their target cells [123,124]. 

Additional experiments were undertaken to determine the precise nature of the entry mediator on 

macrophages and to further characterize its interaction with PRRSV [123]. Preincubation of the virus 

with heparan sulphate GAGs significantly reduced infection of alveolar macrophages. In contrast, 

infection was not significantly reduced when chondroitin sulphate A or dermatan sulphate GAGs were 

used [123]. In an attempt to identify potential PRRSV ligands for heparan sulphate, a lysate of the 

Belgian PRRSV isolate 94V360 was incubated with heparin-coated beads [123]. The viral M/GP5 

complex was found to bind with heparin, suggesting that M/GP5 within the viral envelope may interact 

with heparan sulphate molecules on the host cell surface. 

Heparan sulphate GAGs are found in different animal tissues and are certainly not macrophage-

specific. The presence of these molecules at the cell surface can explain why many non-permissive 

cells, incapable of internalizing the virus and not allowing productive infection, can bind PRRSV [386]. 

Therefore, heparan sulphate GAGs on the macrophage surface are assumed to function as PRRSV 

attachment factors that concentrate virions on the cell surface, hence allowing a more efficient 

infection. 

Although heparan sulphate molecules on the porcine macrophage can play a role in PRRSV infection 

of these cells, they are not strictly required. While infection of alveolar macrophages could clearly be 

reduced when virus was preincubated with heparin or heparan sulphate, no complete block of 

infection could be obtained [123,124]. Furthermore, analysis of the binding kinetics of PRRSV to 

macrophages in the presence of heparin showed that virus binding to the macrophage surface 

converted from being heparin-sensitive to being heparin-resistant [123,386]. These data suggest the 

presence of additional PRRSV attachment factors on the cell surface of the porcine macrophage. 

 

Sialoadhesin 

In search of other PRRSV entry mediators on macrophages, Duan and coworkers (1998) generated a 

set of alveolar macrophage-specific monoclonal antibodies (mAbs). Two of these mAbs, mAb 41D3 

and mAb 41D5, were found to block PRRSV infection. Both mAbs recognized a 210 kDa molecule 

present on the cell membrane of the macrophage and prevented attachment of the virus to the cell 
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surface, indicating that their target antigen was a potential PRRSV attachment factor [383,387]. To 

identify this molecule, the protein was purified from a lysate of alveolar macrophages via 

immunoprecipitation using mAb 41D3 and subjected to peptide sequencing after tryptic digestion. 

Analysis revealed a strong homology with murine sialoadhesin (mSn), indicating that the potential 

entry mediator was the porcine homolog of this molecule [6]. Sialoadhesin (Sn) is a macrophage-

restricted type 1 transmembrane glycoprotein and is the prototype member of a family of sialic acid-

binding lectins called siglecs [388]. Expression of a recombinant porcine Sn (pSn) in non-permissive 

mammalian cell lines allowed these cells to efficiently bind and internalize PRRSV virions via clathrin-

mediated endocytosis. However, nucleocapsid disassembly and productive infection were not 

observed in these cells, indicating that other factors are required [6]. Hence, pSn was postulated to 

be a PRRSV attachment and internalization receptor. The observation that pSn colocalizes with PRRSV 

on the cell surface, but also just beneath the plasma membrane, is in line with this [389]. The fact 

that deletion of the cytoplasmic domain of pSn completely abrogates PRRSV internalization (H.J. 

Nauwynck, unpublished data) also suggests a role of pSn in PRRSV internalization. As preincubation of 

porcine alveolar macrophages with both heparin and pSn-specific mAb 41D3 results in a full block of 

attachment, it was concluded that heparan sulphate and pSn are the main factors involved in PRRSV 

attachment to these cells [386]. Analysis of the attachment kinetics of the virus to alveolar 

macrophages revealed that early attachment occurs predominantly through interaction with heparan 

sulphate molecules (heparin-sensitive binding) and is followed by a gradual increase in binding to the 

pSn receptor (mAb 41D3-sensitive binding) [386]. 

Sialic acids on the virion surface appear to be crucial for PRRSV infection of alveolar macrophages. 

Removal of sialic acids from the virus strongly reduces the infectivity. Using broad-specificity and 

more linkage-specific sialidases, it was found that α2-3-linked and, to a lesser extent, α2-6-linked 

sialic acids are essential for infection. Preincubation of the virus with sialic acid-specific lectins gave 

similar results [390]. Based on these findings, it can be hypothesized that sialic acids on the viral 

envelope proteins interact with the pSn receptor on the macrophage surface, thereby triggering 

internalization of the virus. However, the structural basis of sialic acid binding by pSn has not yet been 

investigated and there is currently no knowledge on viral glycoproteins that may interact with this 

receptor. 

Upon binding of the virus to the pSn receptor, the virus is internalized via clathrin-mediated 

endocytosis and enters the endocytic pathway [6,391]. Productive infection requires release of the 

viral genome into the cytoplasm of the target cell. A pH drop within the virus-containing endosome is 

essential for this genome release [391,392]. Via colocalization studies in macrophages, it was found 

that PRRSV virions generally travel to early endosomes (pH 6.0 - 6.5), but do not continue to late 

endosomes (pH 5.0 - 6.0) and lysosomes (pH 4.6 - 5.0). These data suggest that the virus releases its 

genome when present in early endosomes, where it colocalizes with CD163 [389], a crucial factor for 

PRRSV genome release [393].  
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CD163 

Scavenger receptor CD163 is a type 1 transmembrane glycoprotein mainly expressed on cells of the 

monocyte/macrophage lineage [394,395] and is well known for its hemoglobin-scavenging function. 

By binding and internalizing hemoglobin-haptoglobin complexes, CD163 protects tissues from free 

hemoglobin-mediated oxidative damage [396,397]. Calvert and coworkers (2007) identified this 

molecule by screening a cDNA expression library derived from porcine alveolar macrophages for 

elements capable of conferring a PRRSV-permissive phenotype to otherwise non-permissive cells. 

Upon expression of porcine CD163, several non-permissive cell types allow productive PRRSV 

infection, indicating that this molecule can function as a PRRSV entry mediator. Simian CD163 was 

identified as a key player in PRRSV infection of Marc-145 cells, as its mRNA was clearly present in 

these cells and infection could be strongly reduced by CD163-specific antibodies [382]. A subsequent 

study by Van Gorp and coworkers (2008) pointed out that CD163 also plays an essential role in 

infection of porcine macrophages. Incubation of macrophages at 37 °C with CD163-specific antibodies 

strongly reduced PRRSV infection. However, when the cells were incubated with these antibodies at 4 

°C, no inhibitory effect was observed. This suggests that CD163 is probably not involved as an 

attachment factor at the cell surface. Although transient expression of CD163 can render non-

permissive cells susceptible to PRRSV infection, only a limited percentage of the CD163-expressing 

cells is productively infected upon incubation with the virus. Clear and abundant virus internalization 

as seen in macrophages and pSn-expressing cells is absent in these CD163-expressing cells, 

suggesting that the low infection efficiency is due to the lack of efficient internalization of the virus 

into these cells. Indeed, upon expression of both pSn and CD163, cells show efficient virus binding 

and internalization and much more cells are productively infected. This correlates with what is seen on 

macrophages and further supports the role of pSn as a PRRSV binding and internalization receptor, 

while pointing out a role for CD163 in viral uncoating and genome release [393]. 

The exact mechanism of action of CD163 is not yet known. Recently however, CD163 domains crucial 

for PRRSV infection were identified. Different mutant forms of CD163 were evaluated for their 

capacity to confer a PRRSV-permissive phenotype to non-permissive cells. In one approach, mutants 

of CD163 were obtained by deleting specific domains of the protein. In another approach, chimaeric 

proteins were obtained by swapping specific domains of CD163 with the corresponding regions of 

human CD163-L1, a paralog of human CD163 that does not allow PRRSV infection, or vice versa. The 

results of this study indicate that the four N-terminal scavenger receptor cysteine-rich (SRCR) domains 

of CD163 are not involved, while the 5th SRCR domain has a leading role in PRRSV infection. In 

addition, the presence of the SRCR domain 6 and of the two proline-serine-threonine (PST) rich 

interdomains of CD163 has a positive influence on the infection efficiency. The presence of the SRCR 

domains 7, 8 and 9 seems important for a correct overall structure and presentation of the CD163 

domains that are critical for infection. The cytoplasmic domain of CD163, which contains a Yxxφ-motif 

that directs the constitutive endocytosis of this molecule, is dispensable, arguing against a role for 

CD163 as an internalization receptor for PRRSV [398]. Another recent study aimed to identify viral 

binding partners for CD163 [366]. The glycoproteins GP2, GP3, GP4 or GP5 were co-expressed with 
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CD163 in BHK-21 cells, after which cells were lysed and co-immunoprecipitation assays were 

performed with a CD163-specific mAb. Apart from CD163, GP2 and GP4 were found in the bound 

fraction. Vice versa, CD163 was also found in the bound fraction when GP2- or GP4-specific antibodies 

were used for precipitation. These results suggest that GP2 and GP4 interact with CD163 and may thus 

have a role in genome release. Similar results were obtained when a CD163 construct lacking the C-

terminal cytoplasmic domain, the transmembrane domain and the 9th SRCR domain was used, 

indicating that these domains are not involved in interactions with GP2 and GP4 [366]. The above 

studies provide important information concerning the role of CD163. However, still more research is 

necessary to unravel the exact functioning of CD163 in PRRSV infection of the porcine macrophage. 

 

Cellular proteases 

In addition to CD163, cellular proteases have been implicated in the uncoating process [384]. 

Treatment of macrophages with serum inhibited PRRSV infection of these cells without affecting virus 

attachment and internalization. The strongest antiviral effect was associated with the α-globulin 

fraction of serum. As this serum protein fraction displays a high antiproteolytic activity, it was 

plausible that the antiviral effect would be due to the inhibition of specific cellular proteases. This 

assumption was supported by the observation that a similar antiviral effect was obtained by treating 

the cells with a broad-spectrum protease inhibitor cocktail. Treatment of macrophages with broadly 

active inhibitors of serine or aspartic proteases, but not of cysteine or metallo-proteases, inhibited 

PRRSV infection. Experiments with more specific inhibitors implicated aspartic protease cathepsin E in 

PRRSV infection of macrophages. The finding that internalized PRRSV partially colocalizes with 

cathepsin E and that there is a positive correlation between cathepsin E expression and the 

susceptibility to PRRSV infection corroborates this [384]. Expression of cathepsin E is restricted to 

specific cell types, where it is found in different non-lysosomal compartments such as endosomes and 

the ER- and Golgi complex [399-401]. The enzyme shows optimal activity at low pH [402] and acidic 

conditions are necessary for the autocatalytic conversion of procathepsin E to the active cathepsin E 

[401]. This requirement is reminiscent of the necessity of endosomal acidification for productive 

PRRSV infection. Apart from the aspartic protease cathepsin E, also serine proteases have been 

implicated in PRRSV infection [384]. However, their identity and exact function remain to be 

discovered. 

 

Other entry mediators 

It can be expected that additional cellular as well as viral molecules are involved in the entry process 

of PRRSV into the macrophage. Simian vimentin and CD151 were postulated to have a role in PRRSV 

infection of Marc-145 cells [403,404]. Additionally, the small envelope protein E of PRRSV has been 

implicated in infection of Marc-145 cells where it may function as a viroporin that facilitates uncoating 

of the virus and release of the viral genome into the cytoplasm [365]. The role of these molecules in 

infection of macrophages has however not been established. Further study of these factors and 
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identification of additional molecules involved in virus entry may contribute to the understanding of 

this complex process. 

 

1.2.5.2 Virus replication 

To date, PRRSV replication has not yet been the subject of extensive study. However, by combining 

the limited data on PRRSV replication with the more extensive knowledge on the replication biology of 

other arteri-/nidoviruses (e.g. EAV), it is possible to sketch a model of this crucial stage in PRRSV 

infection (Figure 7). Upon release of the PRRSV genome into the cytoplasm of the host cell, ORF1a 

and ORF1b are immediately translated [344,405]. These ORFs encode two nonstructural polyproteins, 

pp1a and pp1ab [294,327,344,405]. Translation of the pp1ab mRNA requires a ribosomal frameshift 

before the termination of ORF1a translation, which is thought to be mediated via a slippery sequence 

and a downstream pseudoknot structure [294,327,344,405]. The pp1a and pp1ab polyproteins 

undergo extensive proteolytic processing [327,344,405]. According to the currently accepted 

processing scheme, pp1a is processed into 10 nsps via 9 proteolytic cleavages, while pp1ab yields 13 

nsps as a result of 3 extra cleavages in the ORF1b-encoded portion of the polyprotein in addition to 

the 9 cleavages occurring in ORF1a-encoded part [344]. The viral RNA-dependent RNA polymerase 

(RdRp; nsp9) and the RNA helicase (nsp10), crucial enzymes for viral RNA synthesis, assemble 

together with other nsps into the membrane-associated viral replication and transcription complex 

(RTC), which is responsible for genome replication and the synthesis of the nested set of subgenomic 

mRNAs [327,344,405]. The nsps seem to mainly localize to the double-membrane vesicles (DMVs), 

double-membrane structures typically formed in arterivirus-infected cells and thought to derive from 

ER membranes. It is hypothesized that these DMVs are the site of RNA replication and transcription, 

although this has not been conclusively shown [327,344]. Starting from the positive sense genomic 

RNA strand, full-length minus-strand RNAs are synthesized by the RTC, which serve in turn as 

templates for the synthesis of new genomic RNAs. Apart from the full-length minus-strand RNAs, also 

subgenomic (sg) minus-strand RNAs are generated via a discontinuous transcription mechanism to 

produce the templates for sg mRNA synthesis [344,405]. Different sg mRNAs are generated (mRNA2 - 

7), which encode the different structural proteins of the virus [294,327,344,405]. These mRNAs all 

have an identical terminal 3’ region and a 5’ leader sequence derived from the 5’ end of the genome 

[294,327,344,405]. Except for the ORF7 mRNA (mRNA7), the subgenomic mRNAs are all polycistronic 

[405]. However, according to the current model, only mRNA2 and probably also mRNA5 are 

functionally bicistronic, while the other mRNAs are functionally monocistronic: both the GP2 and E 

proteins are translated from mRNA2 and both the ORF5a and GP5 proteins are translated from 

mRNA5, while GP3, GP4, GP5, M and N are translated from mRNA3, 4, 5, 6 and 7, respectively 

[327,343,344,347,405]. With the exception of the nucleocapsid protein N, the structural proteins are 

integrated in the ER membrane [326,342,343,351]. In the ER, the GP2, GP3, GP4 and GP5 ectodomains 

are co-translationally modified with N-linked glycans and intra- and intermolecular disulfide bridges 

are formed in and between viral envelope proteins (cfr. supra ‘1.1.2 Glycosylation’ and ‘1.2.3 Genome 

organization and virion structure’). The N proteins in the cytosol associate with newly produced 
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genomic RNA strands yielding new virion cores, which ultimately bud into the lumen of the ER, 

thereby obtaining a lipid envelope that contains the viral envelope proteins. It is believed that this 

budding process is driven by interactions between the viral cores and the endodomains of the viral 

envelope proteins. It is also assumed that disulfide bond formation between N proteins occurs when 

the nucleocapsids bud into the ER [326,342,356,357,406,407]. Subsequently, the immature, 

enveloped virus particles travel through the ER and the Golgi apparatus, where the N-linked glycans 

on the virion surface undergo further processing due to the action of different enzymes including 

glycosidases and glycosyltransferases (cfr. supra ‘1.1.2 Glycosylation’ and ‘1.2.3 Genome organization 

and virion structure’) [326,406]. The eventual release of newly formed virions occurs via a process of 

exocytosis [326,342,406]. Virus-induced apoptosis seems not essential for efficient virus release 

[408]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic overview of the PRRSV replication cycle 
Upon viral entry into its target cell, the positive stranded RNA genome is released into the cytoplasm and ORF1a 
and ORF1ab are immediately translated, yielding the pp1a and pp1ab polyproteins. The pp1a and pp1ab 
polyproteins undergo extensive proteolytic processing and assemble into membrane-associated viral replication 
and transcription complexes (RTC). Starting from the positive sense genomic RNA strand, the RTC generate full-
length minus-strand as well as distinct subgenomic (sg) minus-strand RNAs, which serve in turn as templates for 
the synthesis of new genomic RNAs and sg mRNAs. The structural proteins are transcribed from the sg mRNAs. 
With the exception of the nucleocapsid protein N, the structural proteins are integrated in the ER membrane. In 
the ER, the GP2, GP3, GP4 and GP5 ectodomains are co-translationally modified with N-linked glycans and intra- 
and intermolecular disulfide bridges are formed in and between viral envelope proteins. The N proteins in the 
cytosol associate with newly produced genomic RNA strands yielding new virion cores, which ultimately bud into 
the lumen of the ER, thereby obtaining a lipid envelope that contains the viral envelope proteins. Subsequently, 
the immature, enveloped virus particles travel through the ER and the Golgi apparatus, where the N-linked 
glycans on the virion surface undergo further processing due to the action of different enzymes including 
glycosidases and glycosyltransferases. The eventual release of newly formed virions occurs via a process of 
exocytosis. 
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1.2.6 Disease and immunity 

 

1.2.6.1 Clinical symptoms 

As the name implies, the PRRS virus causes reproductive disorders in sows and boars and is 

associated with respiratory problems in pigs of all ages. Nevertheless, clinical signs of PRRS can be 

extremely variable [409-412]. PRRSV-infection often causes transient fever in the infected animal 

[409-412]. PRRSV-induced reproductive disorders in pregnant sows and gilts include late term 

abortions and an increased number of mummified, still-born and weak-born piglets [409-413]. In 

PRRSV-infected boars, (variable) changes in the semen quality have been reported, including a 

decrease in the sperm motility and in spermatozoa with normal acrosomes [409-412,414]. Respiratory 

problems have been reported in pigs of all ages, but appear to be more pronounced in younger 

animals. PRRSV-related respiratory problems are however often multifactorial. Respiratory viruses 

(a.o. PRRSV, swine influenza virus), bacteria (a.o. Streptococcus suis, Actinobacillus 

pleuropneumoniae, Mycoplasma hyopneumoniae), environmental factors, etc. all may contribute to 

the porcine respiratory disease complex (PRDC), characterized by coughing, labored breathing, 

decreased feed efficiency, anorexia, growth retardation, increased piglet mortality, etc. [409-

412,415]. While the symptoms above sketch a typical picture of PRRS in pigs, these symptoms may 

vary with the age, sex, genetic background and immune status of the pigs [409-412,416-418]. In 

addition, the pathogenicity of PRRSV variants can vary from apathogenic to highly pathogenic [318-

324,409-412,418]. Highly pathogenic variants of the virus have recently emerged in Asia, causing so-

called ‘High Fever’ disease, which was initially described as a hog cholera- or African swine fever-like 

disease manifesting high fever (40-42 °C), erythematous blanching rash, depression, anorexia, cough, 

asthma, lameness, shivering, disorders of the respiratory tract and diarrhea [320]. These higly 

pathogenic PRRSV variants appear to be very contagious and are also associated with unusually high 

mortality rates, even in adult animals [320]. 

 

1.2.6.2 Pathogenesis 

PRRSV can be isolated from serum, nasal and oropharyngeal swabs, saliva, urine, semen, mammary 

secretions and sometimes also faeces from infected animals [409,411,412,419], indicating potential 

routes of virus shedding. PRRSV infection mainly occurs via inhalation, ingestion, coitus/artificial 

insemination or parenteral exposure [409,411,412]. As mentioned above, macrophages are the main 

in vivo target cells of PRRSV [370-372,411,420]. Primary infection and virus replication probably 

occurs in macrophage subsets at the site of virus uptake and in the regional lymph nodes and is 

followed by a non-cell-associated viremia [409,411,412,421,422]. Viremia is typically detected within 

12 hours to 3 days post infection and can last for up to 6 weeks, with peak virus titers in the blood 

between 5 and 14 days post infection [370,409,411,412,422,423]. Viremia allows sytemic spread of 

the virus to macrophage subsets in different organ systems. During the acute, viremic phase of 

infection, virus can be detected in both lymphoid (lymph nodes, tonsils, spleen, thymus) and non-

lymphoid tissues (mainly lungs and liver, but also other tissues) [370,409,411,412,420-422,424-426]. 
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Alveolar macrophages seem to be the major target cells in vivo [370-372,411,420]. In infected boars, 

PRRSV is found in the testes and is shed in the semen [409,411,412,423,427-429]. In pregnant sows, 

the placenta seems to be a major site of virus replication and the virus can cross the placenta and 

infect the foetuses. Transplacental spreading of the virus mainly occurs during the third trimester of 

gestation, which is likely explained by changes in the placenta during this stage of gestation 

[409,411,412,430-434]. However, further research is needed to corroborate this. PRRSV can persist in 

infected animals for several months, even after clearance of blood viremia. Lungs, lymphoid tissues 

(tonsils, lymph nodes, spleen) and testes seem to be the major sites of virus persistence: PRRSV can 

replicate at low levels in these tissues without causing viremia. In some animals however, blood 

viremia can recur [370,409,411,412,423,425,426,435-439]. It has been reported that most pigs can 

resolve PRRSV infection within 2 to 4 months [436,438,439]. In general however, it is advisable to 

consider specific data on the course of PRRSV infection as mere guidelines, as the specific (genetic) 

background of both virus and host will determine the progress and outcome of PRRSV infection in a 

specific case. 

The ability of PRRSV to cause persistent infections indicates that the virus is capable of evading the 

host defence mechanisms. Over the last decades, much has been learned about PRRSV 

immunobiology. Although an in-depth discussion of both the innate and adaptive immune responses 

would lead us too far, a short introduction of the antibody response upon PRRSV infection may help to 

situate some aspects of the research presented in this thesis. 

 

1.2.6.3 Virus-specific antibody response 

Upon PRRSV infection, pigs mount a robust antibody response. In general, naive animals seroconvert 

between 5 and 14 days post infection [333,440-443]. Early antibodies seem to be mainly directed 

against the N protein and some non-structural proteins (nsp1 and nsp2), while antibodies specific for 

the envelope proteins are usually detected at later timepoints [443-447]. Strikingly, the antibodies 

that appear early in infection are generally not capable of directly neutralizing the virus and 

neutralizing antibodies usually appear not earlier than 3 to 4 weeks post infection and reach only 

relatively low serum titers [441-443,448-451]. The reason why neutralizing antibodies appear so late 

in infection and remain at such low levels is not yet known. Several factors may contribute to this 

hallmark of PRRSV immunobiology, including the high variability of the virus (cfr. supra), glycan 

shielding [443,452-454], the presence of non-neutralizing decoy epitopes [443,455,456], interference 

with the innate immune response [374,378,443], etc. 

While neutralizing antibodies are generally considered important factors in antiviral immunity, it is 

hard to deduce the extent to which they contribute to protection against PRRSV infection and virus 

clearance. A correlation has been reported between the development of neutralizing antibodies and 

clearance of/protection against viremia [457,458] and it has been described that clearance of PRRSV 

from the lungs coincides with the appearance of neutralizing antibodies in sera and broncho-alveolar 

lavage (BAL) fluids [437]. Moreover, it has been reported that passive transfer of PRRSV-specific 

neutralizing antibodies can protect sows against PRRSV-associated reproductive failure and can 
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provide sterilizing immunity to the sows and the offspring [459,460]. These data suggest that PRRSV-

specific neutralizing antibodies can protect animals from PRRSV infection and aid in the elimination of 

the virus from circulation. However, other studies do not support a strong correlation between the 

development of neutralizing antibodies and the clearance of viremia [461-463]. Also, it was observed 

that PRRSV may persist in the lungs and lymphoid tissues of PRRSV-infected pigs, even in the 

presence of neutralizing antibodies [425,437,438,457]. Other studies even described that, under 

certain conditions, PRRSV-specific antibodies may enhance infection (antibody-dependent 

enhancement of infectivity; ADEI) [464,465]. While neutralizing antibodies can certainly contribute to 

resolution of and protection against PRRSV infection, it appears that also other immune mechanisms 

(e.g. cell-mediated immunity) are required for an effective defence. 

Antibodies may directly neutralize viral infectivity and prevent host cell infection, e.g. by destabilizing 

the viral particle, aggregating virions or blocking crucial steps in the infection process such as receptor 

binding, entry and genome release [466,467]. To date, different PRRSV envelope proteins have been 

proposed as targets for neutralizing antibodies, including GP3 [465,468], GP4 [368,369,469-472], GP5 

[335,456,465,468,469,472-476] and M [335,465,468]. In this respect, the most studied envelope 

proteins are without a doubt GP5 and GP4. In vitro studies using (monoclonal) antibodies identified a 

region in the GP5 ectodomain of American type PRRSV as a linear neutralizing epitope [456,476]. In 

addition, a correlation was reported between the appearance of antibodies against this region of GP5 

and virus clearance in vivo [472,474]. Based on these data, GP5 is generally seen as the major target 

for antibody-mediated neutralization. However, it remains to be investigated if this specific region of 

GP5 is also a target for neutralization of European type PRRSV. Wissink and coworkers (2003) 

reported on the presence of a neutralizing epitope in the N-terminal part of the GP5 ectodomain of a 

European type plaque-purified PRRSV isolate [473]. However, it is unlikely that this epitope is 

important for virus neutralization in vivo, as only a very limited number of virus variants that contain a 

rare mutation are susceptible to neutralization by antibodies against this epitope. In European type 

PRRSV variants, a region of the GP4 protein was identified as a target for neutralization 

[368,369,469,470]. However, presence of a neutralizing antibody-mediated selective pressure on this 

region of the GP4 protein allows for rapid selection of neutralization-resistant variants, which explains 

the high variability in this region [367,368]. 

For a more general discussion on (humoral) PRRSV immunity, readers may refer to [443,477]. 
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The porcine reproductive and respiratory syndrome virus (PRRSV) causes the economically most 

important viral disease in swine industry today. The virus is a major threat to swine health worldwide 

since it is both associated with the porcine respiratory disease complex and the cause of severe 

reproductive problems. The virus can persist in animals for extended periods of time, partly due to a 

hampered immune reponse upon infection. PRRSV also evolves rapidly and shows a high variability in 

vivo, further complicating accurate diagnosis and disease control. Today, twenty years after the 

discovery of PRRSV, effective antiviral strategies are still lacking and there are still no vaccines 

available that are safe, effective and broadly applicable, while the demand for these is higher than 

ever. Clearly, rational development of new profylactic and therapeutic strategies is needed to tackle 

the virus. However, to reach this, it is crucial to advance our fundamental understanding of the PRRSV 

biology. In this context, detailed knowledge on the entry of the virus into its target cell, the porcine 

macrophage, seems particularly interesting: therapeutics or vaccine-induced immune mechanisms that 

can selectively interfere with this crucial step in the infection process may efficiently inhibit primary 

infection and viral spread. 

 

Recent studies identified the macrophage-specific protein porcine sialoadhesin (pSn) as an important 

entry receptor for PRRSV. In addition, it was shown that sialylated glycans on the virion surface are 

crucial for the infectivity of the virus towards macrophages. However, the exact nature of the 

interaction between the PRRSV virion and pSn remains unknown. The main goal of this thesis was to 

further characterize the interaction between PRRSV and pSn. 

 

The first study in this thesis focuses on the host receptor side of the PRRSV-pSn interaction. A first 

objective was to verify if the R116 amino acid in the N-terminal V-set domain of pSn is important for its 

sialic acid-binding capacity, as has been shown for murine and human sialoadhesin. A second 

objective was to determine if the sialic acid-binding capacity of pSn is necessary for pSn-mediated 

PRRSV binding and internalization. 

The second study in this thesis focuses on the viral side of the PRRSV-pSn interaction. The aim was to 

identify viral glycoproteins that may function as binding partners for pSn and to characterize the 

interaction between these ligands and pSn. 

A final question was if PRRSV-specific antibodies, that are directed against structural PRRSV 

components that are directly implicated in interaction with the pSn receptor or that can indirectly 

modulate the interaction between PRRSV ligands and pSn, are invariably able to influence infection of 

macrophages. Therefore, we aimed to produce and characterize monoclonal antibodies specific for 

different structural PRRSV proteins and to test them in neutralization assays. 
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Abstract 

 

The sialic acid-binding lectin porcine sialoadhesin (pSn) is a macrophage-restricted receptor for the 

porcine reproductive and respiratory syndrome virus (PRRSV). To investigate the importance of pSn 

sialic acid-binding activity for PRRSV infection, an R116-to-E mutation was introduced in the predicted 

sialic acid-binding domain of pSn, resulting in a mutant, pSnRE, that could not bind sialic acids. PSn, 

but not pSnRE, allowed PRRSV binding and internalization. These data show that the sialic acid-binding 

activity of pSn is essential for PRRSV attachment to pSn and thus identifies the variable, N-terminal 

domain of pSn as a PRRSV-binding domain. 
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Porcine reproductive and respiratory syndrome virus (PRRSV) is a member of the family Arteriviridae, 

which belongs, together with the Coronaviridae and Roniviridae, to the order Nidovirales [1-4]. The 

virus causes reproductive disorders in sows and boars and respiratory problems in pigs of all ages. In 

vivo, the virus has a tropism for a subpopulation of macrophages [5,6], and only primary pig 

macrophages and continuous cell lines derived from African green monkey kidney cells, such as Marc-

145 cells, allow efficient virus replication in vitro [7-10]. Heparan sulphate is a PRRSV attachment 

factor on macrophages, and the viral M/GP5 glycoprotein complex has been shown to bind to heparin, 

suggesting its potential role as a viral ligand for heparan sulphate [11,12]. Porcine sialoadhesin (pSn) 

was identified as an essential PRRSV receptor on macrophages that mediates both virus attachment 

and internalization [13-17]. Although pSn was shown to be essential for infection of macrophages, 

other, unidentified, factors are essential for productive infection, since expression of pSn in PRRSV-

nonpermissive cells, such as PK-15 and CHO-K1 cells, allows virus internalization but no virus 

uncoating, genome release, or production of infectious virus [13,17]. Other putative PRRSV receptors 

have been described. Macrophage-specific monoclonal antibodies (mAbs) that block or reduce 

infection of macrophages were shown to be directed, respectively, against a protein of approximately 

220 kDa and a 150-kDa protein doublet, but these proteins have not been identified and their exact 

role in PRRSV infection is not established [18]. Recently, another mAb that blocks PRRSV infection of 

Marc-145 cells was shown to recognize a complex of cytoskeletal proteins [19], and an intact 

cytoskeleton was shown to be important for efficient infection of Marc-145 cells [20]. 

The PRRSV receptor pSn contains, like other sialoadhesins (Sn), an N-terminal variable 

immunoglobulin (Ig)-like domain, followed by 16 constant Ig-like domains. The conservation of the 

critical amino acids (aa) of the sialic acid-binding variable Ig-like domain in pSn and the observation 

that sialic acid-carrying sheep red blood cells (RBC) agglutinate to pSn-expressing macrophages 

suggest that pSn is also a sialic acid-binding lectin, but this has not been conclusively demonstrated 

[15,17]. The domain of pSn that is involved in the interaction with PRRSV has not been identified. The 

fact that sialidase treatment of PRRSV blocks infection of macrophages may indicate that sialic acids 

present on viral glycoproteins are important for virus interaction with pSn [15]. Therefore, it was 

investigated in this study whether the sialic acid-binding activity of pSn can be eliminated by site-

directed mutagenesis and whether the absence of sialic acid-binding activity has an effect on the 

interaction of PRRSV with pSn. 

 

The aa residues critical for sialic acid-binding activity have been identified for murine Sn (mSn) by a 

combination of site-directed mutagenesis, nuclear magnetic resonance, and crystallography [21-24]. 

To generate a sialic acid-binding mutant of pSn, the aa R116, which is by analogy to mSn critical for 

the sialic acid-binding activity of pSn, was changed to an E residue by site-directed mutagenesis 

(QuikChange; Stratagene) of the pcDNA3.1/pSn vector [17] with the primers pSnRE_F 

(TCGGGCTCCTATAACTTCGAATTTGAGATCAGCGAGGGC) and pSnRE_R 

(GCCCTCGCTGATCTCAAATTCGAAGTTATAGGAGCCCGA). Sequencing confirmed the presence of the 

R116-to-E mutation and the absence of other mutations in pSnRE. Continuous cell lines expressing pSn 
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Figure 1. Analysis of pSn expression in CHO cells 
expressing pSn (CHO-pSn) and CHO cells expressing a 
pSn with a mutation in the sialic acid-binding domain 
(CHO-pSnRE) by flow cytometric analysis (surface 
expression) (A) and Western blotting (total expression 
levels) (B) 
Histograms and Western blots are representative of three 
independent experiments. 
 

(CHO-pSn) or pSnRE (CHO-pSnRE) were selected from 

transfected CHO-K1 cells by growth in medium containing 

G418 sulphate (Invitrogen), followed by cloning. Surface 

expression and total expression of both wild-type and 

mutant pSn in transfected CHO-K1 cells were detected, 

respectively, by fluorescence-activated cell sorting analysis 

and by Western blotting using the pSn-specific mAb 41D3 

(Figure 1). Surprisingly, both surface expression and total 

expression levels of pSn with a mutation in the sialic acid-binding domain were at levels 10- to 20-fold 

higher than wild-type pSn. Similar findings were described for mSn, but how this is caused is not 

exactly known [25]. One explanation might be that the sialic acid-binding capacity of Sn predisposes 

the protein for rapid turnover or degradation, but clearly this needs further investigation. 

To confirm that pSnRE lacks sialic acid-binding capacity, CHO-K1, CHO-pSn, and CHO-pSnRE cells were 

tested in RBC binding assays [15,26]. Briefly, CHO cells were pretreated for 30 min at 37 °C with 

different concentrations of Vibrio cholerae sialidase (Roche) to remove potential cis-acting sialic acids 

that could interfere with the sialic acid-binding capacity of pSn and were then washed and incubated 

with sialic acid-containing sheep RBC for 30 min at room temperature. Qualitative analysis of RBC 

binding was performed via light microscopy. Quantitative analysis of RBC binding was based on the 

presence of pseudoperoxidase activity of hemoglobin in RBC. Cells were fixed with methanol, a 

peroxidase substrate (Substrate Reagent Pack; R&D Systems) was added and processed according to 

the manufacturer’s recommendations and the optical density at 450 nm (OD450) was measured. When 

pSn-expressing cells were not pretreated with sialidase, no RBC binding was detected (Figure 2), 

suggesting the presence of inhibitory cis-acting sialic acids [26,27]. Strong RBC binding was observed 

for CHO-pSn cells after pretreatment with 10 mU/ml sialidase. Pretreatment of the cells with higher 

concentrations of sialidase resulted in small increases in RBC binding (Figure 2). Binding of RBC was 

strongly reduced by treatment of the RBC with 50 mU/ml V. cholerae sialidase (Roche) or by 

incubation of the CHO-pSn cells with 100 µg/ml purified pSn-specific mAb 41D3, confirming the sialic 

acid- and pSn-dependence of RBC binding (data not shown). No RBC binding was observed for the 

CHO-K1 and CHO-pSnRE cells (Figure 2). These data clearly show that pSn is indeed a sialic acid-

binding lectin and demonstrate the loss of the sialic acid-binding capacity of pSnRE. 
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Figure 2. Analysis of the sialic acid-binding capacity of different CHO cell lines by a sheep RBC 
binding assay 
(A) Parental CHO-K1 cells (black bars), CHO cells expressing pSn (CHO-pSn) (grey bars), or CHO cells expressing 
a pSn with a mutation in the sialic acid-binding domain (CHO-pSnRE) (white bars) were treated with different 
concentrations of sialidase and incubated with sheep RBC. Data are means ± standard deviations from three 
experiments. (B) Microscopic images of the cells described above. 
 

Previously, it was shown that CHO-K1 and PK-15 cells allow PRRSV attachment and internalization 

upon expression of pSn [13,17]. To investigate the importance of the sialic acid-binding capacity of 

pSn for PRRSV interaction with pSn, we used CHO-pSn, CHO-pSnRE, or parental CHO-K1 cells. 

Alternatively, PK-15 cells were used after transient transfection with pSn and pSnRE by use of 

Lipofectamine (Invitrogen). Cells were inoculated with the European prototype PRRSV strain Lelystad 

virus (LV) [10], the American prototype PRRSV strain VR-2332 [7], or the Belgian isolate 94V360 [16] 

at a multiplicity of infection of 5. After 1 h of incubation at 37 °C, cells were washed and fixed with 

methanol. LV and 94V360 virus particles were stained with the PRRSV nucleocapsid-specific mAb 

P3/27 [28], and the VR-2332 virus particles were stained with the PRRSV nucleocapsid-specific mAb 

SDOW17 [29], followed by fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG. Cortical 

actin, which forms a thin layer just beneath the plasma membrane, was stained with Texas Red-

labeled Phalloidin (Invitrogen) to allow discrimination between attached and internalized virus 

particles. Image acquisition and analysis of virus attachment and internalization were performed via 

confocal microscopy using a Leica TCS SP2 laser-scanning spectral confocal system. 
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Figure 3. Confocal microscopic analysis of 
PRRSV attachment and internalization in 
CHO cells 
PRRSV is stained green, cortical actin is stained 
red, and the overlay shows a superposition of the 
two images. Staining of the cortical actin, which 
lies just beneath the plasma membrane, allows 
discrimination of bound and internalized virus 
particles. The number of internalized PRRSV 
particles was analyzed with parental CHO-K1 
cells, with CHO-pSn cells, which express 
recombinant pSn, and with CHO-pSnRE cells, 
which express a mutant pSn that lacks sialic acid-
binding activity. Each image represents one 
confocal z-section through the middle of the cell. 
 

For the parental CHO-K1 cells, few virus 

particles were stained for the three PRRSV 

isolates tested (Figure 3). As previously 

shown, this low level of virus attachment 

most likely results from the interaction of 

PRRSV with heparan sulphate [13]. Very 

abundant PRRSV staining was observed for 

CHO-pSn cells that expressed recombinant 

pSn (Figure 3). For CHO-pSnRE cells, few 

virus particles were stained (Figure 3), 

suggesting that the sialic acid-binding 

capacity of pSn is essential for efficient 

interaction of PRRSV with pSn. Similarly, 

only PK-15 cells with expression of pSn 

showed a clear staining of internalized 

PRRSV particles, while no internalization was 

observed in wild-type PK-15 cells or PK-15 

cells expressing the sialic acid-binding 

mutant pSnRE. 

To quantify virus internalization, the number of virus particles present inside the ring of cortical actin 

was counted (15 cells for each experimental condition). Virus particles were clearly internalized in cells 

expressing pSn, but not in the parental cells or the cells expressing pSnRE, which lack the sialic acid-

binding capacity (Figure 4). 
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Figure 4. Quantification of PRRSV internalization in CHO and PK-15 cells 
The number of internalized PRRSV particles was analyzed by confocal microscopy of parental cell lines (black 
bars), cells expressing pSn (grey bars), and cells expressing pSnRE (white bars). Data are means ± standard 
deviations from three experiments. 
 

In conclusion, the results of the present study show that the sialic acid-binding domain of pSn is 

essential for efficient pSn-dependent PRRSV binding and internalization. Furthermore, these data 

support the importance of sialic acids on PRRSV glycoproteins for interaction with pSn [15]. 

Nevertheless, the results exclude neither the involvement of other Ig-like domains of pSn nor the 

involvement of non-sialylated PRRSV proteins in the interaction of PRRSV with pSn. Construction of 

soluble forms of pSn containing various amounts of pSn Ig-like domains, as was done previously 

[21,23,30,31], and identification of the PRRSV proteins that bind to pSn using these soluble receptors 

will certainly provide further insights into the interaction of PRRSV with pSn. 
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Abstract 

 

The porcine reproductive and respiratory syndrome virus (PRRSV) is a major threat to swine health 

worldwide and causes the currently most significant viral disease in the swine industry. Over the past 

years, studies on the entry of the virus into its host cell have led to the identification of a number of 

essential virus receptors and entry mediators. However, viral counterparts for these molecules have 

remained elusive and this has made rational development of new generation vaccines impossible. The 

main objective of this study was to identify the viral counterparts for porcine sialoadhesin (pSn), a 

crucial PRRSV receptor on macrophages. For this purpose, a soluble form of pSn was constructed and 

validated. The soluble pSn could bind PRRSV in a sialic acid-dependent manner and could neutralize 

PRRSV infection of macrophages, thereby confirming the role of pSn as an essential PRRSV receptor 

on macrophages. Although sialic acids are present on the GP3, GP4 and GP5 envelope glycoproteins, 

only the M/GP5 glycoprotein complex of PRRSV was identified as a ligand for pSn. The interaction was 

found to be dependent on the sialic acid-binding capacity of pSn and on the presence of sialic acids on 

GP5. These findings not only contribute to a better understanding of PRRSV biology, but the 

knowledge and tools generated in this study also hold the key to the development of a new 

generation of PRRSV vaccines. 
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Introduction 

 

At the end of the 1980s, a new syndrome was described affecting pig herds in North America and 

Canada [1,2]. This ‘mystery swine disease’ manifested itself in respiratory problems and reproductive 

disorders and was eventually designated Porcine Reproductive and Respiratory Syndrome (PRRS), 

reflecting the associated disease symptoms. The causative agent is a positive sense RNA virus that 

groups within the order Nidovirales, family Arteriviridae, and is referred to as the PRRS virus (PRRSV) 

[3]. At present, the disease is endemic in swine-producing countries worldwide, causing enormous 

production losses in the swine industry. A study by Neumann et al. (2005) assessing the economic 

impact of PRRS on swine production in the US reported an annual loss of approximately 560.32 million 

US dollars due to this syndrome [4]. Also, recent studies report on the emergence of highly 

pathogenic variants of the virus in Asia causing atypical PRRS or ‘High Fever’ disease [5-7]. 

Consequently, PRRS is considered to be the most significant viral disease problem in the swine 

industry today. 

Availability of safe and effective vaccines is essential for PRRSV control. Currently, there are two types 

of PRRSV vaccines on the market: attenuated and inactivated vaccines. However, these have specific 

drawbacks concerning safety [8-10] and efficacy [11-15] and there is a strong demand for a new 

generation of vaccines. Up until now, PRRSV vaccine development often has followed the trial and 

error approach. As there was a clear gap in the knowledge of PRRSV ligands that bind to specific 

receptors, it was difficult to aim for specific blocking of crucial steps in PRRSV infection of the porcine 

macrophage. A fundamental understanding of how PRRSV enters its host cell is crucial to reverse the 

tide. 

The PRRSV virion consists of a nucleocapsid that is surrounded by a lipid envelope. The capsid 

structure consists of nucleocapsid proteins (N) and contains the viral genome: a single, positive RNA 

strand of approximately 15 kb [16-21]. In the viral envelope, six structural proteins are embedded: 

the small envelope protein E, the membrane protein M and the glycoproteins GP2, GP3, GP4 and GP5 

[21]. However, some North American PRRSV isolates do not seem to incorporate GP3 as a structural 

membrane protein, in contrast to European and other North American isolates [21-24]. The major 

structural proteins M and GP5 have been shown to form disulfide-linked heterodimers [21,25,26]. The 

minor structural proteins GP2, GP3 and GP4 form non-covalent heterotrimers in the virion and there are 

indications that also the E protein may be associated with the minor glycoprotein trimer [21,23,27-

29]. 

As has been shown for other arteriviruses, PRRSV shows a marked in vivo tropism for cells of the 

monocyte/macrophage lineage: the virus infects specific subsets of porcine macrophages [30,31]. 

Porcine alveolar macrophages (PAM) are the only cells that allow efficient ex vivo virus propagation. 

In addition, a limited number of cell lines support in vitro virus replication upon adaptation of the 

virus. One such cell line, the African green monkey kidney cell line Marc-145 [32], has become the 

most widely used cell type for PRRS virus production. 
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Over the past years, various studies have focused on the entry of PRRSV into its host cell. These 

efforts have resulted in the identification of a number of macrophage molecules involved in PRRSV 

entry. As for many other viruses, initial binding of the virus to its host cell occurs via interactions with 

heparan sulphate glycosaminoglycans present on the cell surface [33-35]. The virus receptor that 

determines subsequent virus entry and that likely accounts for the macrophage tropism of PRRSV has 

been identified as porcine sialoadhesin (pSn). This macrophage-specific molecule is a sialic acid-

binding immunoglobulin-like lectin (siglec) that mediates virus attachment and subsequent 

internalization via clathrin-mediated endocytosis [36,37]. Virus attachment to this receptor is 

dependent on the sialic acid-binding activity of the N-terminal immunoglobulin-like domain of pSn [38] 

and on the presence of sialic acids on the virion surface [39]. A study by Delputte et al. (2004) 

pointed out that α2-3-linked sialic acids and to a lesser extent α2-6-linked sialic acids, most likely 

present on complex N-linked glycans attached to viral envelope glycoproteins, are involved in this 

interaction [39]. Clearly, a glycosylated PRRSV protein is responsible for PRRSV binding to pSn, but 

the exact viral ligand has not yet been identified. After pSn-dependent internalization into the 

endosomal compartment of the macrophage, the viral genome is released into the cytoplasm, thereby 

initiating the transcriptional and translational events necessary for the production of new virions. The 

scavenger receptor CD163 has been shown to be essential for virus uncoating [40,41]. A pH drop 

within the endosome is required [37,42] and also the aspartic protease cathepsin E and a yet 

unidentified trypsin-like serine protease [43] have been implicated in this process. 

Although pSn has been shown to be a critical entry receptor for PRRSV on macrophages, viral 

envelope glycoproteins that act as ligands for this receptor have remained elusive. In the light of 

vaccine development, knowledge on this is particularly interesting, since it allows targeting of the 

immune response to a specific, critical step in virus infection. Vaccination with a functional viral pSn-

binding epitope may elicit a protective immune response that specifically blocks the crucial, pSn-

dependent internalization of the virus into its host cell. By construction and use of soluble recombinant 

porcine sialoadhesins, we identified the viral M/GP5 glycoprotein complex as a ligand for pSn and 

showed the sialic acid-dependency of the pSn-M/GP5 interaction.  

 

 

Materials and methods 

 

Accession numbers 

GenBank accession numbers (http://www.ncbi.nlm.nih.gov/Genbank): 

- PRRSV Lelystad virus, complete genome (coding sequence): M96262 

- PRRSV Lelystad virus, individual structural proteins (protein): AAA46275 (GP2); AAA46276 (GP3); 

AAA46277 (GP4); AAA46278 (GP5); AAA46279 (M); AAA46280 (N); P0C6Y6 (E) 

- Porcine sialoadhesin: AF509585 (mRNA, complete cds), AAP47136 (protein) 

- Porcine CD163: EU016226 (mRNA, complete cds), ABV80230 (protein) 

- Murine siglec E: AY371487 (mRNA, complete cds), AAQ72479 (protein) 
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Ethics statement 

The experimental procedure for the collection of porcine alveolar macrophages was authorized and 

supervised by the Ethical and Animal Welfare Committee of the Faculty of Veterinary Medicine of 

Ghent University. The use of human red blood cells (RBC) was approved by the Medical Ethical 

Committee of the Ghent University Hospital and informed written consent was obtained from the 

donors of RBC. 

 

Monoclonal antibodies 

Detection of pSn was performed using the mouse monoclonal antibody (mAb) 41D3 [36,44] that 

recognizes a conformational epitope within the N-terminal sialic acid-binding domain of pSn. Detection 

of structural PRRSV proteins was performed using the following mAbs: mAb VII2D/5-1D (IgG1), mAb 

XVI11C/5-10F (IgG2a) and mAb VII2H/2-4D (IgG1) [45] were used for the detection of GP3, GP4 and 

GP5, respectively. Detection of the M protein was performed using mAb 126.3 (IgG2a) [28] and mAb 

P3/27 (IgG1) [46] was used for detection of the N protein. MAb 13D12 [47] and mAb 16G12 [48] 

were used as isotype-matched, irrelevant control mAbs for the mAbs with IgG1 and IgG2a isotype, 

respectively. 

 

Cells and viruses 

PAM were obtained from 4- to 6-week-old conventional Belgian Landrace pigs from a PRRSV-negative 

herd as described by Wensvoort et al. (1991) [2] and cultivated as described by Van Gorp et al. 

(2008) [40]. Marc-145 cells were cultivated as described before [40]. HEK-293T cells were grown in 

DMEM (Gibco) containing 10 % heat-inactivated FBS (Gibco), 2 mM L-glutamine, 1 mM sodium 

pyruvate and a mixture of antibiotics. Cell cultures were kept in a humidified 5 % CO2 atmosphere at 

37 °C. 

Human RBC were obtained from healthy donors and stored at 4 °C in Alsever’s solution for up to 7 

days. 

The European prototype PRRSV strain Lelystad virus [2] (LV; kindly provided by G. Wensvoort) was 

passaged 14 times on macrophages (macrophage-grown LV stock) or 13 times on macrophages and 

subsequently 5 times on Marc-145 cells (Marc-145-grown LV stock). Virus was semipurified from the 

supernatants via ultracentrifugation as described before [39]. Virus titrations on Marc-145 cells and 

macrophages and calculation of the virus titers were performed as described by Van Gorp et al. 

(2008) [40]. 

 

Construction, production and purification of pSn-Fc fusion proteins 

The pSn cDNA had been cloned previously into the pcDNA3.1/D vector (Invitrogen)[36]. The soluble 

Fc-tagged pSn, pSn4D-Fc, was generated by PCR amplification as done before for human sialoadhesin 

[49] and cloning into a modified version of the pEE14 vector, designated pEE14-3C-Fc [50]. The cDNA 

fragment corresponding to the first 4 N-terminal immunoglobulin-like domains of pSn was amplified 

using forward primer 5’-CCTTCACCATGGACTTCCTG-3’ and reverse primer 5’-
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ACTAGATCTACTTACCTGTGCTGACCACCACGCTGACAG-3’. The pEE14-3C-Fc vector was cut with 

HindIII, treated with Klenow DNA polymerase to obtain blunt ends and subsequently cut with BamHI. 

The PCR product was digested with BglII and cloned into the cut pEE14-3C-Fc vector, yielding pEE14-

pSn4D-3C-Fc. To obtain a non-sialic acid-binding pSn4D-Fc protein, a point-mutation (R116E) was 

introduced in the sialic acid-binding domain in pEE14-pSn4D-3C-Fc using the Quickchange site 

directed mutagenesis kit (Stratagene) with forward primer 5’-

TCGGGCTCCTATAACTTCgaaTTTGAGATCAGCGAGGGC-3’ and reverse primer 5’-

GCCCTCGCTGATCTCAAAttcGAAGTTATAGGAGCCCGA-3’, resulting in pEE14-pSn4DRE-3C-Fc. 

For production of the pSn-Fc chimeras, HEK-293T cells were transiently transfected using calcium 

phosphate. Transfected cells were cultured for 3 days in DMEM supplemented with 3 % IgG-depleted 

low IgG FBS (Gibco), 2 mM L-glutamine, 1 mM sodium pyruvate, 1 % nonessential amino acids (100× 

stock; Gibco) and a mixture of antibiotics in a humidified 5 % CO2 atmosphere at 37 °C, after which 

the culture supernatant was collected. The pSn-Fc fusion proteins were purified from the supernatant 

using standard protein A sepharose chromatography following the manufacturer’s instructions (GE 

Healthcare). Fractions of the eluate containing the purified protein were pooled and the buffer was 

exchanged to phosphate-buffered saline (PBS) by dialysis. Purified protein was stored at -70 °C until 

use. 

 

PSn- and Fc-specific immunofluorescence staining 

HEK-293T cells were transfected with the vectors encoding the pSn-Fc chimeras using Lipofectamine 

(Invitrogen; manufacturer’s instructions were followed) and fixed with 3 % paraformaldehyde 24 h 

after transfection. Cells were permeabilized with 0.1 % Triton X-100, washed and incubated with pSn-

specific mAb 41D3, followed by incubation with Texas Red-labeled goat anti-mouse antibodies 

(Molecular Probes). Subsequently, they were stained with fluorescein isothiocyanate (FITC)-labeled 

goat anti-human IgG Fc-specific antibodies (Sigma-Aldrich Corp.). In between different incubation 

steps, cells were washed 3 times with PBS. Finally, cells were washed, embedded in a glycerine-PBS 

solution (0.9/0.1 v/v) containing 2.5 % 1,4-diazabicyclo(2,2,2)octane, mounted and analyzed using a 

TCS SP2 laser scanning spectral confocal system (Leica Microsystems) using an Argon 488 nm and a 

Gre/Ne 543 nm laser for excitation. 

 

PSn- and Fc-specific ELISA 

Each well of an Immulon 4HBX 96-well flat-bottomed microtiter plate (Dynax Technologies Inc.) was 

coated with 50 µl of 8 µg/ml goat anti-human IgG (Fc-specific; Sigma-Aldrich Corp.) in 0.05 M 

carbonate-bicarbonate buffer (pH 9.6; Sigma-Aldrich Corp.). Plates were washed with PBS containing 

0.25 % bovine serum albumin (PBA), after which 2-fold dilution series of the purified siglec-Fc 

chimera were added to the wells and incubated for 2 h at ambient temperature. Unbound siglec-Fc 

protein was removed by washing with PBA. 

Fc-specific ELISA 

50 µl alkaline phosphatase-conjugated goat anti-human IgG (Fc-specific; Sigma-Aldrich Corp.) diluted 
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1:5000 in PBA was added to each well and incubated for 1 h at room temperature. The plate was 

washed 4 times with Tris-buffered saline containing 0.25 % bovine serum albumin (TBA) and 100 µl 

of 5 µM fluorescein diphosphate (FDP; Molecular Probes) in substrate buffer (100 mM Tris, 100 mM 

NaCl, 5mM MgCl2.6H2O; pH 9.5) was added to each well. Fluorescence at 535 nm was measured 

using a Cytofluor multi-well plate reader (PerSeptive Biosystems) with the excitation and emission 

wavelengths of 485 nm and 535 nm, respectively. 

pSn-specific ELISA 

100 µl mAb 41D3 (50 µg/ml in PBA) was added to each well and incubated for 1 h at 4 °C. After 

washing with PBA, 50 µl alkaline phosphatase-conjugated goat anti-mouse IgG (Fc-specific; Sigma-

Aldrich Corp.) diluted 1:2500 in PBA was added to each well and incubated for 1 h at room 

temperature. The plate was then washed 4 times with TBA, 100 µl of 5 µM FDP in substrate buffer 

was added to each well and fluorescence was measured as described above. 

 

Solid phase RBC binding assay 

Each well of an Immulon 4HBX 96-well flat-bottomed microtiter plate (Dynax Technologies Inc.) was 

coated with 50 µl of 8 µg/ml goat anti-human IgG (Fc- specific; Sigma-Aldrich Corp.) in 0.05 M 

carbonate-bicarbonate buffer (pH 9.6; Sigma-Aldrich Corp.). Plates were washed with PBS containing 

0.25 % bovine serum albumin (PBA), after which 2-fold dilution series of the purified siglec-Fc 

chimera were added to the wells and incubated for 2 h at ambient temperature. Unbound siglec-Fc 

protein was removed by washing with PBA. RBCs were washed twice in PBA and resuspended in PBA 

at 0.25 % (v/v) immediately before use. 100 µl of the RBC suspension was added to each well and 

the plate was incubated for 30 min at 37 °C. The wells were gently washed with PBA to remove 

unbound RBCs and RBC binding was evaluated using an Olympus CK40-F200 inverted light 

microscope (Opelco). To quantify RBC binding, the plate was dried, fixed with methanol and dried 

again, after which a peroxidase substrate assay was performed (Substrate Reagent Pack; R&D 

Systems; processed according to manufacturer’s instructions). The result was evaluated measuring 

the optical density at 450 nm (OD450) using a Multiskan RC (Thermo Labsystems). As a positive 

control, an identical assay was performed in parallel for mSiglecE-Fc [51], a protein with established 

sialic acid-binding activity. As a control for sialic acid-dependent binding, sialidase-treated RBCs were 

used. To remove sialic acids from the cell surface, RBCs were diluted (0.25 % v/v) in RPMI-1640 

containing 50 mU/ml Vibrio cholerae sialidase (Roche Applied Science; specific for α2-3, 6, 8-linked 

sialic acids) and incubated for 1 h at 37 °C. The RBCs were subsequently washed with PBA to remove 

the enzyme, resuspended in PBA at 0.25 % (v/v) and used in the solid phase binding assay as 

described. 

 

SDS-PAGE, Coomassie Blue staining and Western blot analysis of pSn-Fc proteins 

Samples of purified pSn-Fc protein were mixed with (non-) reducing Laemmli buffer, boiled for 5 min 

and subjected to SDS-PAGE (8 % gel) using a BioRad Mini Protean 3 system. For Coomassie Blue 

staining, the SDS-PAGE gel was incubated successively in Coomassie Blue staining solution (0.125 % 
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Coomassie Blue, 50 % methanol, 10 % acetic acid), destaining solution I (50 % methanol, 10 % 

acetic acid) and destaining solution II (5 % methanol, 7 % acetic acid). Alternatively, for Western blot 

analysis, proteins were transferred from the SDS-PAGE gel to a PVDF membrane (Membrane Hybond-

P, GE Healthcare) via Western blotting (BioRad Mini Trans Blot). The membrane was blocked 

overnight in PBS + 0.1 % Tween 20 + 5 % skimmed milk. Detection of pSn-Fc protein was performed 

by subsequent incubation of the blot with the pSn-specific mAb 41D3 and peroxidase-labeled 

polyclonal goat anti-mouse antibodies (Dako), followed by visualization using enhanced 

chemiluminiscence (ECL; GE Healthcare). Alternatively, pSn-Fc protein was detected using peroxidase-

labeled goat anti-human IgG antibodies (Fc-specific; Sigma-Aldrich Corp.) and subsequent ECL. 

 

Analysis of intracellular processing of pSn-Fc proteins 

Samples of purified pSn4D-Fc and pSn4DRE-Fc protein were either left untreated or were treated with 

endoglycosidase H or PNGase F (New England Biolabs Inc.; used according to manufacturer’s 

instructions). Also, samples of both proteins were incubated with 100 mU/ml Vibrio cholerae sialidase 

(Roche Applied Science; used according to manufacturer’s instructions) for 3 h at 37 °C. After addition 

of reducing Laemmli buffer, samples were boiled for 5 min and analyzed via SDS-PAGE and Western 

blot using peroxidase-labeled goat anti-human IgG antibodies as described above. 

 

Evaluation of the PRRSV-binding capacity of pSn4D-Fc via precipitation experiments 

100 µ l of Dynabeads protein A (Invitrogen) were coated with 25 µ g of pSn4D-Fc protein and 

incubated with semipurified, Marc-145-grown PRRSV LV at 37 °C. After 90 min of incubation, the 

unbound virus fraction was collected, beads were washed 4 times with PBS and bound material was 

eluted with 0.1 M citrate buffer (pH 3.1). Samples of the semipurified virus, the bound and the 

unbound fraction were mixed with non-reducing Laemmli buffer, boiled for 5 min and resolved on a 

12 % SDS-PAGE gel. Subsequently, resolved proteins were transferred to a PVDF membrane via 

Western blotting. The membrane was blocked overnight in PBS + 0.1 % Tween 20 + 5 % skimmed 

milk and probed with a nucleocapsid-specific, a GP5-specific or an isotype-matched irrelevant control 

mAb in combination with peroxidase-labeled polyclonal goat anti-mouse antibodies. The detected 

protein bands were visualized using ECL. To confirm that the beads were efficiently coated with pSn-

Fc protein, a sample of the bound fraction was subjected to SDS-PAGE and Western blot analysis 

using the pSn-specific mAb 41D3. As a control, identical experiments were performed using uncoated 

beads and beads coated with the non-sialic acid-binding mutant pSn4DRE-Fc. 

 

Evaluation of the PRRSV-binding capacity of pSn4D-Fc via infection-inhibition 

experiments 

PAM were seeded at a concentration of 105 cells/well in 96-well plates and kept in culture for 48 h. 50 

µl of a 3-fold dilution series of pSn4D-Fc or pSn4DRE-Fc (starting concentration 50 µg/ml) was mixed 

with a constant amount of virus (5 µl of a 2 × 105 TCID50/ml virus suspension) and incubated for 1 h 

at 37 °C to allow binding. The mixtures were transferred to the PAM and cells were incubated for 1 h 
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at 37 °C. Soluble receptor-virus mixtures were then removed, fresh medium was added and cells were 

further incubated for 9 h at 37 °C, after which they were fixed. Infected cells were then visualized via 

a nucleocapsid-specific immunoperoxidase staining [2] and counted. 

 

Identification of pSn-binding PRRSV proteins and characterization of pSn-ligand 

interaction using pSn4D-Fc  

Viral proteins were solubilized from semipurified Marc-145-grown PRRSV LV by a 1 h incubation in 

TNE buffer (50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 1 mM EDTA) containing 1 % NP-40 (Roche 

Applied Science) and insoluble material was pelleted by centrifugation at 10,000 × g for 45 min. 

Subsequently, the virus lysate was incubated with pSn4D-Fc-coated beads. The precipitation 

experiment, sample preparation and subsequent SDS-PAGE and Western blotting were performed as 

described above. Membranes were blocked overnight in PBS + 0.1 % Tween 20 + 5 % skimmed milk 

and probed with mAbs directed against the structural proteins of PRRSV LV and isotype-matched 

irrelevant control mAbs in combination with peroxidase-labeled polyclonal goat anti-mouse antibodies. 

Detected protein bands were visualized using ECL. Coating of the beads with pSn-Fc protein was 

checked as described above. To assess the sialic acid-dependency of the interaction, an identical 

experiment was performed using the non-sialic acid-binding mutant pSn4DRE-Fc. Alternatively, 

sialidase-treated virus was used in the precipitations. Semi-purified virus was incubated with 100 

mU/ml sialidase from Vibrio cholerae in RPMI-1640 for 3 h at 37 °C. In parallel, virus was incubated 

with the buffer in which the sialidase was supplied. Titration on alveolar macrophages revealed a 90 

% decrease in infectivity of sialidase-treated virus when compared to control-treated virus, indicating 

that sialidase treatment removed sialic acids implicated in viral entry. To evaluate the effect of the 

treatment on different envelope glycoproteins, samples of sialidase- and control-treated virus were 

subjected to SDS-PAGE and Western blot analysis using specific mAbs. The remaining virus was lysed 

and subjected to immunoprecipitation using pSn4D-Fc as described above. 

Similar precipitation reactions were performed using macrophage-grown virus. Lysates of semipurified 

macrophage-grown virus were applied to pSn4D-Fc- and pSn4DRE-Fc-coated beads. The bound and 

unbound fractions as well as the original virus lysates were analyzed via SDS-PAGE and Western 

blotting as described above. 

 

 

Results 

 

Construction and structural characterization of pSn-Fc chimeras 

To identify the PRRSV envelope glycoproteins interacting with pSn, we constructed a soluble form of 

the pSn receptor (pSn4D-Fc). This recombinant protein consists of the 4 N-terminal domains of pSn, 

coupled with the Fc- and hinge region of human IgG1 and allows study of PRRSV-pSn interactions in a 

cell-free context. The sialic acid-binding activity of pSn has been shown before to be essential for 

PRRSV binding [38]. Therefore, a non-sialic acid-binding mutant of the soluble pSn (pSn4DRE-Fc) was 
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generated as a control. This protein was obtained by changing the amino acid (aa) R116, which is 

essential for sialic acid binding, to an E residue. PSn- and Fc-specific immunofluorescence cell 

stainings and ELISAs of the cell supernatants revealed that the pSn-Fc chimeras were expressed in 

transfected HEK-293T cells and that they were secreted into the culture medium (data not shown). 

After optimization of production and purification, all further tests and experiments were performed 

using purified pSn-Fc proteins. To check the purity of the proteins, samples were resolved on SDS-

PAGE under reducing and non-reducing conditions and Coomassie Blue staining was performed 

(Figure 1A). Under non-reducing conditions, a single band of more than 250 kDa was seen for both 

the pSn4D-Fc and pSn4DRE-Fc protein. Presence of a reducing agent resulted in single bands at about 

80 kDa. These results indicate that the purified pSn-Fc proteins are present as disulfide-linked dimers 

under non-reducing conditions. The fact that single bands were obtained under each condition shows 

that the bulk of the protein in the purified fractions was pSn-Fc protein. 

Purified proteins were also subjected to SDS-PAGE and Western blot analysis (Figure 1B). Under non-

reducing conditions, both pSn4D-Fc and pSn4DRE-Fc were recognized by pSn-specific mAb 41D3. 

When SDS-PAGE was performed in the presence of a reducing agent, binding of mAb 41D3 to the 

blotted proteins was lost, which is in line with earlier observations for wild type pSn. Both the pSn4D-

Fc and the pSn4DRE-Fc proteins could be detected on the blot membrane using polyclonal antibodies 

specific for the Fc-part of human IgG. Using the Fc-specific polyclonal antibodies for detection, 

additional bands could be observed with varying intensity in between batches. These bands most 

likely represent pSn-Fc protein that is partially degraded. Nevertheless, Coomassie Blue analysis of the 

same samples clearly indicated that the bulk of the protein was present in one specific band, which 

correlates with conformationally correct pSn-Fc protein. 

Wild type pSn undergoes processing in the endoplasmic reticulum (ER) and Golgi before being 

displayed at the cell membrane. During its passage through these compartments, the protein does not 

only obtain intramolecular disulfide bridges, but also N-linked glycans, which are often essential for 

proper protein folding. To check intracellular processing of the recombinant proteins, purified pSn4D-

Fc and pSn4DRE-Fc proteins were treated with different glycosidases and analyzed via reducing SDS-

PAGE and Western blotting (Figure 1C). Treatment of the proteins with N-glycosidase F, which 

removes all types of N-linked glycans, resulted in a clear shift in the protein size. Treatment with 

endoglycosidase H, which removes high mannose and some hybrid types of N-linked carbohydrates 

from glycoproteins, or Vibrio cholerae sialidase, removing sialic acids in a α2-3, α2-6 or α2-8 

configuration, did not increase the electrophoretic mobility of the proteins. These results indicate that 

the soluble pSn proteins carry mainly complex type N-glycans capped with little or no sialic acids. The 

presence of these sugar moieties shows that the soluble sialoadhesins pass through the ER and Golgi 

for processing, as has been shown for wild type pSn [36]. 
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Figure 1. Structural characterization of pSn-Fc proteins 
(A) Samples of purified pSn4D-Fc and pSn4DRE-Fc proteins were subjected to non-reducing and reducing SDS-
PAGE, after which Coomassie Blue staining was performed. (B) (Non-)reducing SDS-PAGE and Western blot 
analysis of purified pSn4D-Fc and pSn4DRE-Fc proteins using Fc-specific antibodies and pSn-specific mAb 41D3. 
(C) pSn4D-Fc and pSn4DRE-Fc proteins were treated with specific glycosidases or control treated and subjected to 
reducing SDS-PAGE and Western blot analysis using Fc-specific antibodies. 
 

Functional characterization of pSn-Fc chimeras 

Since the sialic acid-binding activity of pSn is essential for PRRSV binding, we first evaluated the sialic 

acid-binding capacity of the purified pSn4D-Fc protein. This was done via a solid phase RBC binding 

assay, a test routinely used to analyze the sialic acid-binding capacity of sialoadhesin-Fc and other 

siglec-Fc chimeras [52] (Figure 2A & 2B). The pSn4D-Fc protein showed clear, sialic acid-dependent 

RBC binding, since removal of sialic acids from the RBC surface impeded the interaction. The pSn4DRE-

Fc protein did not show RBC-binding activity. These results indicate that pSn4D-Fc has the capacity to 

bind sialic acids. As for full length pSn, the sialic acid-binding activity is critically dependent on the R116 

residue within the N-terminal domain of pSn. 

To assess the PRRSV-binding capacity, pSn4D-Fc was coated on protein A beads and incubated with 

purified virus at 37 °C to allow binding. The unbound fraction was then collected, beads were washed 

and the bound material was eluted from the beads. Samples of the bound and unbound fraction and 

samples of purified virus were then subjected to non-reducing SDS-PAGE and Western blotting and 

analyzed for the presence of virus using mAbs recognizing the GP5 envelope glycoprotein and the 

nucleocapsid protein N (Figure 2C). GP5 and N could clearly be detected in both the purified virus 

stock and the bound fraction, while little or no protein was found in the unbound fraction. These 
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results show that pSn4D-Fc is able to efficiently bind the virus. When beads were coated with 

pSn4DRE-Fc or when uncoated beads were used, viral proteins were detected in the unbound fraction 

but not in the bound fraction. These findings show that the interaction of pSn4D-Fc with PRRSV is 

similar to the interaction between wild type pSn and the virus. 

 

 

Figure 2. Evaluation of the functionality of pSn4D-Fc as a sialic acid-binding (A & B) and PRRSV-
binding (C & D) protein 
Qualitative (A) and quantitative (B) analysis of sialic acid-binding activity using a solid phase RBC binding assay. 
ELISA plates were coated with dilution series of pSn4D-Fc, pSn4DRE-Fc or mSiglecE-Fc protein, after which human 
RBCs were added and RBC binding was evaluated. pSn4D-Fc + RBCs (black square); pSn4D-Fc + sialidase-
treated RBCs (white square); mSiglecE-Fc + RBCs (black diamond); mSiglecE-Fc + sialidase-treated RBCs (white 
diamond); pSn4DRE-Fc + RBCs (black circle). Values represent means ± SEM of 3 experiments. (C) Evaluation of 
PRRSV-binding activity via immunoprecipitation experiments. Protein A beads were either coated with the pSn4D-
Fc or pSn4DRE-Fc protein or not coated and incubated with Marc-145-grown PRRSV at 37 °C to allow binding. The 
bound and unbound fractions were collected and subjected to non-reducing SDS-PAGE and Western blot analysis 
using PRRSV N- and GP5-specific mAbs. (D) Evaluation of PRRSV-binding activity via infection-inhibition 
experiments. A 3-fold dilution series of pSn-Fc protein was mixed with a constant amount of Marc-145-grown 
PRRSV, incubated for 1 h at 37 °C to allow binding and transferred to 105 alveolar macrophages. After 1 h of 
incubation at 37 °C, pSn-Fc - virus mixtures were removed, fresh medium was added to the cells and cells were 
incubated for 9 h at 37 °C, after which they were fixed. Infected cells were then visualized via nucleocapsid-
specific immunoperoxidase staining and counted. pSn4D-Fc (white square); pSn4DRE-Fc (black square). Values 
represent means ± SEM of 3 experiments. 
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To further substantiate this, we tested the soluble receptors for their infection-inhibition capacity 

(Figure 2D). We found that PRRSV infection of alveolar macrophages could be partially blocked by 

pre-incubating the virus with pSn4D-Fc. This effect was dose-dependent and no such effect was 

obtained using the pSn4DRE-Fc protein, indicating that also here the sialic acid-binding functionality of 

pSn is crucial for the interaction. These data evidence that the soluble sialoadhesin pSn4D-Fc can 

compete with the wild type pSn on the macrophage surface for specific ligands present on the PRRSV 

virion surface and confirm the role of pSn as an important PRRSV receptor on macrophages. 

 

Identification of pSn-binding PRRSV proteins and characterization of the pSn-ligand 

interaction 

To identify viral ligands for the PRRSV receptor pSn, pSn4D-Fc was used in an immunoprecipitation 

reaction. PSn4D-Fc was coated on protein A beads and incubated with a lysate of purified virus at 37 

°C to allow binding. Subsequently, the unbound lysate fraction was collected, beads were washed and 

the bound material was eluted from the beads. Samples of the bound and unbound fraction and 

samples of the original virus lysate were subjected to non-reducing SDS-PAGE and Western blotting 

and analyzed for the presence of specific viral envelope proteins using protein-specific mAbs (Figure 

3A). GP3, GP4 and the M/GP5 complex were all detected in the original virus lysate and in the unbound 

fraction. In addition, the M/GP5 complex was detected in the bound fraction. GP3 and GP4 were 

however not found in the bound fraction. These results indicate that the viral M/GP5 complex is able 

to bind to pSn4D-Fc. Control experiments with pSn4DRE-Fc pointed out that this protein does not 

interact with any of the viral proteins analyzed. This shows that the sialic acid-binding capacity of pSn 

is essential for M/GP5 binding and suggests that sialic acids on GP5 are involved in the interaction with 

pSn. Sialidase treatment of PRRSV, which removes sialic acids from the GP5 protein as indicated by an 

increased electrophoretic mobility of the protein on SDS-PAGE (Figure 3B), indeed also resulted in loss 

of M/GP5 binding to pSn4D-Fc (Figure 3C). 

The experiments described above clearly showed that sialic acids on the envelope glycoproteins are 

essential for the pSn-M/GP5 interaction. However, as the glycosylation machinery of Marc-145 cells 

and porcine macrophages differs, their glycome and the glycan array present on virus grown in these 

cells may differ substantially. As all experiments were performed with Marc-145-grown virus, 

immunoprecipitations were also performed using lysates of purified macrophage-grown PRRSV (Figure 

4). The results showed that also the M/GP5 glycoprotein complex of macrophage-grown PRRSV binds 

to the pSn4D-Fc protein. Binding was also critically dependent on the sialic acid-binding capacity of 

pSn, as no interaction was observed with the non-sialic acid-binding mutant pSn4DRE-Fc. No binding 

was observed for the GP3 and GP4 proteins. These results suggest that macrophage-grown and Marc-

145-grown PRRSV interact with pSn in the same way. 
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Figure 3. Identification of pSn-binding (glyco)protein(complexe)s of Marc-145-grown PRRSV and 
characterization of the pSn-ligand interaction 
(A) Protein A beads were coated with the pSn4D-Fc or pSn4DRE-Fc proteins and incubated with a lysate of Marc-
145-grown PRRSV at 37 °C to allow binding. The bound and unbound fractions were collected and subjected to 
non-reducing SDS-PAGE and Western blot analysis using virus-specific mAbs. (B) Marc-145-grown PRRSV was 
either treated with sialidase or control-treated and subjected to reducing SDS-PAGE and Western blot analysis 
using virus-specific mAbs. (C) Marc-145-grown PRRSV was either treated with sialidase or control-treated, lysed 
and incubated with pSn4D-Fc-coated protein A beads at 37 °C to allow binding. The bound and unbound 
fractions were collected and subjected to non-reducing SDS-PAGE and Western blot analysis using a PRRSV GP5-
specific mAb. 
 
 
 
 
 
 
Figure 4. Identification of pSn-binding (glyco)protein 
(complexe)s of macrophage-grown PRRSV 
Protein A beads were coated with the pSn4D-Fc or pSn4DRE-Fc protein 
and incubated with a lysate of macrophage-grown PRRSV at 37 °C to 
allow binding. The bound and unbound fractions were collected and 
subjected to non-reducing SDS-PAGE and Western blot analysis using 
virus-specific mAbs. 
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Discussion 

 

PRRSV has a very restricted tropism for subpopulations of differentiated cells of the 

monocyte/macrophage lineage. The virus infects macrophages in lungs and several lymphoid organs, 

while other cells such as circulating blood monocytes and peritoneal macrophages are refractory 

[53,54]. This restricted cell tropism has been attributed to the restricted expression pattern of the 

PRRSV receptor pSn on these subsets of differentiated macrophages [36,44,55]. Since pSn is an 

essential PRRSV-binding and -internalization receptor on porcine macrophages, identification of the 

PRRSV glycoprotein ligands that mediate virus binding to this receptor is clearly of great importance, 

not only for basic understanding of PRRSV replication biology, but also for development of strategies 

to tackle PRRSV infection. For many viruses (e.g. classical swine fever virus, porcine circovirus 2), 

subunit vaccines comprising components involved in viral entry have proven very useful tools in the 

protection against viral infection [56-59]. A vaccine capable of inducing antibodies against the pSn-

binding epitope of PRRSV should be capable of providing a good protection against PRRSV infection 

by neutralizing virus entry. Previously, the interaction of PRRSV with pSn was shown to be dependent 

on a functional sialic acid-binding domain on pSn [38] and on the presence of sialic acids on the virion 

[38,39], but the sialic acid-carrying viral ligand was never identified. This study aimed to identify 

PRRSV glycoprotein ligands for the pSn receptor. For this purpose, a soluble pSn was constructed and 

characterized. This soluble receptor showed the same binding functionality as wild type pSn, as it 

showed sialic acid-binding activity and could bind PRRSV in a sialic acid-dependent manner. Via pull-

down assays in which the soluble receptor was mixed with lysates of PRRSV, it was shown that the 

M/GP5 complex of the PRRS virus interacts with the pSn receptor. This interaction was clearly 

dependent on the sialic acid-binding capacity of pSn, as a non-sialic acid-binding mutant of the soluble 

pSn differing in only one aa was not able to bind M/GP5. Removal of sialic acids from the virus prior to 

the pull-down assay also blocked the interaction of the M/GP5 complex with pSn, evidencing the 

importance of sialic acids on the GP5 protein for interaction with the receptor. Clearly, the 

characteristics of the interaction of M/GP5 with pSn are identical to these of the interaction of PRRSV 

particles with pSn, suggesting that the M/GP5 complex indeed mediates PRRSV-particle binding to 

pSn. 

In this study, the interaction of PRRSV with the pSn receptor was initially studied using Marc-145-

grown virus, as it is easy to obtain relatively high virus titers in these cells and it avoids the necessity 

of animal sacrifice. Moreover, Marc-145-grown virus can infect porcine alveolar macrophages and has 

been shown to interact efficiently with the pSn receptor [38,40], indicating that Marc-145 cells provide 

correct glycosylation for the virus to interact with pSn. However, the glycome of the primary porcine 

macrophage, and hence of the virus grown therein, is most likely very different from the Marc-145 cell 

glycome. In the light of lectin-glycoprotein interaction, it was therefore imperative to evaluate the 

interaction of the viral glycoprotein(complexe)s of macrophage-grown PRRSV with the pSn receptor. 

Via pull-down experiments, in which lysates of macrophage-grown PRRSV were applied to immobilized 

recombinant sialoadhesins, it was found that also macrophage-grown PRRSV interacts with pSn via 
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the M/GP5 glycoprotein complex. The interaction was also critically dependent on the sialic acid-

binding capacity of pSn, indicating that the interaction of pSn with sialic acids is central to the pSn-

M/GP5 interaction. While it should be kept in mind that primary macrophages cultured in vitro may 

also show different glycosylation than they do in vivo, it is clear that the interaction of pSn with 

macrophage-grown virus is more relevant to the in vivo situation than the interaction with Marc-145-

grown virus. 

Previous studies on PRRSV have shown that virus glycosylation is crucial for its infectivity towards 

macrophages. Treatment of the virus with N-glycosidase F to remove N-glycans has a negative impact 

on viral infectivity and removal of sialic acids from the virion surface using sialidase even results in a 

10- to 20-fold reduction of the infectivity [39]. Considering the findings of the present study, these 

results suggest a central role of sialic acid-carrying N-glycans on the GP5 glycoprotein in the 

interaction with pSn. The GP5 protein of most PRRSV isolates contains two conserved N-glycosylation 

sites. One or more additional putative N-glycosylation sites can be present, depending on the virus 

isolate [25,60,61]. One of the conserved glycosylation sites, N46 in European isolates, N44 in American 

isolates, is particularly interesting in the light of the present study as it appears to be critical for the 

formation of infectious PRRSV virions [62,63]. Wissink and coworkers (2004) showed that N46 is 

important for virus infectivity towards macrophages: the specific infectivity of recombinant GP5-N
46Q 

mutant virus, in which the N46 glycosylation site was deleted, was reduced 10- to 20-fold when 

compared to the specific infectivity of wild type virus [62]. This correlates with the reduction in 

infectivity seen when virus is treated with sialidase to remove sialic acids from the surface [39]. 

Together, these data suggest that the critical sialic acid, necessary for M/GP5 binding to the pSn 

receptor, is present on the N-glycan appended to the N46/N44 aa. Another interesting observation is 

that the N46/N44 residue is part of the primary neutralization epitope of PRRSV [64-66]. While some 

other segments of the GP5 protein appear to be hypervariable, this epitope is located in an area of the 

GP5 ectodomain that is highly conserved among PRRSV isolates [65-70]. This suggests that this 

domain has a critical function in virus replication. It has been suggested to be crucial for the disulfide 

linkage between GP5 and M, as the cysteine residue involved in this linkage lies within the conserved 

area and since the linkage between GP5 and M is critical for virion formation [23,26]. It is however 

also tempting to speculate that this critical function lies in the interaction of the GP5 glycoprotein with 

the pSn receptor, this via essential sialic acids present on the glycan appended to the N46/N44 residue 

of GP5. This could also explain why antibodies directed against this epitope appear to have a 

neutralizing effect on infection of macrophages. Previously, a study by Delputte et al. (2004) showed 

that neutralizing antibodies can indeed block attachment and internalization of the virus into 

macrophages [71]. 

Sialic acids are acidic monosaccharides often present at the termini of glycan chains on animal 

glycoconjugates [72]. Siglecs like sialoadhesin display a marked preference for specific types of sialic 

acids. However, also the linkage of the sialic acid to the subterminal sugar residue seems to influence 

the affinity of a siglec for a specific ligand. In addition, formation of high affinity interactions can 

depend on additional structural features of the glycoconjugate that carries the sialic acid [73]. These 
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factors contribute to the specificity of a siglec for specific sialylated ligands and may explain why the 

GP3 and GP4 envelope proteins, although they carry sialic acids, do not seem to interact with pSn, 

while the M/GP5 glycoprotein complex shows a strong binding to this receptor. Furthermore, it is well 

known that physiologically relevant, high affinity lectin-glycan interactions strongly depend on the 

lectin and glycan valency [74]. As the pSn receptor is abundantly expressed at the macrophage cell 

surface [36] and as a single PRRSV virion carries a whole array of M/GP5 complexes on its surface 

[75], it can be expected that also the interaction between macrophage and virus depends on avidity 

rather than on simple affinity.  

In conclusion, we identified the M/GP5 complex of PRRSV as a ligand for the pSn receptor. 

Furthermore, we showed that the M/GP5-pSn interaction is critically dependent on the sialic acid-

binding capacity of pSn as well as on sialic acids on the viral GP5 glycoprotein. The information and 

tools generated in this study can provide a theoretical and practical basis for the development and 

evaluation of a new generation of inactivated and subunit PRRSV vaccines. 
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Abstract 

 

The porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most important viral 

pathogens in the swine industry. Despite great efforts of pig holders, veterinarians, researchers and 

vaccine developers, the virus still causes major production losses. It is clear that efficient and correct 

monitoring and rational development of vaccines are crucial in the combat against this pathogen. 

PRRSV-specific monoclonal antibodies (mAbs) are essential tools for both diagnostic and research 

purposes. This study describes the production of PRRSV GP3-, GP5- and N-specific hybridomas and an 

extensive characterization of the mAbs. The N-specific mAbs generated in this study appear to be 

useful tools for diagnostics, as they were found to react with genetically very different PRRSV isolates 

and may serve to discriminate between European and American type PRRSV isolates. These mAbs 

also allowed detection of the PRRSV N protein in both formalin-fixed, paraffin-embedded tissue 

sections and frozen tissue sections of PRRSV-infected lungs, further illustrating their diagnostic value. 

Different neutralization assays pointed out that none of the GP3- and GP5-specific mAbs tested shows 

virus-neutralizing capacity. This is noteworthy, as these mAbs recognize epitopes in the predicted 

ectodomains of their target protein and since the GP5-specific antibodies specifically react with the 

antigenic region that corresponds to the “major neutralizing epitope” suggested for American type 

PRRSV. The current findings argue against an important role of the identified antigenic regions in 

direct antibody-mediated neutralization of European type PRRSV in vivo. However, it is also clear that 

findings concerning a specific PRRSV epitope cannot always be generalized, as the antigenic 

determinants and their biological properties may differ radically between different virus isolates. 
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Introduction 

 

The porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped RNA virus that 

causes severe reproductive disorders in swine and is also associated with the porcine respiratory 

disease complex [1,2]. The virus is endemic in swine-producing countries worldwide and is considered 

to be the economically most important viral pathogen in the swine industry [3]. PRRSV is classified 

within the genus Arterivirus, which belongs to the Arteriviridae family within the order of the 

Nidovirales [4]. The virus shows a very narrow host cell tropism. In vivo, it infects specific subsets of 

differentiated macrophages, with alveolar macrophages being one of the main target cells [5-7]. 

These porcine alveolar macrophages are also used for studies in vitro. Apart from these cells, some 

African green monkey kidney cell lines (e.g. Marc-145 cells) have been shown to be permissive for the 

virus [8,9] and are often used for this purpose. 

The PRRSV virion consists of a core particle or nucleocapsid, surrounded by a lipid bilayer envelope. 

The nucleocapsid is composed of nucleocapsid protein (N) and holds the viral genome: a positive RNA 

strand of approximately 15 kb [10-15]. Six different structural proteins are embedded in the viral 

envelope: the small envelope protein E, the membrane protein M and the N-glycosylated proteins GP2, 

GP3, GP4 and GP5. The M and GP5 proteins are present in the viral envelope as disulfide-linked, 

heterodimeric complexes. There is also evidence pointing out non-covalent heteromultimerization of 

the GP2, GP3, GP4 and E envelope proteins. N, M and GP5 are the most abundant structural proteins 

and are therefore considered ‘major structural proteins’. E, GP2, GP3 and GP4 are ‘minor structural 

proteins’ [13,16-22]. Historically, PRRSV isolates were categorized into the European (EU) and the 

North American (NA) genotype [23,24]. However, the virus evolves rapidly and displays a huge 

genetic and antigenic variability in the field, which has already prompted scientists to subdivide the 

European genotype into different subtypes [25-29]. The high variability of the virus makes accurate 

diagnosis and control very difficult. 

PRRSV infects pigs of all ages [30] and can persist in infected animals for extended periods of time 

[5,31-35]. This is partly due to a hampered immune response to the PRRSV infection. The PRRSV-

specific cell-mediated immunity appears to be functionally impaired [36] and the humoral arm of the 

immune response is polarized: while a strong antibody response is seen upon infection, neutralizing 

antibodies are only observed starting from 3 to 5 weeks after infection or do not appear at all [33,37-

39]. Although neutralizing antibodies appear only late in infection, they have the capacity to confer 

protection against infection with the virus [33,40,41]. For this reason, identification of neutralizing 

epitopes and early induction of antibodies against these epitopes is the main objective of many 

studies on PRRSV.  

Monoclonal antibodies (mAbs) that specifically recognize structural PRRSV proteins are valuable tools 

in diagnostics and fundamental research on several aspects of PRRSV structure, pathogenesis and 

PRRSV-induced immunity. PRRSV-specific mAbs that recognize antigenically different isolates are 

particularly important for reliable PRRSV diagnostics. In addition, PRRSV-specific mAbs are very useful 

in the identification of antigenic regions associated with virus neutralization. This manuscript describes 
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the production of PRRSV-specific hybridomas and the characterization of the mAbs. MAbs were tested 

for their reactivity with antigenically different PRRSV isolates and for their neutralizing capacity. 

 

 

Materials and methods 

 

Cells 

Porcine alveolar macrophages were obtained from 4- to 6-week-old conventional pigs from a PRRSV-

negative herd as described before [2]. Cells were cultivated in RPMI-1640 medium (Invitrogen) 

supplemented with 10 % heat-inactivated FBS (Greiner Bio-One), 2 mM L-glutamine (BDH Chemicals 

Ltd.), 1 % nonessential amino acids (100 ×, Invitrogen) and 1 mM sodium pyruvate (Invitrogen). 

Marc-145 cells were grown in MEM (Invitrogen) containing 5 % heat-inactivated FBS, 2 mM L-

glutamine and 1 mM sodium pyruvate. All culture media were supplemented with a mixture of 

antibiotics and cell cultures were kept in a humidified 5 % CO2 atmosphere at 37 °C. 

 

Viruses 

The European type PRRSV isolates used in this study include Lelystad virus (LV; European prototype 

strain), 94V360, 07V063, Lena, 08V104-10w1, 08V120-4w6, 08V128-12w10, 08V156-10w9, 08V164-

10w6, 08V172-4w1, 08V194-14w4, 08V204-4w8, 08V212-11w1, 09V044, 10V059, 10V162, 10V193, 

10V209-F2 and 10V330. The American type PRRSV isolates used include VR-2332 (American 

prototype strain), US-5, ONT-TS, 130PVV9301 NVSL, Newport, IAF-DESR, IAF-Klop, IAF 93-653 and 

IAF 93-2616. European isolates were propagated in macrophages and Marc-145 cells. The American 

PRRSV isolates were propagated in Marc-145 cells. 

For immunization of the mice and for use in Western blot analysis, Marc-145-grown PRRSV LV was 

semi-purified from the supernatant by ultracentrifugation at 100,000 × g for 3 h through a 30 % 

sucrose cushion in a SW41Ti rotor (Beckman Coulter Inc.). Virus pellets were resuspended in 

phosphate-buffered saline (PBS) in 1:100 of the original volume and kept at -70 °C. Virus titrations on 

Marc-145 cells and macrophages and calculation of the virus titers were performed as described 

before [42]. 

 

Production of PRRSV-specific hybridomas 

For the first fusion, four 4- to 6-week old balb/c mice were immunized intraperitoneally with 250 µl 

8.9 × 107 TCID50 LV in an equal amount of complete Freund’s adjuvant (Sigma-Aldrich). One mouse 

seroconverted at 1 week post immunization; the other mice at 2 weeks post immunization. Four 

weeks post immunization, the mice were immunized a second time intraperitoneally with 250 µl 8.9 × 

107 TCID50 LV in an equal amount of incomplete Freund’s adjuvant (Sigma-Aldrich). Seven weeks after 

the first immunization, 1 mouse was selected and boosted with 3.6 × 108 TCID50 LV in PBS. Four days 

after the boost, the mouse was euthanized and the spleen was collected. 
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For the second fusion, four 4- to 6-week old balb/c mice were immunized intramuscularly with the 

eukaryotic expression vector pcDNA3.1D/V5-HisTOPO (Invitrogen) encoding open reading frame 

(ORF) 7 of the Belgian PRRSV isolate 94V360 (2 µg DNA/µl PBS; 50 µl in each hind leg). Immunization 

was repeated 4 times with a 14-day interval. After 4 immunizations, all mice had seroconverted. One 

mouse was selected and injected intraperitoneally with 500 µl PBS containing 5 × 106 94V360-infected 

macrophages. Four days after the boost, the mouse was euthanized and the spleen was collected. 

Hybridomas were produced by fusion of the spleen cells with SP 2/0 myeloma cells as described 

before [43]. The resulting hybridomas were maintained in RPMI-1640 supplemented with 10 % FBS, 2 

mM L-glutamine, 1 mM sodium pyruvate and a mixture of antibiotics. Hybridoma cultures were kept in 

a humidified 5 % CO2 atmosphere at 37 °C. PRRSV-specific hybridomas were detected by performing 

cell-based ELISA assays with the hybridoma supernatants. Briefly, alveolar macrophages and Marc-

145 cells were either mock-infected or infected with PRRSV LV or 94V360 and fixed by drying. After 

subsequent incubations with 4 % paraformaldehyde and methanol + 1 % H2O2, cells were incubated 

for 1 h with undiluted hybridoma supernatants. Subsequently, the cells were incubated for 1 h with 

horseradish peroxidase-conjugated polyclonal goat anti-mouse immunoglobulins (Dako), followed by a 

development step with H2O2 and 3-amino-9-ethyl-carbazole (AEC). The stainings were analyzed by 

light microscopy. PRRSV-specific hybridomas were cloned by a limiting dilution technique and the 

hybridoma supernatants of the cloned hybridomas were used for further characterization. For some 

purposes, mAbs were purified from the hybridoma supernatants via standard protein G sepharose 

chromatography and subsequently dialyzed to PBS. 

 

Characterization of PRRSV-specific mAbs 

 

SDS-PAGE and Western blot analysis 

Semi-purified Marc-145-grown LV (107 TCID50/ml) was mixed with (non-) reducing Laemmli buffer, 

boiled for 5 min and subjected to SDS-PAGE (12 % gel) using a BioRad Mini Protean 3 system. 

Subsequently, proteins were transferred from the SDS-PAGE gels to PVDF membranes (Membrane 

Hybond-P, GE Healthcare) via Western blotting (BioRad Mini Trans Blot). Membranes were blocked 

overnight in PBS + 0.1 % Tween-20 + 5 % skimmed milk. After blocking, membranes were incubated 

with the different hybridoma supernatants (dilution 1:5 in PBS + 0.1 % Tween-20) and peroxidase-

conjugated polyclonal goat anti-mouse immunoglobulins (Dako). Detected protein bands were then 

visualized using enhanced chemiluminiscence (ECL; GE Healthcare). 

 

MAb isotyping 

A commercial peroxidase-based immunoglobulin typing kit (Mouse MonoAb-ID Kit; Zymed 

Laboratories Inc.) was used to determine the mAb isotypes. Assays were performed according to 

manufacturer’s instructions. 
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PEPscan analysis 

Epitope mapping was performed by PEPscan analysis, using sets of overlapping peptides in a peptide 

ELISA. Three sets of overlapping dodecapeptides (offset 4 amino acids (aa); overlap 8 aa), covering 

the complete LV GP3 (64 peptides), LV GP5 (48 peptides) and 94V360 N (30 peptides) aa sequences, 

were synthesized by the company JPT Peptide Technology GmbH as a BiotidesTM Peptide set. Peptides 

were modified with a spacer and a biotin molecule at the C-terminal end. Briefly, streptavidin-coated 

96-well plates (Nunc) were coated during 1 h with 0.1 µg of biotinylated peptide in PBS with 0.5 % 

Tween-20, washed, and blocked overnight with blocking buffer containing 1 % bovine serum albumin 

(Reagent Diluent, R&D systems) and 0.5 % Tween-20. Hybridoma supernatants were diluted 1:5 in 

blocking buffer and incubated for 1 h on the peptide-coated plates, followed by washing and 

incubation with horseradish peroxidase-conjugated goat anti-mouse polyclonal antibodies (Dako). 

Plates were washed and developed with a substrate solution of tetramethylbenzidine and H2O2 (R&D 

systems). The reaction was stopped after 10 min with 1 M H2SO4 and the optical density at 450 nm 

(OD450) was measured using a Multiskan RC ELISA reader (ThermoLabsystems). All washing steps 

were performed with PBS containing 0.5 % Tween-20 and all incubation steps were carried out at 

room temperature. Background OD450 levels were determined using isotype-matched irrelevant control 

mAbs (IgG1: mAb 13D12, specific for the gD protein of the alpha-herpesvirus pseudorabies virus [44]; 

IgG2a: mAb 16G12, specific for the capsid protein of porcine circovirus 2 [45]). OD450 values obtained 

with the PRRSV-specific mAb at each separate peptide were expressed relative (%) to the OD450 value 

that was obtained with the control mAb at the respective peptide. Signals were considered positive 

when this percentage was at least two times higher than the mean percentage over all peptides for 

the test sample. 

 

Cell-based ELISA assays on PRRSV-infected cells 

ELISA plates were prepared by infecting alveolar macrophages and Marc-145 cells with different 

European type (macrophage-grown) and American type (Marc-145-grown) PRRSV isolates, 

respectively. Infected macrophages and Marc-145 cells were respectively fixed at 12 h post 

inoculation (hpi) and 48 hpi by drying. Plates were kept at -20 °C until use. After subsequent 

incubations with 4 % paraformaldehyde and methanol + 1 % H2O2, cells were incubated for 1 h with 

optimal dilutions of purified mAbs in PBS containing 10 % negative goat serum. Subsequently, cells 

were incubated for 1 h with an optimal dilution of horseradish peroxidase-conjugated polyclonal goat 

anti-mouse immunoglobulins (Dako) in PBS + 10 % negative goat serum, followed by a development 

step with H2O2 and AEC. The stainings were analyzed by light microscopy. 

 

Immunofluorescence staining on frozen tissue sections and immunohistochemistry on formalin-fixed, 

paraffin-embedded tissue sections 

Two 5-week-old pigs were obtained from a PRRSV-seronegative farm and housed together in a HEPA-

filtered experimental unit with ad libitum access to water and food. After confirming their SPF-status, 

both animals were inoculated intranasally with 105.4 TCID50 of the Belgian PRRSV isolate 07V063. Pigs 
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were euthanized at 7 and 10 days post inoculation by intravenous administration of thiopental 

(Penthotal®, Kela - 12.5 mg/kg body weight) and exsanguinated. Subsequently, lungs were isolated 

and samples from the medial lung lobes were collected and were either embedded in cryoprotection 

medium (Methocel®, Sigma-Aldrich) and frozen at -70 °C or fixed in 10 % neutral buffered formalin for 

24 h and embedded in paraffin-wax. 

12 µm cryosections of the methocel-embedded frozen tissue samples were made and fixed in 100 % 

methanol for 20 min at -20 °C. After fixation, the sections were blocked with 10 % negative goat 

serum in PBS for 30 min. Sections were then incubated for 1 h at 37 °C with a 1:10 dilution of the 

PRRSV N-specific mAb 13E2, 15C8 or 20A7 in PBS + 10 % negative goat serum and subsequently for 

1 h at 37 °C with an optimal dilution of fluorescein isothiocyanate (FITC)-conjugated polyclonal goat 

anti-mouse IgG (H+L) antibodies (Invitrogen) in PBS + 10 % negative goat serum. After a 10 min 

incubation with an optimal dilution of Hoechst (Hoechst 33342, Invitrogen) in PBS, the cryosections 

were washed, embedded in a glycerine-PBS solution (0.9/0.1 v/v) containing 2.5 % 1,4-

diazabicyclo(2,2,2)octane, mounted and analyzed using a Leica DM RBE fluorescence microscope 

(Leica Microsystems). As a negative control, stainings were performed with the isotype-matched 

irrelevant control mAb 1C11 (IgG2a), specific for the gB protein of the alpha-herpesvirus pseudorabies 

virus. 

For immunohistochemistry, 4 µm sections were made of the paraffin-embedded tissue samples. The 

sections were dewaxed in xylene for 30 min and then incubated in absolute ethanol for 10 min. 

Endogenous peroxidase activity was quenched in H2O2 3 % in methanol for 45 min. Sections were 

then rehydrated via consecutive 5 min incubation steps in 96 % ethanol, 70 % ethanol and distilled 

water. Antigen retrieval was performed by incubating the sections for 12 min in Tween-20 0.01 % in 

PBS, after which they were washed with PBS and incubated in PBS + 10 % negative goat serum for 

30 min at room temperature in a humid chamber. The PRRSV N-specific mAb 13E2, 15C8 or 20A7 

(dilution 1:10 in PBS + 10 % negative goat serum) was then applied and sections were incubated 

overnight at 4 °C in a humid chamber. After incubation with the mAbs, sections were consecutively 

incubated with optimal dilutions of biotinylated polyclonal goat anti-mouse immunoglobulins (Dako) in 

PBS + 10 % negative goat serum (30 min at room temperature) and avidin-biotin-peroxidase complex 

(Vector Laboratories) in PBS (1 h at room temperature). Each incubation step occurred in a humid 

chamber and was followed by a washing step with PBS. Immunodetection was visualized using the 

NovaREDTM substrate kit (Vector Laboratories; manufacturer’s instructions were followed). Sections 

were counterstained with Harris’s haematoxylin (Panreac), dehydrated and mounted using EUKITT 

(Labolan S.L.). The stainings were analyzed by light microscopy. As a negative control, stainings were 

performed with the isotype-matched irrelevant control mAb 1C11 (IgG2a). 

  

Virus neutralization assays 

The PRRSV-specific mAbs were tested in both classical and single replication virus neutralization 

assays to determine their virus-neutralizing capacity. 
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Classical neutralization assay. Briefly, Marc-145 cells were seeded in 96-well plates in the presence of 

200 TCID50 Marc-145-grown LV (12 passages on macrophages + 4 passages on Marc-145 cells) and 

2-fold dilution series (starting from 500 µg/ml) of purified mAb. At 7 days post seeding, the Marc-145 

cells were screened for the presence of cytopathic effect. The mAb neutralization titer was determined 

as the reciprocal of the highest dilution that inhibited formation of cytopathic effect. This assay was 

repeated 3 times. 

Single replication neutralization assay. Two-fold serial dilutions of purified mAb in PBS (starting from 

500 µ g/ml) were mixed with equal volumes of 105 TCID50/ml macrophage-grown PRRSV LV (6th 

passage on macrophages) and incubated for 1 h at 37 °C. Purified mAb 13D12 (IgG1) and 13H4 

(IgG2a; specific for the capsid protein of porcine circovirus 2) [45] were included as mock antibody 

conditions. The mixtures were transferred to 96-well plates containing 72 h-cultivated alveolar 

macrophages and cells were incubated for 1 h at 37 °C. Subsequently, the inoculum was removed and 

replaced by medium and cells were incubated for 10 h at 37 °C. Cells were then fixed by drying and 

kept at -20 °C until staining. After subsequent incubations with 4 % paraformaldehyde and methanol 

+ 1 % H2O2, cells were stained for PRRSV infection by incubating with PRRSV-specific polyclonal pig 

antibodies and horseradish peroxidase-conjugated goat anti-swine IgG (H+L) polyclonal antibodies 

(Jackson ImmunoResearch Inc.) and development using H2O2 and AEC. The number of PRRSV-

infected cells was determined using light microscopy and expressed relative (%) to the mean number 

of infected cells for all mock conditions within the same experiment. Assays were performed 4 times. 

The neutralizing capacity of the different mAbs was analyzed by 2-way analysis of variance, followed 

by Bonferoni post-tests to determine statistically significant differences between treatment and control 

antibody conditions for a given antibody concentration. Statistical analysis was performed using 

GraphPad Prism version 5.0a. 

 

Sequencing and sequence alignment 

RNA was extracted from the 94V360, Lena and US-5 virus isolates, using an RNeasy Protect Mini Kit 

(Qiagen) according to the manufacturer’s protocol. Total RNA was reverse transcribed using a 

multiprime cDNA synthesis kit (Applied Biosystems). ORF3 of all three isolates and ORF5 and ORF7 of 

94V360 were amplified using Taq Polymerase (Invitrogen) and PRRSV ORF3-, ORF5- and/or ORF7-

specific primers. PCR products were treated with Exonuclease I and Antarctic Phosphatase (New 

England BioLabs) and used directly for cycle sequencing with a Big Dye Terminator Cycle sequencing 

kit V1.1 (Applied Biosystems) and the aforementioned primers. Cycle sequencing reaction products 

were purified by ethanol precipitation and separated on an ABI Genetic 310 (Applied Biosystems).  

The ORF3 sequences of Lena and US-5 were submitted to Genbank (Genbank Accession numbers 

JF304782 and JF304783, respectively), as were the ORF3, ORF5 and ORF7 sequences of the 94V360 

strain (Genbank Accession number JF304781). Additional sequences were derived from Genbank. 

Sequence alignments were made using CLC Free Workbench 4. 
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Results 

 

PRRSV-specific hybridoma production and basic characterization of the mAbs 

In order to obtain a panel of PRRSV-specific mAbs, hybridomas were generated using the spleen of 

mice that were immunized intraperitoneally with semi-purified PRRSV LV. Hybridomas were screened 

by testing the supernatants in cell-based ELISAs on LV-infected cells and 39 PRRSV-specific 

hybridomas were selected and cloned. To determine the protein specificity of the mAbs, purified 

PRRSV LV was lysed and subjected to reducing or non-reducing SDS-PAGE and subsequent Western 

blot analysis using the mAbs. Two mAbs were directed against GP3, 27 mAbs recognized GP4 and 10 

mAbs were specific for GP5. The GP4-specific mAbs have been described and characterized in a 

previous study [46]. The ± 50 kDa GP3 glycoprotein was recognized by both GP3-specific mAbs under 

reducing and non-reducing conditions, however both antibodies gave a stronger signal when the SDS-

PAGE was performed under reducing conditions. Under non-reducing conditions, the GP5-specific 

mAbs recognized a band at ± 45 kDa and one at ± 25 kDa, corresponding with M/GP5 disulfide-linked 

heterodimers and GP5 monomers, respectively. Under reducing conditions, only a strong band at ± 25 

kDa was observed (Table 1 & Figure 1). 

In the first fusion, no mAbs against the N protein were obtained. As N-specific mAbs are important for 

both diagnostic and research purposes, it was decided to perform an additional fusion, using the 

spleen of mice that had been immunized with an eukaryotic expression vector encoding ORF7 of the 

94V360 PRRSV isolate. Supernatants of the hybridomas obtained were tested in cell-based ELISAs 

with 94V360 antigen and 3 hybridomas that produced N-specific mAbs were selected and cloned. 

Western blot analysis showed that the 

N-specific mAbs recognized their 

target antigen under reducing as well 

as under non-reducing conditions. 

Nucleocapsid protein monomers were 

detected at ± 15 kDa, while disulfide-

linked homodimers were detected at ± 

28 kDa (Table 1 & Figure 1). 

 

 

Figure 1. Western blot analysis for the 
GP3-, GP5- and N-specific mAbs 
Purified PRRSV LV was subjected to non-
reducing or reducing SDS-PAGE, after 
which viral proteins were transferred to a 
PVDF membrane via Western blotting. 
Hybridoma supernatants were used to 
detect specific protein bands. The figure 
shows the characteristic protein bands 
detected under reducing or non-reducing 
conditions with the GP3-, GP5- and N-
specific mAbs. 
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The protein specificity of all mAbs, as determined by Western blot analysis, was confirmed via cell-

based ELISAs on PRRSV ORFx-expressing cells (results not shown). 

The isotype of all mAbs was determined using a commercial ELISA kit (Table 1). Both GP3-specific 

mAbs were of the IgG1 isotype and all N-specific mAbs were of the IgG2a isotype. The GP5-specific 

mAbs were either of the IgG1 or IgG2a isotype. All mAbs had a light chain of the κ type. 

 

Table 1. Basic characterization of the PRRSV-specific mAbs: (I) mAb isotype and light chain type, 
determined using an isotyping kit, (II) protein specificity, as determined by Western blot analysis, 
(III) reactivity in (non-) reducing Western blot assays and (IV) reactivity with specific linear 
epitopes as determined via PEPscan analysis 

   
Reactivity with 

target protein on 
Western blot 

 

MAb 
MAb 

iso- / light 
chain type 

Protein 
specificity 

Non-
reducing Reducing 

Linear peptides recognized in 
PEPscan (corresponding aa 

positions) 
      

VII2D/5-1D IgG1 / κ GP3 + + MWCKIGHDRCEE (73-84) 
SSTLCFWFPLAH (29-40) 

 
I12G/5-4F IgG1 / κ GP3 + + MWCKIGHDRCEE (73-84) 

HHQIDGGNWFHL (169-180) 
 

II12F/2-1H IgG2a / κ GP5 + + DSSTYQYIYNLT (37-48) 
YQYIYNLTICEL (41-52) 

 
II5D/2-3D IgG2a / κ GP5 + + DSSTYQYIYNLT (37-48) 

YQYIYNLTICEL (41-52) 
 

II8F/2-3D IgG2a / κ GP5 + + DSSTYQYIYNLT (37-48) 
YQYIYNLTICEL (41-52) 

 
XX11C/5-8A IgG1 / κ GP5 + + DSSTYQYIYNLT (37-48) 

YQYIYNLTICEL (41-52) 
 

VII1A/4-9D IgG1 / κ GP5 + + DSSTYQYIYNLT (37-48) 
YQYIYNLTICEL (41-52) 

 
VII2H/2-4D IgG1 / κ GP5 + + DSSTYQYIYNLT (37-48) 

YQYIYNLTICEL (41-52) 
 

II5A/3-4H IgG2a / κ GP5 + + DSSTYQYIYNLT (37-48) 
YQYIYNLTICEL (41-52) 

 
VIII1G/2-9G IgG1 / κ GP5 + + DSSTYQYIYNLT (37-48) 

YQYIYNLTICEL (41-52) 
 

VIII2E/1-4E IgG2a / κ GP5 + + DSSTYQYIYNLT (37-48) 
YQYIYNLTICEL (41-52) 

 
VIII6G/5-6A IgG1 / κ GP5 + + DSSTYQYIYNLT (37-48) 

YQYIYNLTICEL (41-52) 
 

13E2 IgG2a / κ N + + - 
 

15C8 IgG2a / κ N + + - 
 

20A7 IgG2a / κ N + + - 
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Recognition of specific linear epitopes 

To check if the mAbs recognized specific linear epitopes on the PRRSV proteins, PEPscan analysis was 

performed with synthetic overlapping dodecapeptides covering the complete aa sequence of LV GP3, 

LV GP5 or 94V360 N (Table 1 & Figures 2 and 3). Both GP3-specific antibodies reacted with a linear 

epitope within the predicted ectodomain of the protein, defined by the aa sequence ‘MWCKIGHDRCEE’ 

(aa 73-84). In addition, the GP3-specific mAbs described here also reacted weakly with another 

peptide within the GP3 sequence. However, the additional peptide was different for both mAbs. All 

GP5-specific antibodies were directed against a linear epitope within the predicted GP5 ectodomain, 

defined by the core sequence ‘YQYIYNLT’ (aa 41-48). For the N-specific mAbs, no linear epitope could 

be identified, suggesting that recognition of the protein by these antibodies is conformation-

dependent. 

 

 

Figure 2. Representative PEPscan profiles for the GP3- (A & B), GP5- (C) and N-specific (D) mAbs 
Hybridoma supernatants were diluted 1:5 and used in a PEPscan analysis with overlapping peptides covering LV 
GP3 or GP5 or 94V360 N. Antibody binding (measured as the OD450 value after development of the PEPscan) at 
each peptide was determined for both the PRRSV-specific mAb and an isotype-matched irrelevant control mAb. 
The signal for the mAb tested was expressed as the relative percentage of the control value for each peptide 
separately. Signals were considered positive when this percentage was > 2 times the mean percentage over all 
peptides for the mAb tested. 
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Figure 3. Alignment of the GP3 (A), GP5 (B) and N (C) aa sequences of the PRRSV isolates LV, 
94V360, 07V063, Lena, VR-2332 and US-5 
ORF sequences were determined by PCR and cycle sequencing or derived from Genbank and the deduced aa 
sequences were aligned to the corresponding aa sequence of LV. Dots represent residues that are identical to LV. 
Hyphens indicate gaps. Boxes indicate regions that are recognized in PEPscan analysis by the mAbs generated in 
this study.  
 

Reactivity towards different PRRSV isolates 

To determine the reactivity of the mAbs with antigenically different virus isolates, cell-based ELISA 

assays were performed on cells infected with either the European prototype strain LV, the Belgian 

PRRSV isolate 94V360 (old) or 07V063 (recent), the Belarusian isolate Lena, the American prototype 

strain VR-2332 or the American isolate US-5 (Table 2). All GP3- and N-specific mAbs were tested. 

Since all GP5-specific mAbs were directed against the same epitope, two mAbs were selected. The 

GP3-specific antibodies reacted with all European isolates tested, although reactivity with the 94V360 

isolate was clearly weaker than with the other isolates. In addition, the GP3-specific mAbs reacted 

with US-5, but not with the American prototype strain VR-2332. The mAbs specific for GP5 only 

reacted with the PRRSV LV strain. In contrast, the N-specific mAbs 13E2 and 15C8 recognized all 

European and American type PRRSV isolates tested. The N-specific mAb 20A7 recognized cells 

infected with the European type isolates, but no binding was detected with cells infected with the 

American type PRRSV isolates. These data suggested a broad reactivity of the N-specific mAbs 



106 ⎥ Chapter 5 
 

 

towards genetically and antigenically different PRRSV isolates and illustrated their potential to 

discriminate between EU and NA type isolates. To further substantiate this, the N-specific mAbs were 

tested in ELISA assays on cells infected with a broader spectrum of EU and NA PRRSV isolates. Fifteen 

additional EU type isolates (08V104-10w1, 08V120-4w6, 08V128-12w10, 08V156-10w9, 08V164-

10w6, 08V172-4w1, 08V194-14w4, 08V204-4w8, 08V212-11w1, 09V044, 10V059, 10V162, 10V193, 

10V209-F2 and 10V330) and 7 additional NA type isolates (ONT-TS, 130PVV9301 NVSL, Newport, IAF-

DESR, IAF-Klop, IAF 93-653 and IAF 93-2616) were included in the analysis. The results of these 

additional tests confirmed the results obtained with the limited set of virus isolates: the N-specific 

mAbs 13E2 and 15C8 reacted with all EU and NA isolates tested, while the N-specific mAb 20A7 

reacted with all EU isolates, but not with NA isolates. 

 

Table 2. Reactivity of mAbs with macrophages and Marc-145 cells infected with the European 
prototype PRRSV strain LV, the Belgian PRRSV isolate 94V360 (old) or 07V063 (recent), the 
Belarusian isolate Lena, the American prototype strain VR-2332 or the American isolate US-5 

  Virus strain 

MAb Protein 
specificity LV 94V360 07V063 Lena VR-2332 US-5 

VII2D/5-1D GP3 + + (weak) + + - + 
I12G/5-4F GP3 + + (weak) + + - + 
VII2H/2-4D GP5 + - - - - - 

II5A/3-4H GP5 + - - - - - 
13E2 N + + + + + + 
15C8 N + + + + + + 
20A7 N + + + + - - 

 

Reactivity with PRRSV-infected cells in frozen tissue sections and in formalin-fixed, 

paraffin-embedded tissue sections 

The broad reactivity of the N-specific mAbs towards genetically and antigenically different PRRSV 

isolates and their capacity to discriminate between European and American type isolates suggests that 

these mAbs can be useful tools in diagnostics. To further explore their diagnostic potential, mAb 13E2, 

15C8 and 20A7 were tested in immunofluorescence staining on frozen tissue sections and in 

immunohistochemistry on formalin-fixed, paraffin-embedded tissue sections of PRRSV 07V063-

infected lungs. All three antibodies specifically detected PRRSV antigen in the frozen as well as in the 

paraffin-embedded tissue samples and all mAbs showed a similar reactivity. Representative images of 

the stainings are given in Figure 4. 
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Figure 4. Representative images of immunofluorescence staining of cryosections (A) and 
immunohistochemistry on formalin-fixed, paraffin-embedded tissue sections (B) of PRRSV-infected 
lung tissue using the N-specific mAbs 13E2, 15C8 and 20A7 
Cryosections and formalin-fixed, paraffin-embedded tissue sections were prepared using lung tissues of pigs 
infected with PRRSV 07V063. In the cryosections, the mAbs 13E2, 15C8 and 20A7 were used in combination with 
FITC-conjugated polyclonal goat anti-mouse IgG antibodies to label viral antigen, and Hoechst staining was 
performed to visualize nuclei. Staining was evaluated via fluorescence microscopy. In the paraffin-embedded 
tissue sections, viral antigen was visualized via subsequent incubation steps with the N-specific mAbs, 
biotinylated polyclonal goat anti-mouse immunoglobulins, avidin-biotin-peroxidase complex and NovaREDTM 
substrate. Sections were counterstained with Harris’s haematoxylin and analyzed via light microscopy. Bars, 25 
µm. 
 

Virus neutralizing properties 

In contrast to the nucleocapsid protein N, GP3 and GP5 are displayed on the surface of the enveloped 

PRRSV virion. As the GP3- and GP5-specific mAbs recognize epitopes within the predicted ectodomain 

of their target protein, it seemed interesting to check if these specific epitopes are associated with 

virus neutralization. To this end, purified mAbs were tested in different neutralization assays using 

PRRSV LV (Table 3 & Figure 5). A classical neutralization assay was performed on Marc-145 cells. In 

addition, a single replication neutralization assay was performed on macrophages. Again, both GP3-

specific mAbs were tested and two GP5-specific mAbs were selected. In addition, one of the N-specific 

mAbs was tested and a GP4-specific mAb, directed against a well-characterized neutralizing epitope 

[46], was used as a positive control. Whereas the GP4-specific antibodies exerted a strong, 

concentration-dependent neutralization on PRRSV infection of macrophages and Marc-145 cells, no 

such effect was seen for the GP3-, GP5- and N-specific mAbs, indicating that these antibodies do not 

have neutralizing capacity. 

 
Table 3. Neutralizing capacity of mAbs in (I) a classical neutralization assay on Marc-145 cells and 
(II) a single replication virus-neutralization assay on macrophages 

  Neutralizing capacity in ... 

MAb Protein 
specificity 

classical neutralization assay on 
Marc-145 cellsa 

single replication neutralization 
assay on macrophagesb 

VII2D/5-1D GP3 < 2 - 
I12G/5-4F GP3 < 2 - 

XVI11C/5-10F GP4 128 + 
VII2H/2-4D GP5 < 2 - 
II5A/3-4H GP5 < 2 - 

13E2 N < 2 - 
a mAb neutralization titer expressed as the reciprocal of the highest mAb dilution that inhibited formation of cytopathic effect 
b mAb shows neutralizing capacity (+) or not (-) 
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Figure 5. Reduction of LV replication in alveolar macrophages by GP3- (A), GP4- (B), GP5- (C) and N-
specific (D) mAbs 
Single replication virus-neutralization assays were performed with 2-fold dilution series (250-0.5 µg/ml) of 
purified GP3-, GP4-, GP5- and N-specific mAbs or isotype-matched controls (mock). The number of infected cells 
for each antibody dilution was set relative to the mean number of infected cells for all mock conditions within one 
experiment. The means and standard deviations of four experiments were calculated and are given in the graphs. 
Full lines represent mock antibody conditions, dashed lines represent PRRSV-specific mAb conditions. Triangles 
and squares are used for mAbs with IgG1 isotype, dots are used for mAbs with IgG2a isotype. For clarity, 
conditions for 1 µg/ml and 2 µg/ml mAb were omitted from the graphs. Compared to isotype control antibodies, 
the GP4-specific mAb showed statistically significant neutralization (P < 0.05) at concentrations from 250 - 1 
µg/ml. The GP3-, GP5- and N-specific mAbs showed no neutralizing capacity. 
 

 

Discussion 

 

PRRSV-specific mAbs are crucial tools for both diagnostic and research purposes. This study describes 

the production and characterization of such mAbs. Following a first immunization protocol, in which 

mice were immunized with purified PRRSV virus, only GP3-, GP4- and GP5-specific hybridomas were 

obtained. No hybridomas specific for the N protein were obtained. This is remarkable, since the 

PRRSV N protein has been described as a highly immunogenic protein in mice [47,48] as well as in 

pigs [37,49,50]. In order to obtain N-specific hybridomas, an additional immunization was performed 

with an eukaryotic expression vector encoding ORF7 of the Belgian PRRSV isolate 94V360. The fusion 
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performed with cells of the 94V360 ORF7-immunized mice yielded 3 hybridomas that produced N-

specific mAbs. 

GP3-, GP5- and N-specific mAbs were tested for their reactivity with antigenically different PRRSV 

isolates. The GP3-specific antibodies recognized all European isolates tested and one of the American 

isolates, although reactivity with the Belgian isolate 94V360 was weak. The GP5-specific antibodies 

only recognized PRRSV LV and showed no reactivity with any other PRRSV isolate tested. This was 

surprising, since two other European type PRRSV isolates included in the analysis, 94V360 and 

07V063, show the exact same aa sequence at the antigenic region recognized by the mAbs. It can be 

speculated that the conformation of the GP5 protein of these isolates differs from the GP5 structure in 

LV. Also, sequencing revealed the presence of an extra potential N-glycosylation site directly upstream 

of the corresponding antigenic region. The presence of an extra N-glycan may affect protein folding or 

result in masking of the epitope from antibody recognition. However, this remains to be investigated. 

The N-specific mAbs 13E2 and 15C8 recognized all European and American type PRRSV isolates 

tested. The N-specific mAb 20A7 reacted with cells infected with any of the European type PRRSV 

isolates, but did not recognize cells infected with American type PRRSV isolates, suggesting that the 

epitope recognized by this antibody is conserved between the EU type isolates tested, but not in the 

NA type isolates. In general, the N-specific mAbs generated in this study appear to be very useful 

tools for diagnostics, as they react with a broad range of genetically different PRRSV isolates and may 

also serve to differentiate between European and American type PRRSV isolates. The observation that 

these N-specific mAbs also allow detection of the PRRSV N protein in both formalin-fixed, paraffin-

embedded tissue sections and frozen tissue sections of PRRSV-infected lungs further illustrates their 

diagnostic potential. 

Neutralizing antibodies are important in protection of animals against viral infections. Binding of virus-

specific neutralizing antibodies to their target protein can compromise virus infectivity, e.g. by 

destabilizing the viral particle, aggregating virions or blocking crucial steps in the infection process 

such as receptor binding, entry and genome release. Knowledge on antigenic regions associated with 

virus neutralization is thus very useful, as it provides a theoretical basis for rational vaccine 

development. Consequently, several studies have used mAbs to evaluate which PRRSV envelope 

proteins and which epitopes on these proteins are targets for neutralization [46,51-55]. Although 

neutralization on macrophages is clearly more relevant to the in vivo situation, many studies evaluate 

the neutralizing capacity of antibodies on Marc-145 cells. While this can certainly provide useful 

information, it is important to realize that the infection process in the African green monkey kidney 

cell line Marc-145 differs significantly from the infection in macrophages and that this may be 

translated in the involvement of different domains associated with neutralization on Marc-145 cells 

and on macrophages. In this study, neutralization assays were performed on macrophages as well as 

on Marc-145 cells. The N-specific mAb 13E2 did not show PRRSV-neutralizing activity. This was in 

contrast with the GP4-specific mAb that was used as a positive control. The GP4-specific mAb 

XVI11C/5-10F, which reacts with a linear neutralizing epitope spanning aa residues 57-68 of the LV 

GP4 [46], exerted a strong virus-neutralizing activity on both macrophages and Marc-145 cells. 



110 ⎥ Chapter 5 
 

 

Although the GP3 protein was recently described as a target for PRRSV neutralization [55], none of the 

GP3-specific mAbs showed neutralizing activity. The observation that also the GP5-specific mAbs did 

not directly neutralize the virus was rather surprising. The GP5 protein is one of the major envelope 

proteins of PRRSV. In addition, the GP5-specific mAbs react with an epitope located in the predicted 

ectodomain of this glycoprotein and the corresponding aa region has been described as the “major 

neutralizing epitope” for American type PRRSV isolates [56,57]. This knowledge suggested that mAbs 

directed against this region in European type PRRSV would exert a neutralizing activity. As this was 

not the case, it can be speculated that the antibodies cannot bind their epitope if the GP5 protein is 

present in the infectious virion. Glycan shielding, protein folding and complex formation could all elicit 

that the epitope is not recognized in this context. The data presented here raise doubts about the 

relevance of this antigenic region as a target for direct antibody-mediated neutralization of European 

type PRRSV in vitro and in vivo. Further research is necessary to evaluate this. Wissink and coworkers 

(2003) reported on the presence of a neutralizing epitope in the N-terminal part of the GP5 

ectodomain of a European type plaque-purified PRRSV strain. However, it is unlikely that this epitope 

is important for virus neutralization in vivo, as only a very limited number of virus variants that contain 

a rare mutation are susceptible to neutralization by mAbs against this epitope [52]. To date, there is 

no evidence that GP5 of European type PRRSV isolates contains a conserved, in vivo relevant 

neutralizing epitope. It is clear that findings concerning specific PRRSV epitopes cannot always be 

generalized, since the antigenic determinants of different virus isolates may differ radically. 

PRRSV-specific mAbs are clearly very useful tools in the identification of epitopes that are associated 

with neutralization. However, to estimate the immunogenicity of such an epitope in pigs and thus the 

actual relevance in protection against infection, it is necessary to screen sera from infected animals 

for the presence of antibodies against this specific epitope. More integrated strategies that combine 

both the identification of neutralizing epitopes and the determination of their immunogenicity, as 

exemplified in a recent study by Vanhee and coworkers [58], are clearly of great value. Another 

important remark in this context is that, although in vitro experiments can certainly be indicative, it 

remains difficult to predict the in vivo activity of antibodies directed against a certain antigenic region. 

In vivo, interactions between antibody and target can occur in different conditions and, in addition to 

direct neutralization, antibodies can e.g. opsonize the virus for uptake in immune cells or activate 

complement. Hence, correct interpretation of in vitro data is imperative. 

In conclusion, it is clear that PRRSV-specific mAbs are not only valuable tools in diagnostics, but also 

in basic and applied research. PRRSV-specific mAbs can help us to further our understanding of 

PRRSV infection and the immune response it elicits, which is necessary for rational vaccine design and 

PRRSV control. 

 

 

 

 

 



PRRSV-specific mAbs ⎥ 111 

 

Acknowledgements 

 

The authors thank M. Bauwens, C. Boone, F. De Backer, N. Dennequin, B. Ellebaut, D. Helderweirt, Y. 

Noppe, G. Opsomer, L. Sys, Z. Van den Abeele and C. Vanmaercke for excellent technical assistance. 

In addition, the authors acknowledge W. Van den Broeck for his contributions in preparing paraffin-

embedded tissue sections and L. Bosseler for critical reading of the manuscript. All animal 

experiments were approved by the Ethical and Animal Welfare Committee of the Faculty of Veterinary 

Medicine of Ghent University. This work was supported by the Institute for the Promotion of 

Innovation by Science and Technology in Flanders (IWT-Flanders; SB 61491 & 63491; 

http://www.iwt.be/), the Special Research Fund of Ghent University (BOF; 

http://www.ugent.be/nl/onderzoek/financiering/bof) and the European Union (FP7; Project No. 

245141; http://ec.europa.eu/research/fp7/index_en.cfm).  



112 ⎥ Chapter 5 
 

 

References 

 

1. Collins JE, Benfield DA, Christianson WT, Harris L, Hennings JC, 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. J Vet Diagn Invest 4: 117-126. 

2. Wensvoort G, Terpstra C, Pol JM, ter Laak EA, Bloemraad M, et al. (1991) Mystery swine disease in The 
Netherlands: the isolation of Lelystad virus. Vet Q 13: 121-130. 

3. Neumann EJ, Kliebenstein JB, Johnson CD, Mabry JW, Bush EJ, et al. (2005) Assessment of the economic 
impact of porcine reproductive and respiratory syndrome on swine production in the United States. J Am 
Vet Med Assoc 227: 385-392. 

4. Cavanagh D (1997) Nidovirales: a new order comprising Coronaviridae and Arteriviridae. Arch Virol 142: 629-
633. 

5. Duan X, Nauwynck HJ, Pensaert MB (1997) Virus quantification and identification of cellular targets in the 
lungs and lymphoid tissues of pigs at different time intervals after inoculation with porcine reproductive 
and respiratory syndrome virus (PRRSV). Vet Microbiol 56: 9-19. 

6. Duan X, Nauwynck HJ, Pensaert MB (1997) Effects of origin and state of differentiation and activation of 
monocytes/macrophages on their susceptibility to porcine reproductive and respiratory syndrome virus 
(PRRSV). Arch Virol 142: 2483-2497. 

7. Teifke JP, Dauber M, Fichtner D, Lenk M, Polster U, et al. (2001) Detection of European porcine reproductive 
and respiratory syndrome virus in porcine alveolar macrophages by two-colour immunofluorescence and 
in-situ hybridization-immunohistochemistry double labelling. J Comp Pathol 124: 238-245. 

8. Kim HS, Kwang J, Yoon IJ, Joo HS, Frey ML (1993) Enhanced replication of porcine reproductive and 
respiratory syndrome (PRRS) virus in a homogeneous subpopulation of MA-104 cell line. Arch Virol 133: 
477-483. 

9. Mengeling WL, Lager KM, Vorwald AC (1995) Diagnosis of porcine reproductive and respiratory syndrome. J 
Vet Diagn Invest 7: 3-16. 

10. Benfield DA, Nelson E, Collins JE, Harris L, Goyal SM, et al. (1992) Characterization of swine infertility and 
respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J Vet Diagn Invest 4: 127-133. 

11. 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. 
Adv Exp Med Biol 380: 95-98. 

12. Mardassi H, Athanassious R, Mounir S, Dea S (1994) Porcine reproductive and respiratory syndrome virus: 
morphological, biochemical and serological characteristics of Quebec isolates associated with acute and 
chronic outbreaks of porcine reproductive and respiratory syndrome. Can J Vet Res 58: 55-64. 

13. Meulenberg JJ, Hulst MM, de Meijer EJ, Moonen PL, den Besten A, et al. (1993) Lelystad virus, the causative 
agent of porcine epidemic abortion and respiratory syndrome (PEARS), is related to LDV and EAV. 
Virology 192: 62-72. 

14. Spilman MS, Welbon C, Nelson E, Dokland T (2009) Cryo-electron tomography of porcine reproductive and 
respiratory syndrome virus: organization of the nucleocapsid. J Gen Virol 90: 527-535. 

15. Wensvoort G, de Kluyver EP, Pol JM, Wagenaar F, Moormann RJ, et al. (1992) Lelystad virus, the cause of 
porcine epidemic abortion and respiratory syndrome: a review of mystery swine disease research at 
Lelystad. Vet Microbiol 33: 185-193. 

16. Mardassi H, Massie B, Dea S (1996) Intracellular synthesis, processing, and transport of proteins encoded by 
ORFs 5 to 7 of porcine reproductive and respiratory syndrome virus. Virology 221: 98-112. 

17. Mardassi H, Mounir S, Dea S (1995) Molecular analysis of the ORFs 3 to 7 of porcine reproductive and 
respiratory syndrome virus, Quebec reference strain. Arch Virol 140: 1405-1418. 

18. Meulenberg JJ, Petersen-den Besten A (1996) Identification and characterization of a sixth structural protein 
of Lelystad virus: the glycoprotein GP2 encoded by ORF2 is incorporated in virus particles. Virology 225: 
44-51. 

19. Meulenberg JJ, Petersen-den Besten A, De Kluyver EP, Moormann RJ, Schaaper WM, et al. (1995) 
Characterization of proteins encoded by ORFs 2 to 7 of Lelystad virus. Virology 206: 155-163. 

20. van Nieuwstadt AP, Meulenberg JJ, van Essen-Zanbergen A, Petersen-den Besten A, Bende RJ, et al. (1996) 
Proteins encoded by open reading frames 3 and 4 of the genome of Lelystad virus (Arteriviridae) are 
structural proteins of the virion. J Virol 70: 4767-4772. 

21. Wissink EH, Kroese MV, van Wijk HA, Rijsewijk FA, Meulenberg JJ, et al. (2005) Envelope protein 
requirements for the assembly of infectious virions of porcine reproductive and respiratory syndrome 
virus. J Virol 79: 12495-12506. 

22. Wu WH, Fang Y, Farwell R, Steffen-Bien M, Rowland RR, et al. (2001) A 10-kDa structural protein of porcine 
reproductive and respiratory syndrome virus encoded by ORF2b. Virology 287: 183-191. 

23. Allende R, Lewis TL, Lu Z, Rock DL, Kutish GF, et al. (1999) North American and European porcine 
reproductive and respiratory syndrome viruses differ in non-structural protein coding regions. J Gen Virol 
80: 307-315. 

24. Snijder EJ, Meulenberg JJ (1998) The molecular biology of arteriviruses. J Gen Virol 79: 961-979. 



PRRSV-specific mAbs ⎥ 113 

 

25. Drew TW, Lowings JP, Yapp F (1997) Variation in open reading frames 3, 4 and 7 among porcine 
reproductive and respiratory syndrome virus isolates in the UK. Vet Microbiol 55: 209-221. 

26. Forsberg R, Storgaard T, Nielsen HS, Oleksiewicz MB, Cordioli P, et al. (2002) The genetic diversity of 
European type PRRSV is similar to that of the North American type but is geographically skewed within 
Europe. Virology 299: 38-47. 

27. Nelsen CJ, Murtaugh MP, Faaberg KS (1999) Porcine reproductive and respiratory syndrome virus 
comparison: divergent evolution on two continents. J Virol 73: 270-280. 

28. Stadejek T, Oleksiewicz MB, Scherbakov AV, Timina AM, Krabbe JS, et al. (2008) Definition of subtypes in the 
European genotype of porcine reproductive and respiratory syndrome virus: nucleocapsid characteristics 
and geographical distribution in Europe. Arch Virol 153: 1479-1488. 

29. Labarque G, Reeth KV, Nauwynck H, Drexler C, Van Gucht S, et al. (2004) Impact of genetic diversity of 
European-type porcine reproductive and respiratory syndrome virus strains on vaccine efficacy. Vaccine 
22: 4183-4190. 

30. Klinge KL, Vaughn EM, Roof MB, Bautista EM, Murtaugh MP (2009) Age-dependent resistance to Porcine 
reproductive and respiratory syndrome virus replication in swine. Virol J 6: 177. 

31. Allende R, Laegreid WW, Kutish GF, Galeota JA, Wills RW, et al. (2000) Porcine reproductive and respiratory 
syndrome virus: description of persistence in individual pigs upon experimental infection. J Virol 74: 
10834-10837. 

32. Beyer J, Fichtner D, Schirrmeier H, Polster U, Weiland E, et al. (2000) Porcine reproductive and respiratory 
syndrome virus (PRRSV): kinetics of infection in lymphatic organs and lung. J Vet Med B Infect Dis Vet 
Public Health 47: 9-25. 

33. Labarque GG, Nauwynck HJ, Van Reeth K, Pensaert MB (2000) Effect of cellular changes and onset of 
humoral immunity on the replication of porcine reproductive and respiratory syndrome virus in the lungs 
of pigs. J Gen Virol 81: 1327-1334. 

34. Wills RW, Zimmerman JJ, Yoon KJ, Swenson SL, McGinley MJ, et al. (1997) Porcine reproductive and 
respiratory syndrome virus: a persistent infection. Vet Microbiol 55: 231-240. 

35. Wills RW, Doster AR, Galeota JA, Sur JH, Osorio FA (2003) Duration of infection and proportion of pigs 
persistently infected with porcine reproductive and respiratory syndrome virus. J Clin Microbiol 41: 58-
62. 

36. Costers S, Lefebvre DJ, Goddeeris B, Delputte PL, Nauwynck HJ (2009) Functional impairment of PRRSV-
specific peripheral CD3+CD8high cells. Vet Res 40: 46. 

37. Loemba HD, 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. Arch Virol 141: 
751-761. 

38. Lopez OJ, Osorio FA (2004) Role of neutralizing antibodies in PRRSV protective immunity. Vet Immunol 
Immunopathol 102: 155-163. 

39. Nelson EA, Christopher-Hennings J, Benfield DA (1994) Serum immune responses to the proteins of porcine 
reproductive and respiratory syndrome (PRRS) virus. J Vet Diagn Invest 6: 410-415. 

40. Lopez OJ, Oliveira MF, Garcia EA, Kwon BJ, Doster A, et al. (2007) Protection against porcine reproductive 
and respiratory syndrome virus (PRRSV) infection through passive transfer of PRRSV-neutralizing 
antibodies is dose dependent. Clin Vaccine Immunol 14: 269-275. 

41. Osorio FA, Galeota JA, Nelson E, Brodersen B, Doster A, et al. (2002) Passive transfer of virus-specific 
antibodies confers protection against reproductive failure induced by a virulent strain of porcine 
reproductive and respiratory syndrome virus and establishes sterilizing immunity. Virology 302: 9-20. 

42. Van Gorp H, Van Breedam W, Delputte PL, Nauwynck HJ (2008) Sialoadhesin and CD163 join forces during 
entry of the porcine reproductive and respiratory syndrome virus. J Gen Virol 89: 2943-2953. 

43. Galfre G, Milstein C (1981) Preparation of monoclonal antibodies: strategies and procedures. Methods 
Enzymol 73: 3-46. 

44. Nauwynck HJ, Pensaert MB (1995) Effect of specific antibodies on the cell-associated spread of pseudorabies 
virus in monolayers of different cell types. Arch Virol 140: 1137-1146. 

45. Lefebvre DJ, Costers S, Van Doorsselaere J, Misinzo G, Delputte PL, et al. (2008) Antigenic differences among 
porcine circovirus type 2 strains, as demonstrated by the use of monoclonal antibodies. J Gen Virol 89: 
177-187. 

46. Costers S, Lefebvre DJ, Van Doorsselaere J, Vanhee M, Delputte PL, et al. (2010) GP4 of porcine reproductive 
and respiratory syndrome virus contains a neutralizing epitope that is susceptible to immunoselection in 
vitro. Arch Virol 155: 371-378. 

47. Nelson EA, Christopher-Hennings J, Drew T, Wensvoort G, Collins JE, et al. (1993) Differentiation of U.S. and 
European isolates of porcine reproductive and respiratory syndrome virus by monoclonal antibodies. J 
Clin Microbiol 31: 3184-3189. 

48. Drew TW, Meulenberg JJ, Sands JJ, Paton DJ (1995) Production, characterization and reactivity of monoclonal 
antibodies to porcine reproductive and respiratory syndrome virus. J Gen Virol 76: 1361-1369. 

49. Mulupuri P, Zimmerman JJ, Hermann J, Johnson CR, Cano JP, et al. (2008) Antigen-specific B-cell responses 
to porcine reproductive and respiratory syndrome virus infection. J Virol 82: 358-370. 



114 ⎥ Chapter 5 
 

 

50. Yoon KJ, Zimmerman JJ, Swenson SL, McGinley MJ, Eernisse KA, et al. (1995) Characterization of the 
humoral immune response to porcine reproductive and respiratory syndrome (PRRS) virus infection. J 
Vet Diagn Invest 7: 305-312. 

51. Meulenberg JJ, van Nieuwstadt AP, van Essen-Zandbergen A, Langeveld JP (1997) Posttranslational 
processing and identification of a neutralization domain of the GP4 protein encoded by ORF4 of Lelystad 
virus. J Virol 71: 6061-6067. 

52. Wissink EH, van Wijk HA, Kroese MV, Weiland E, Meulenberg JJ, et al. (2003) The major envelope protein, 
GP5, of a European porcine reproductive and respiratory syndrome virus contains a neutralization 
epitope in its N-terminal ectodomain. J Gen Virol 84: 1535-1543. 

53. Ostrowski M, Galeota JA, Jar AM, Platt KB, Osorio FA, et al. (2002) Identification of neutralizing and 
nonneutralizing epitopes in the porcine reproductive and respiratory syndrome virus GP5 ectodomain. J 
Virol 76: 4241-4250. 

54. Weiland E, Wieczorek-Krohmer M, Kohl D, Conzelmann KK, Weiland F (1999) Monoclonal antibodies to the 
GP5 of porcine reproductive and respiratory syndrome virus are more effective in virus neutralization 
than monoclonal antibodies to the GP4. Vet Microbiol 66: 171-186. 

55. Cancel-Tirado SM, Evans RB, Yoon KJ (2004) Monoclonal antibody analysis of porcine reproductive and 
respiratory syndrome virus epitopes associated with antibody-dependent enhancement and 
neutralization of virus infection. Vet Immunol Immunopathol 102: 249-262. 

56. Plagemann PG, Rowland RR, Faaberg KS (2002) The primary neutralization epitope of porcine respiratory and 
reproductive syndrome virus strain VR-2332 is located in the middle of the GP5 ectodomain. Arch Virol 
147: 2327-2347. 

57. Plagemann PG (2004) The primary GP5 neutralization epitope of North American isolates of porcine 
reproductive and respiratory syndrome virus. Vet Immunol Immunopathol 102: 263-275. 

58. Vanhee M, Costers S, Van Breedam W, Geldhof MF, Van Doorsselaere J, et al. (2010) A variable region in GP4 
of European-type porcine reproductive and respiratory syndrome virus induces neutralizing antibodies 
against homologous but not heterologous virus strains. Viral Immunol 23: 403-413. 

 



 

Chapter 
 
 

6 
 
 
 
 

 
 

General discussion 



116 ⎥ Chapter 6 
 

 

The porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped RNA virus affecting 

swine and is considered to be the economically most important viral pathogen in swine industry today. 

PRRSV infection causes severe reproductive disorders in sows, including early farrowing, late term 

abortions and stillbirths. In addition, the virus is frequently associated with the porcine respiratory 

disease complex (PRDC), as PRRSV-infected animals are generally more susceptible to secondary 

infection with other respiratory pathogens. Upon infection, the virus can persist in infected animals for 

extended periods of time, not only due to continuous formation and selection of new virus variants, 

but also due to the hampered immune response of the host. The PRRSV-specific cell-mediated 

immunity appears to be functionally impaired and the humoral arm of the immune response is 

polarized: while a strong antibody response is seen upon infection, neutralizing antibodies are only 

observed late in infection or do not appear at all. In the past decade, it has become clear that glycans 

cover important roles in PRRSV infection. Glycans on the virion surface are crucial in the interaction of 

the virus with the macrophage-specific PRRSV receptor porcine sialoadhesin (pSn) and have been 

implicated in immune-evasion. Currently however, little is known on the glycobiological aspects of 

PRRSV infection and immunity. The work presented in this thesis aimed to shed light on some of 

these aspects, thereby mainly focusing on the interaction between the virus and the macrophage-

specific lectin pSn. 
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6.1 Sialoadhesin and its role as a PRRSV receptor 
 

The PRRSV virion consists of a genome-containing nucleocapsid, surrounded by a lipid bilayer 

envelope [1]. The viral envelope of European PRRSV isolates contains at least six different viral 

proteins: the small envelope protein E, the membrane protein M and the N-glycosylated proteins GP2, 

GP3, GP4 and GP5 [1]. In addition, Johnson and coworkers (2011) recently reported the presence of an 

additional structural membrane protein (ORF5a protein) in the envelope of the American prototype 

strain VR-2332 and genetic analysis suggested the presence of a similar protein in European type 

isolates [2]. Although the virus evolves rapidly [3], it appears that many of the N-glycosylation sites in 

the structural proteins are relatively well conserved [1], indicating that a high degree of glycosylation 

is beneficial for the virus. Currently however, there is only a limited knowledge on the N-glycans 

present on PRRSV virion components. O-linked glycosylation of the PRRSV envelope proteins has not 

been described yet, but may also contribute to the glycan matrix lining the virion surface. It is also not 

unlikely that some cellular membrane glycoproteins and/or glycolipids are incorporated in the viral 

envelope and thus contribute to the viral glycan array. Currently, there is however no clear 

information concerning the identity of incorporated membrane-associated cellular molecules and their 

relative contribution to the viral glycan matrix. PRRSV glycosylation is clearly a very complex matter. 

Different components contribute to the glyan array covering the virion surface. Moreover, genetically 

and antigenically different viruses may show different glycosylation patterns and the genetic 

background of the host and other factors, e.g. the health status of the animal, govern and affect 

specific virus glycosylation. The complexity of the issue is the main reason why PRRSV glycosylation is 

still largely virgin territory. 

Considering the relatively high degree of glycosylation of the predicted ectodomains of the PRRSV 

envelope glycoproteins GP2, GP3, GP4 and GP5 [1], the PRRSV virion can be depicted as a roughly 

spherical particle that is capped with a dense glycan array. Knowledge on this glycan array is 

important, since these glycans participate in or at least influence the first contacts between the virus 

and potential target cells, immune cells, ... in a host. Therefore, glycan analysis of virus produced in a 

relevant cell type, preferably macrophages, will certainly yield valuable information regarding PRRSV 

biology. 

PRRSV mainly infects specific subsets of differentiated macrophages in vivo, with alveolar 

macrophages being main target cells [4-6]. PSn was identified as an important PRRSV receptor on 

porcine macrophages [7-9]. This macrophage-specific lectin mediates virus binding and triggers 

internalization via clathrin-mediated endocytosis [7,10]. Following this internalization process, the viral 

genome is released into the cytoplasm of the target cell due to the action of other entry mediators, 

including CD163 [11] and cellular proteases [12]. Sialic acids on the PRRSV virion surface were shown 

to be important for viral infectivity towards macrophages [13], suggesting that binding of the virus to 

pSn occurs via sialic acids lining the virion surface. However, the exact nature of this virus-receptor 

interaction has remained unknown. The main goal of this thesis was to further characterize the 

interaction between PRRSV and pSn. 
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The first study in this thesis (Chapter 3) mainly focused on the receptor side of the interaction. Just 

like murine (mSn) and human (hSn) sialoadhesin, pSn shows clear sialic acid binding activity. Different 

studies have focused on the molecular basis of sialic acid binding by mSn. The sialic acid binding site 

could be mapped to the N-terminal immunoglobulin-like V-set domain [14] and site-directed 

mutagenesis, nuclear magnetic resonance and crystallography studies have allowed to pinpoint the 

amino acid (aa) residues that are critical for its sialic acid binding activity. Particularly the R116 residue 

within the N-terminal domain of mSn appears to be essential, as it forms a salt bridge with the 

carboxyl group of sialic acid [15-17]. To investigate the importance of pSn sialic acid-binding activity 

for PRRSV infection, we used site-directed mutagenesis to introduce an R116-to-E mutation in the 

predicted sialic acid-binding domain of a recombinant pSn, resulting in a mutant protein pSnRE. 

Subsequent tests confirmed that this mutation results in the loss of sialic acid binding capacity without 

significantly altering the overall protein structure. Using the recombinant proteins, we showed that 

cells expressing pSn efficiently bind and internalize PRRSV virions, while cells expressing pSnRE bind 

the virus less efficiently (remnant binding via heparan sulphate on the cell surface) and do not 

internalize it. These data point out that the sialic acid binding activity is essential for pSn to function 

as a PRRSV receptor. A recent study by another research group showed that the virus is able to bind 

to a truncated pSn derivative comprised of only the N-terminal domain of pSn directly coupled to the 

transmembrane and tail region [18]. Taken together, these data show that an intact N-terminal V-set 

domain is both necessary and sufficient for PRRSV binding to pSn. 

In the second study taken up in this thesis (Chapter 4), we focused on the viral side of the PRRSV-

pSn interaction and aimed to identify possible viral binding partners for pSn. At the level of the 

receptor, we decided to work with a recombinant pSn that can be used for ligand fishing, as had been 

done before for the identification of counterreceptors for mSn [19,20]. Considering the knowledge on 

pSn from our earlier studies, we were able to construct a membrane-free pSn-Fc fusion protein for 

this purpose, evaluate its structure and functionality and compare these to the membrane-associated 

pSn. At the viral side, we opted for the use of (lysates of) infectious, purified virus as this provides us 

with the whole set of structural viral proteins that is structurally and functionally correct. After all, this 

is something that cannot be provided by any recombinant system, since correct expression and 

functionality of recombinant material cannot be evaluated due to a lack of knowledge concerning the 

exact structure and role of these structural components. Using these tools, we identified the M/GP5 

glycoprotein complex of PRRSV as a ligand for the pSn receptor. In addition, the M/GP5 - pSn 

interaction was shown to be dependent on the sialic acid binding capacity of pSn and on sialic acids 

on the GP5 protein. 

 

Despite these findings, the specific features of M/GP5 that allow interaction with pSn remain unknown. 

An obvious question that arises in this context is if one can identify a single specific glycan that is 

required for binding with pSn. Obvious techniques to solve this question are however not without 

difficulties. For example, an elegant way to address this issue would be to construct individual 

recombinant glycoproteins or whole viruses with specific point mutations to remove the N-
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glycosylation sites and evaluate their interaction with the recombinant pSn. However, a study by 

Ansari and coworkers (2006) showed that recombinantly expressed PRRSV glycoproteins obtain 

different glycans than the wild type proteins. Moreover, they reported that deletion of specific N-

glycosylation sites can result in modification of glycan structures appended on other N-glycosylation 

sites: if an N-glycosylation site is deleted, it can affect normal maturation of the N-glycans appended 

on other sites [21]. Strategies using recombinant glycoproteins or whole virus with deleted N-glycans 

seem therefore not ideal to directly implicate specific glycans in the interaction of M/GP5 with pSn. 

Nevertheless, it can be tempting to speculate on the involvement of specific glycans in the interaction 

with pSn. The GP5 protein of most PRRSV isolates contains two conserved N-glycosylation sites. One 

or more additional putative N-glycosylation sites can be present, depending on the virus isolate [1,22-

26]. One of the conserved glycosylation sites, N46 in European isolates, N44 in American isolates, is 

particularly interesting in the light of the present study as it was postulated to be critical for the 

formation of infectious PRRSV virions [21,22]. Wissink and coworkers (2004) showed that N46 is 

important for virus infectivity towards macrophages: the specific infectivity of recombinant GP5-N
46Q 

mutant virus, in which the N46 glycosylation site was deleted, was reduced 10- to 20-fold when 

compared to the specific infectivity of wild type virus [22]. This correlates with the reduction in 

infectivity seen when virus is treated with sialidase to remove sialic acids from the surface [13]. Also, 

the glycosylation site is located in an area of the GP5 ectodomain that is highly conserved among 

PRRSV isolates [27]. This suggests that this domain may have a critical function in virus replication. It 

has been suggested to be crucial for the disulfide linkage between GP5 and M, as the cysteine residue 

involved in this linkage lies within the conserved area and since the linkage between GP5 and M is 

critical for virion formation [28,29]. It is however also tempting to speculate that this critical function 

lies in the interaction of the GP5 glycoprotein with the pSn receptor, this via sialic acids present on the 

glycan appended to the N46/N44 residue of GP5. Although these data point towards a potential 

involvement of sialic acids on this N-glycan in interaction with the pSn receptor, this is certainly not 

conclusive evidence. The fact that multiple EU [30] as well as NA type [31] PRRSV field isolates have 

been described that lack this N-glycosylation site even contradicts a unique role of this N-glycan in 

PRRSV biology. Moreover, recent preliminary experiments suggest that none of the N-glycosylation 

sites in the GP5 protein are essential for virus viability (unpublished results; personal communication 

with dr. Shishan Yuan). The contrasting data obtained by different research groups may result from 

differences in the experimental approach or in the virus isolates used. It is clear that further research 

is necessary to resolve these issues. 

Considering these last data, it is tempting to speculate that pSn, instead of interacting with one 

specific glycan chain attached to one specific glycosylation site, can interact with different glycan 

chains linked to distinct sites of the M/GP5 complex or even to other structural proteins present in the 

viral envelope. While no clear evidence was found for binding of other PRRSV glycoproteins with the 

pSn receptor, this possibility may not be excluded. The GP3, GP4 and GP5 envelope proteins of PRRSV 

were all shown to carry sialylated glycans (Chapter 4). Siglecs like sialoadhesin display a marked 

preference for specific types of sialic acids [32]. Also, the linkage of the sialic acid to the subterminal 
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sugar residue appears to be critical and additional structural features of the glycoconjugate that 

carries the sialic acid can influence the affinity [32]. As all these factors can contribute to the 

specificity of a siglec for specific sialylated ligands, it is possible that differing sialylated glycans on the 

other viral glycoproteins cannot be recognized by the carbohydrate recognition domain of pSn and do 

consequently not function as ligands for this receptor. However, it is also possible that the other 

glycoproteins were not detected in our assays due to restrictions inherent to the experimental strategy 

used. The use of total virus lysates implies there is competition between the different sialylated 

molecules in the lysate for binding with pSn. Specific molecules that are significantly more abundant 

and/or show a clearly higher affinity for the receptor could virtually annihilate binding of other 

possible ligands with the receptor. Furthermore, it is well known that physiologically relevant, strong 

lectin-glycan interactions often depend on the lectin and glycan valency (avidity) [33-35]. The lectin 

and glycan valency in our experimental approach, using beads coated with recombinant pSn and virus 

lysates, are different from the in vivo conditions, where membrane-associated pSn molecules interact 

with sialic acid residues present on glycan-coated virion surfaces. It is clear that these issues deserve 

further attention in future PRRSV entry research. 

If it is indeed the case that glycan chains attached to distinct glycosylation sites on distinct viral 

glycoproteins can serve as ligands for pSn, this may indicate that especially the glycan part of these 

ligands is of particular importance for binding to pSn and that there is only minimal involvement of the 

protein core that carries the glycan. In this case, it may also be expected that glycoproteins carrying 

more (complex type) glycans can interact more efficiently with pSn than glycoproteins bearing less 

glycan chains. Following this reasoning, the GP3 (7 putative N-glycosylation sites) and GP4 (4 putative 

N-glycosylation sites) glycoproteins of Lelystad virus (LV) could be more efficient in their interaction 

with the receptor than LV GP5 (2 putative N-glycosylation sites). However, in the more holistic picture 

of the PRRSV structure, the individual glycoproteins should just be considered elements that 

contribute to the glycan array that covers the virion surface and makes up the high avidity ligand for 

the pSn receptor. In this holistic view, the M/GP5 glycoprotein complexes of PRRSV suggest 

themselves as most interesting ligands for pSn, as the whole virion surface is capped with this protein 

complex [1]. The other (glyco)proteins are less abundant [1] and contribute less to the glycan matrix 

that interacts with the pSn receptor. Consequently, addition of extra glycans to the M/GP5 complex 

should have a stronger impact on the viral glycome than addition of glycans to the minor envelope 

proteins. In the light of the interaction of the virus with pSn, gaining a glycan ligand for pSn in the 

M/GP5 complex would give a maximal advantage regarding the binding avidity. Interestingly, different 

in vivo data are in line with an evolutionary advantage of an extra glycosylation site in the GP5 

glycoprotein. While the original isolate of PRRSV LV, the prototype virus of the European genotype 

isolated in 1991, has 2 N-linked glycosylation sites within the GP5 glycoprotein, most European 

genotype viruses isolated at later time points carry 3 glycosylation sites in the GP5 ectodomain 

(unpublished results; personal communication with DVM Marc F. Geldhof). In addition, also in pigs 

experimentally infected with the original LV isolate, the virus often obtains an additional N-

glycosylation site on the GP5 protein [36]. It is possible that this extra glycosylation site results in 
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better shielding of the virus from certain components of the immune system. However, virus variants 

with 3 glycosylation sites in the GP5 protein appear even before neutralizing antibodies are detected in 

the serum of infected animals [36]. The fact that this addition of a glycosylation site is systematically 

observed on GP5 points towards an important advantage in vivo. It is tempting to speculate that the 

extra glycosylation on GP5 results in a higher avidity for the pSn receptor and thus a better chance of 

efficiently spreading to new target cells. However, further research is needed to support this 

hypothesis. 

On a related note, the use of a promiscuous receptor for entry may seem interesting for a virus from 

an evolutionary point of view. Since PRRSV is a fastly evolving RNA virus [3], addition and deletion of 

glycosylation sites can happen quite frequently and by using a promiscuous lectin receptor to gain 

access to its target cell, the virus can lose one or more N-linked glycosylation sites without 

compromising its internalization process. Hence, use of such a promiscuous lectin receptor for 

internalization gives the virus a kind of evolutionary robustness which would not be possible if the 

virus would rely on non-promiscuous receptors for internalization. In the same reasoning, addition of 

glycosylation sites can improve the interaction of the virus with its receptor. As mentioned above, 

physiologically relevant, strong lectin-glycan interactions often depend on the lectin and glycan 

valency [33-35]. In this respect, obtaining an extra glycosylation site can be advantageous for the 

virus as a result of more efficient receptor usage.  

 

Considering the current knowledge on PRRSV biology, it is clear that glycosylation is important for the 

virus. Viral glycosylation is crucial for efficient infection of alveolar macrophages, as sialylated glycans 

on the virion surface bind to the macrophage-specific lectin pSn, which triggers clathrin-mediated 

endocytosis of the virus into its target cell (cfr. supra). In addition, virion-associated glycans can help 

the virus to evade specific immune responses, e.g. via glycan shielding [21,23,31]. Consequently, the 

acquisition of additional glycosylation sites as a result of mutational events may seem highly beneficial 

for the virus. However, a denser glycan array covering the virion surface also implies there are more 

possible ligands that may be recognized by specific immune system lectins implicated in the first-line 

defence against the virus (cfr. 1.1.4.1 Glycan - lectin interactions that benefit the host). Hence, both 

hypo- and hyperglycosylation can entail specific drawbacks for the virus and a golden mean seems to 

be important in the context of virus glycosylation. 

 

The current knowledge on PRRSV biology points out a clear role for pSn in virus binding to and 

internalization into pSn-expressing target cells. Hence, pSn contributes to PRRSV cis- infection of 

macrophage subsets. This does however not mean that interaction of PRRSV with pSn universally 

leads to infection of the pSn-expressing cell. As situated in the introduction of this thesis, multiple 

scenarios are possible upon such interactions. The tandem human immunodeficiency virus 1 (HIV-1) - 

dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) is often used 

as a paradigm in this context. DC-SIGN acts as an attachment factor for HIV-1 on DC-SIGN-

expressing cells [37]. Interaction of HIV-1 with DC-SIGN may promote productive (cis-)infection of 
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DC-SIGN-expressing cells that also express CD4 (HIV receptor) and chemokine receptors (HIV co-

receptors), this by facilitating contact between the virion and its (co-)receptors [37]. In contrast, it 

appears that DC-SIGN-mediated internalization of the virus into dendritic cells (DCs) generally leads to 

virus degradation [37]. The best-known faith of DC-SIGN-associated virus is however trans-infection 

[37]. DC-SIGN-bound virus that remains on the cell surface of the DC is transported towards the 

contact zone of the DC with a target cell, usually a CD4+ T cell, where it is concentrated and efficiently 

transferred to the target cell to cause infection. In addition, recruitment of DC-SIGN by HIV-1 has 

been shown to modulate the DC and alter its normal immune functioning [37]. It is not unlikely that 

similar scenarios occur with pSn-attached virus. Upon binding to pSn, PRRSV can be internalized via 

clathrin-mediated endocytosis [7,10]. If the virus can release its genome from the early endosome, 

productive infection can be initiated [11,38]. Further transport of the virus to late endosomes and 

lysosomes may lead to virus degradation. Virus that is attached to pSn, but not internalized, may 

contribute to concentration of virions and facilitate infection of nearby target cells. This is not 

inconceivable, since hSn has already been implicated in trans-infection of HIV-1 [39]. PSn-specific 

signaling upon PRRSV-binding has not yet been investigated, but certainly deserves attention. 

 

Sialoadhesin has been identified as a receptor for the PRRS virus in pigs [7] and for HIV-1 in humans 

[39]. Consequently, it can be expected that also other sialylated viruses interact with this lectin. 

Depending on the specific biology of the viral pathogen and host-associated factors, interaction with 

sialoadhesin may lead to virus degradation, activate signaling mechanisms or promote cis- or trans-

infection. Without a doubt, future research will implicate sialoadhesin in other viral infections and in 

the defense against these. 

PSn is however not the only immune system lectin that interacts with PRRSV. Huang and coworkers 

(2009) reported that PRRSV can bind to porcine DC-SIGN. While expression of a recombinant porcine 

DC-SIGN in BHK-21 cells did not render these cells susceptible to PRRSV infection, it did enhance 

PRRSV transmission from BHK-21 cells to (DC-SIGN-negative) Marc-145 cells in trans [40]. The in vivo 

significance of these data is however currently unclear. Research conducted by Keirstead and 

coworkers (2008) showed that also porcine ficolin-α can interact with PRRSV. Purified plasma ficolin-α 

as well as recombinant ficolin-α inhibited viral replication in PRRSV-infected in vitro cultures of African 

green monkey kidney cells (Marc-145 cells) [41]. It is however not known how ficolin-α influences 

PRRSV infection in vivo. Binding of this lectin to PRRSV might directly block macrophage infection by 

interfering with key steps of the infection process. It may also activate the lectin-dependent 

complement pathway and/or opsonize the virus for phagocytosis [42], either aiding in PRRSV 

clearance or providing the virus with an alternative route for infectious entry. Obviously, further 

research is necessary to clarify the contribution of porcine DC-SIGN and ficolin-α to infection with 

and/or protection against PRRSV in vivo. Be that as it may, the current data illustrate that PRRSV can 

interact with immune sytem lectins with different specificity and function. Identification of other 

porcine lectins that bind PRRSV and the characterization of their interaction with the virus will 

certainly contribute greatly to our understanding of PRRSV infection and immunology. 
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Today, PRRSV glycobiology remains one of the major frontiers to our understanding of this important 

pathogen. Without a doubt, efforts to explore this grey area of PRRSV biology will yield valuable 

information that can change our view on the interaction between virus and host. 

 

 

6.2 PRRSV entry into the porcine macrophage: a model5 
 

Synthesis of the current knowledge on PRRSV entry (cfr. 1.2.5.1 Virus entry) and the data described 

in this thesis suggests a model of the early steps in PRRSV infection of the porcine macrophage 

(Figure 1). 

Initial contact of the virus with the macrophage occurs via heparan sulphate glycosaminoglycans on 

the cell surface [43,44]. Subsequently, the virus engages pSn in a more stable interaction [7,45]. 

Interaction of the virus with this receptor involves binding of the viral M/GP5 complex to the N-

terminal part of pSn (Chapter 4). The sialic acid binding domain at the N-terminus of pSn and sialic 

acids on the virion surface are critical for this interaction (Chapters 3 and 4)[13]. Attachment of the 

virus to pSn is followed by the uptake of the virus-receptor complex via a process of clathrin-mediated 

endocytosis [7,10]. Upon internalization, the viral genome is released into the cytoplasm. This last 

stage of the entry occurs when the virus is present in the early endosome and is critically dependent 

on acidification of the endosome and on scavenger receptor CD163 [10,11,38,46]. The role of CD163 

in genome release may require interaction with the GP2 and GP4 glycoproteins [47] and relies on a 

functional CD163 scavenger receptor cysteine-rich (SRCR) domain 5 [48]. Also the protease cathepsin 

E and an as yet unidentified trypsin-like serine protease have been implicated in this process [12]. 

The above model describes the main entry pathway of PRRSV into the porcine macrophage. However, 

it cannot be excluded that PRRSV also uses alternative entry pathways, independent of or partly 

overlapping the main entry pathway described here. Further research is needed to address this issue. 

In comparison with many other viruses, the entry of the PRRS virus into the porcine macrophage is 

not a black box anymore. Different studies that have focused on virus attachment, internalization and 

genome release have shed light on these early steps of infection to provide the basis for a general 

model of PRRSV entry into porcine macrophages. However, many questions remain unanswered. The 

genome release for example is not that well understood. Although some cellular and viral factors have 

been implicated in this process [11,12,49], their precise functions and modes of action remain 

unknown. Further fundamental research is necessary to obtain a complete picture of the PRRSV entry 

process. 

 

                                                
5 This part of the discussion was adapted from a recent review by Van Breedam and coworkers, entitled “Porcine 
reproductive and respiratory syndrome virus entry into the porcine macrophage” [50]. 
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Figure 1. Model of PRRSV entry into the porcine macrophage (adapted from [50]) 
Initially, the PRRSV virion attaches to heparan sulphate glycosaminoglycans present on the macrophage surface 
(A). Subsequently, the virus binds to the pSn receptor via M/GP5 glycoprotein complexes present in the viral 
envelope (B). Upon attachment to pSn, the virus-receptor complex is internalized via a process of clathrin-
mediated endocytosis (C). Upon internalization, the viral genome is released from the early endosome into the 
cytoplasm of the host cell (D), thereby initiating the transcriptional and translational events required for the 
formation of new virions. Scavenger receptor CD163 is essential for this genome release and may exert its 
function through interaction with GP2 and GP4. In addition, cellular proteases (e.g. cathepsin E) have been 
implicated and also a modest pH drop within the early endosome is crucial for viral genome release. (Remark: 
cellular entry mediators are only depicted at the sites where they are believed to exert their function) 
 

 

6.3 Targeting the PRRSV - sialoadhesin interaction to control 
PRRS: potential and pitfalls in profylactic and antiviral 
strategies 
 

Since pSn is an important PRRSV-binding and -internalization receptor on porcine macrophages, 

identification of the PRRSV glycoprotein ligands that mediate virus binding to this receptor is clearly of 

great importance, not only for basic understanding of PRRSV replication biology, but also for 

development of strategies to tackle PRRSV infection. 

 

For many viruses (e.g. classical swine fever virus, porcine circovirus 2), subunit vaccines comprising 

components involved in viral entry have proven very useful tools in the protection against viral 

infection [51-54]. Mindful of these data, a vaccine capable of inducing antibodies against the pSn-

binding portion of the PRRSV virion should be capable of providing a good protection against PRRSV 

infection by neutralizing virus entry. In practice however, the situation appears to be quite 

complicated. Earlier studies [13] and results taken up in this thesis (Chapter 3 and 4) show that the 

virus interacts with pSn via sialylated glycans present on the virion surface. These findings have major 

consequences for PRRSV vaccine design. It is known that glycans are often poor inducers of humoral 

immune responses. Antibodies directed at specific peptide epitopes displayed on the virion surface 

may however interfere with the PRRSV-pSn interaction via sterical hindrance. If distinct glycans on 

different glycosylation sites can act as ligands for pSn (cfr. supra), antibodies against different 

antigenic regions may be required to shield all glycan ligands and fully block the interaction of the 

virus with its internalization receptor. 

It is clear that distinct factors need to be considered when aiming to specifically compromise the 

internalization step via vaccination strategies. 

Since M/GP5 was identified as a ligand for pSn and since this is the most abundant protein complex in 

the viral envelope, it could be expected that antibodies directed against the ectodomain of this 

complex neutralize PRRSV infectivity by steric hindrance. Indeed, a highly conserved linear epitope in 

the GP5 ectodomain of PRRSV has been described as the “major neutralizing epitope” for American 

type PRRSV [55-57]. Although this has not been directly shown, it is tempting to speculate that these 

antibodies can interfere with the PRRSV-pSn interaction by physically blocking sialic acid ligands. Up 

till now however, there were no data indicating the presence of such a conserved neutralizing epitope 
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in the GP5 glycoprotein of European type PRRSV. The fifth chapter of this thesis describes the 

production and characterization of PRRSV LV-specific monoclonal antibodies (mAbs). GP3-, GP4-, GP5- 

and N-specific mAbs were obtained. As has been described before [58], the GP4-specific antibodies, 

directed against a hypervariable epitope in the ectodomain, showed strong neutralizing capacity. In 

contrast, none of the N-, GP3- or GP5-specific antibodies showed a neutralizing effect in in vitro 

neutralization assays on macrophages and Marc-145 cells. The observation that the GP5-specific 

antibodies did not affect viral infectivity was rather surprising, since epitope mapping pointed out that 

these antibodies were directed against a region of LV corresponding with the neutralizing epitope in 

the ectodomain of American type PRRSV isolates. The reason for this discrepancy is currently not 

known. However, it can be speculated that the antibodies cannot bind to their epitope if the GP5 

protein is present in the infectious LV virion. Glycan shielding, protein folding and complex formation 

could all elicit that the epitope is not recognized in this context. Another possiblity is that antibodies 

do bind to the virion surface, but do not affect the initial stages of PRRSV infection at all. This seems 

however less likely, regarding that M/GP5 is the major envelope protein complex of PRRSV and 

consequently provides plenty of epitopes for antibody recognition at the virion surface. Massive 

binding of antibodies to the virion surface would certainly influence the normal infection process. The 

data presented here raise doubts about the relevance of this specific antigenic region as a target for 

direct neutralization of European type PRRSV in vitro and in vivo. It can however not be excluded that 

antibodies against other linear or structural epitopes in GP5, the M/GP5 complex or even in other 

envelope proteins contribute to direct virus neutralization by hampering the interaction with the pSn 

receptor. Further research is necessary to evaluate these issues. An important remark in this context 

is that, although in vitro experiments can certainly be indicative, it remains difficult to predict the in 

vivo activity of specific antibodies. In vivo, interactions between antibody and target occur in different 

conditions and, in addition to direct neutralization, antibodies can e.g. opsonize the virus for uptake in 

immune cells or activate complement. The results obtained in this thesis also illustrate that findings 

concerning specific PRRSV epitopes cannot always be generalized, since the antigenic determinants of 

different virus isolates may differ radically. 

Considering the above, the interaction between PRRSV and pSn may thus not seem an ideal event to 

specifically target via vaccination strategies. 

 

The importance of glycan-lectin interactions in a crucial step of PRRSV infection does however 

highlight the potential of other specific approaches towards PRRSV control. As the binding of virion-

associated sialic acids with pSn is pivotal for efficient PRRSV entry into the macrophage and 

subsequent infection of this target cell, interfering with this crucial event using antiviral agents seems 

indeed an attractive strategy in the combat against this pathogen. Considering this, several strategies 

may be worth exploring. 

A first possible strategy is the use of glycan decoys. Binding of carbohydrate-containing drugs with a 

specific lectin can inhibit binding of other ligands by this lectin. It has e.g. been shown that 

multivalent mannose-containing drugs can compromise binding of HIV-1 gp120 with DC-SIGN [59,60] 
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and may thus potentially inhibit DC-SIGN-mediated cis- and trans-infection. Moreover, sialic acid-

containting glycan decoys and sialic acid analogues are being evaluated for their capacity to block the 

sialic acid binding site of influenza A virus hemagglutinin to inhibit interaction of the virus with sialic 

acid-containing receptor molecules on the surface of target cells [61-66]. For PRRSV specifically, sialic 

acid-containing molecules may be used to interfere with the PRRSV-pSn interaction and inhibit 

infection of macrophages. Indeed, in vitro experiments have shown that the sialic acid-containing 

molecules sialyllactose, 3’-N-acetylneuraminyl-N-acetyllactosamine-BSA and fetuin can reduce PRRSV 

infection of porcine alveolar macrophages [13]. 

Another way to interfere with glycan-lectin interactions is via the use of carbohydrate-binding agents 

(CBAs) [67,68]. This class of agents includes lectins (carbohydrate-binding proteins) as well as low 

molecular weight, non-peptidic carbohydrate-binding compounds. Whereas glycan decoys block 

glycan-lectin interactions at the side of the lectin, CBAs block the interaction at the side of the glycan. 

Binding of sialic acid-specific CBAs with sialic acids on the PRRSV virion surface can inhibit virus 

binding to pSn and compromise viral entry into target cells. However, CBAs showing specificity for 

other, non-sialic acid glycan ligands present on the virion surface may also find their use, as these 

may physically block portions of the virus that are essential for interaction with pSn or for other crucial 

events in the infection process. CBAs are also more promiscuous than antibodies. Whereas a virus 

may escape recognition by specific antibodies through a single aa substitution, this is often not the 

case for recognition by CBAs. The ectodomains of viral envelope proteins are often hyperglycosylated, 

which implies that there are more possible ligands for the CBA displayed on the virion surface. 

Multiple mutations resulting in the loss of multiple glycosylation sites have to be incorporated to 

escape recognition by the CBA. Considering this, CBAs appear to create more stringent conditions for 

the virus than antibodies and may prove effective in antiviral therapies for rapidly evolving viruses. At 

this moment, only a limited number of CBAs have been tested for their PRRSV-neutralizing capacity. 

One study tested the activity of Galanthus nivalis agglutinin (GNA; mannose-specific), wheat germ 

agglutinin (sialic acid-specific, broad range), Tritrichomonas mobilensis lectin (TML; sialic acid-specific, 

broad range), Maackia amurensis agglutinin (MAA; α2-3-linked sialic acid-specific) and Sambucus 

nigra agglutinin (SNA; recognizes α2-6-linked, and to a lesser extent also α2-3-linked, sialic acids) 

[13]. Wheat germ agglutinin, TML and MAA reduced PRRSV infection of alveolar macrophages in a 

dose-dependent manner. In contrast, GNA did not reduce infection and also SNA had only a minor 

effect. Another study tested the activity of GNA, Hippeastrum hybrid agglutinin (HHA; mannose-

specific), Urtica dioica agglutinin (UDA; GlcNAc-specific) and pradimicin-A (PRM-A; mannose-specific) 

[69]. This study found that PRRSV infection of macrophages could be reduced by GNA and HHA, 

although their anti-PRRSV activity was quite limited when compared to their activity against other viral 

pathogens. Infection was also reduced by UDA, but as seen with GNA and HHA, its anti-PRRSV activity 

seemed limited when compared to its activity against other viruses. PRM-A did not significantly inhibit 

PRRSV infection, even when using concentrations that equal the maximum solubility of the compound. 

Clearly, the CBA concept shows potential for PRRSV antiviral strategies, but further in vitro and in vivo 

research is necessary. 
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Glycan decoys and CBAs have the capacity to interfere directly with glycan-lectin interactions during 

viral infection. However, strategies that indirectly influence these interactions may also be employed. 

Drugs that alter pSn expression (e.g. cytokines or RNAi) may prove useful in PRRSV antiviral 

strategies. Another option is the use of drugs that affect cellular glycosylation processes [70]: virus 

produced in the presence of such molecules will obtain aberrant glycosylation that can compromise 

the interaction of the virus with the pSn receptor and consequently limit viral spread. Yet another 

possibility may be the use of specific glycosidases such as sialidases. These enzymes remove terminal 

sialic acids from glycoconjugates and are currently being tested in experimental treatments for 

influenza A virus infections [71]. Influenza A virus uses hemagglutinin, a viral lectin, to bind to sialic 

acid-carrying receptors on the surface of a target cell. In anti-influenza therapy, sialidases are applied 

topically to remove sialic acids from the airway epithelium and impede efficient infection of these 

target cells by the virus [71]. For PRRSV however, the situation is different since sialylated glycans on 

the virion surface bind to a cell-associated lectin receptor and the efficacy of sialidase treatment 

should be experimentally verified. 

Naturally, the antiviral strategies suggested above can also have specific drawbacks. One possible 

drawback relates to potential off-target effects of these therapies. Therapies aimed at influencing 

specific glycan-lectin interactions that play key roles in viral infection processes may also affect 

general host glycosylation, lectin-expression or glycan-lectin interactions that are crucial for normal 

functioning of the host. Off-target effects should always be reduced where possible and extensive in 

vitro and in vivo testing should point out if remnant off-target effects are acceptable or not. On a 

related note, if the glycan decoys or CBAs used in antiviral therapy show a broad reactivity and can 

respectively bind with multiple (non-target) lectins or glycans in the host, it is possible that much of 

the antiviral effect is lost. Hence, the farmacokinetical properties of these agents should be carefully 

studied before therapeutic use to ascertain they are not cleared before they can excercise their 

function. Also, when using peptidic CBAs that are not native to the host in which they are used, it is 

not unlikely that an antibody-response is mounted against these components, leading to neutralization 

and/or faster clearance of the active compound. An additional concern for the use of antivirals in pigs 

is that under no circumstances potentially harmful compounds may end up in the food chain. 

In spite of these potential pitfalls, it is clear that glycan decoys, CBAs and drugs that influence 

glycosylation or lectin expression show potential for treatment of PRRSV infection in pigs. A good 

understanding of relevant glycan-lectin interactions facilitates specific targeting of these binding 

events and can help to minimize possible off-target effects of specific therapeutics, reduce the risk of 

drug resistance, ... Study of virus glycobiology can pave the way for a new generation of antiviral 

therapies. 
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Summary 

 

The porcine reproductive and respiratory syndrome virus (PRRSV) causes the economically most 

important viral disease in swine industry today. The virus is a major threat to swine health worldwide, 

since it is both associated with the porcine respiratory disease complex and the cause of severe 

reproductive problems. The virus can persist in animals for extended periods of time, partly due to a 

hampered immune reponse upon infection. PRRSV also evolves rapidly and shows a high variability in 

vivo, further complicating accurate diagnosis and disease control. Today, twenty years after the 

discovery of PRRSV, effective antiviral strategies are still lacking and there are still no vaccines 

available that are safe, effective and broadly applicable, while the demand for these is higher than 

ever. Clearly, rational development of new profylactic and therapeutic strategies is needed to tackle 

the virus. However, to reach this, it is crucial to advance our fundamental understanding of the PRRSV 

biology. In this context, detailed knowledge on the entry of the virus in its target cell, the porcine 

macrophage, seems particularly interesting: therapeutics or vaccine-induced immune mechanisms that 

can selectively interfere with this crucial step in the infection process may efficiently inhibit primary 

infection and viral spread. 

 

Chapter 1 of this dissertation discusses glycan-lectin interactions in virus biology and gives an 

introduction on PRRSV. 

The first section of this chapter reflects on glycosylation of cells and viruses and explores glycan-lectin 

interactions in the context of viral infections. A brief introduction on glycosylation and lectins is given 

and some specific glycan-lectin interactions are highlighted and situated within the larger framework 

of viral infection and immunity. Distinction is made between interactions that benefit the host and 

interactions that benefit the virus. In addition, factors that contribute to glycan and lectin variation, 

and that ultimately govern glycan-lectin interactions, are briefly discussed. 

The second part of chapter 1 focuses on PRRSV. The viral taxonomy is given and the genome 

organization, the virion structure and the viral cell tropism are briefly discussed. Furthermore, this 

section explores the PRRSV replication cycle, thereby mainly focusing on the entry of PRRSV into its 

host cell, the porcine macrophage. In conclusion, PRRSV-associated disease and immunity are briefly 

discussed.  

 

In Chapter 2, the aims of this thesis are formulated. Recent studies identified the macrophage-

specific protein sialoadhesin as an important entry receptor for PRRSV. In addition, it was shown that 

sialylated glycans on the virion surface are crucial for the infectivity of the virus towards 

macrophages. However, the exact nature of the interaction between the PRRSV virion and 

sialoadhesin has remained unknown. The main goal of this thesis was to further characterize the 

interaction between PRRSV and sialoadhesin. 

 

 



136 ⎥ Chapter 7 
 

 

The first study in this thesis (Chapter 3) mainly focused on the receptor side of the PRRSV-

sialoadhesin interaction. Just like murine (mSn) and human (hSn) sialoadhesin, the porcine 

sialoadhesin (pSn) shows clear sialic acid binding activity. A first objective was to verify if the R116 

amino acid (aa) in the N-terminal V-set domain of pSn is important for its sialic acid binding capacity, 

as has been shown for mSn and hSn. A second objective was to determine if the sialic acid binding 

capacity of pSn is necessary for pSn-mediated PRRSV binding and internalization. To investigate the 

importance of the R116 aa for pSn sialic acid binding activity, an R116-to-E mutation was introduced in 

the predicted sialic acid-binding domain of a recombinant pSn via site-directed mutagenesis, resulting 

in a mutant protein pSnRE. Subsequent tests confirmed that this mutation results in the loss of sialic 

acid binding capacity without significantly altering the overall protein structure. Using the recombinant 

proteins, it was found that cells expressing pSn efficiently bind and internalize PRRSV virions, while 

cells expressing pSnRE bind the virus less efficiently (remnant binding via heparan sulphate on the cell 

surface) and do not internalize it. These data point out that the R116 aa of pSn is crucial for its sialic 

acid binding activity and that the sialic acid binding activity is essential for pSn to function as a PRRSV 

receptor. 

 

The second study taken up in this thesis (Chapter 4) focused on the viral side of the PRRSV-pSn 

interaction. The aim was to identify viral glycoproteins that may function as binding partners for pSn 

and to characterize the interaction between these ligands and pSn. For this purpose, a soluble form of 

pSn was constructed and validated. The soluble pSn could bind PRRSV in a sialic acid-dependent 

manner and could neutralize PRRSV infection of macrophages, thereby confirming the role of pSn as 

an important PRRSV receptor on macrophages. The soluble pSn was subsequently used for ligand 

fishing in lysates of purified PRRSV. Although sialic acids were found on the GP3, GP4 and GP5 

envelope glycoproteins, only the M/GP5 glycoprotein complex of PRRSV was identified as a ligand for 

pSn. The interaction was found to be dependent on the sialic acid binding capacity of pSn and on the 

presence of sialic acids on the GP5 protein. 

 

A final question was if PRRSV-specific antibodies, that are directed against structural PRRSV 

components that are directly implicated in interaction with the pSn receptor or that can indirectly 

modulate the interaction between PRRSV ligands and pSn, are invariably able to influence infection of 

macrophages. The third study in this thesis (Chapter 5) describes the production of PRRSV-specific 

hybridomas and an extensive characterization of the monoclonal antibodies (mAbs) they produce. A 

GP4-specific mAb, directed against a well-characterized neutralizing epitope in the GP4 ectodomain, 

exerted a strong neutralizing effect on PRRSV infection. In contrast, different neutralization assays 

pointed out that none of the GP3- and GP5-specific mAbs tested show virus-neutralizing capacity. This 

is noteworthy, as these mAbs recognize epitopes in the predicted ectodomains of their target protein 

and since the GP5-specific antibodies specifically react with the antigenic region that corresponds to 

the “major neutralizing epitope” suggested for American type PRRSV. Hence, presence of a viral 
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protein/epitope on the virion surface does not automatically imply that antibodies directed against this 

epitope can influence infection of macrophages. 

 

Chapter 6 recapitulates and critically reviews the findings presented in this thesis. 

Based on literature and the data obtained in this thesis, a model of the early steps in PRRSV infection 

of the porcine macrophage is proposed. Initial contact of the virus with the macrophage occurs via 

heparan sulphate glycosaminoglycans on the cell surface. Subsequently, the virus engages pSn in a 

more stable interaction. Interaction of the virus with this receptor involves binding of the viral M/GP5 

complex to the N-terminal part of pSn. The sialic acid binding domain at the N-terminus of pSn and 

sialic acids on the virion surface are critical for this interaction. Attachment of the virus to pSn is 

followed by the uptake of the virus-receptor complex via a process of clathrin-mediated endocytosis. 

Upon internalization, the viral genome is released into the cytoplasm. This last stage of the entry 

occurs when the virus is present in the early endosome and is critically dependent on acidification of 

the endosome and on scavenger receptor CD163. The role of CD163 in genome release may require 

interaction with the viral GP2 and GP4 glycoproteins and relies on a functional CD163 SRCR domain 5. 

Also the cellular protease cathepsin E and an as yet unidentified trypsin-like serine protease have 

been implicated in this process. The above model describes the main entry pathway of PRRSV into the 

porcine macrophage. Nevertheless, it cannot be excluded that PRRSV also uses alternative entry 

pathways, independent of or partly overlapping the main entry pathway described here. Further 

research is needed to address this issue. 

The chapter concludes with a short discussion on the potential and pitfalls of profylactic and antiviral 

strategies that specifically target the PRRSV-pSn interaction. 
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Samenvatting 

 

Het porcien reproductief en respiratoir syndroom virus (PRRSV) ligt aan de basis van de economisch 

gezien belangrijkste virale ziekte bij het varken. Het virus veroorzaakt ernstige reproductiestoornissen 

en is geassocieerd met het porcien respiratoir ziektecomplex. Het virus is in staat om gedurende 

langere periodes te persisteren in zijn gastheer, onder meer doordat de virale infectie geen optimale 

immuunrespons opwekt. Bovendien evolueert PRRSV zeer snel, waardoor het virus in het veld een 

zeer hoge heterogeniteit vertoont en accurate diagnose en efficiënte ziektebestrijding sterk 

bemoeilijkt worden. Hoewel PRRSV reeds twintig jaar bestudeerd wordt, zijn er tot op heden nog 

geen effectieve antivirale strategieën en efficiënte, veilige en breed werkzame vaccins voorhanden. 

Het is duidelijk dat een rationele aanpak nodig is om nieuwe profylactische en therapeutische 

middelen te ontwikkelen voor efficiënte PRRSV-bestrijding. Hiervoor is het echter van cruciaal belang 

om over een goede fundamentele kennis van de PRRSV-biologie te beschikken. Een goede kennis van 

het binnentreden van het virus in zijn primaire gastheercel, de alveolaire macrofaag, lijkt in deze 

context zeker interessant: farmaca of vaccin-geïnduceerde immuunreacties die specifiek kunnen 

interfereren met deze cruciale stap in het infectieproces kunnen in theorie primaire infectie en 

virusspreiding verhinderen.  

 

Hoofdstuk 1 van deze thesis behandelt glycaan-lectine interacties bij virale infecties in het 

algemeen. Verder wordt een korte introductie gegeven over PRRSV.  

Het eerste deel van dit hoofdstuk bespreekt cellulaire en virale glycosylatie en glycaan-lectine 

interacties in de context van virale infecties. Er wordt een korte uiteenzetting gegeven over 

verschillende types glycanen en lectines, waarna enkele voorbeelden worden aangehaald van 

specifieke glycaan-lectine interacties, die tevens gekaderd worden in het grotere geheel van virale 

infectie en immuniteit. Hierbij wordt onderscheid gemaakt tussen glycaan-lectine interacties die 

voordelig zijn voor de gastheer en interacties die voordelig zijn voor het virus. Verder worden ook 

verschillende factoren besproken die bijdragen tot glycaan- en lectinevariatie en die bijgevolg 

interacties tussen beide kunnen beïnvloeden.  

In het tweede deel van hoofdstuk 1 wordt gefocust op PRRSV. De taxonomie van het virus wordt 

aangehaald en de genoomorganisatie, de virionstructuur en het virale celtropisme worden kort 

besproken. Verder wordt er in dit deel dieper ingegaan op de PRRSV-replicatiecyclus, waarbij de focus 

ligt op het binnentreden van het virus in zijn primaire gastheercel, de alveolaire macrofaag. Tenslotte 

worden het ziektebeeld en de immuunrespons na PRRSV-infectie kort besproken.  

 

In Hoofdstuk 2 worden de doelstellingen van deze thesis uiteengezet. Recente studies 

identificeerden het macrofaag-specifieke eiwit sialoadhesine als een belangrijke receptor voor het 

binnentreden van PRRSV in zijn gastheercel. Bovendien werd aangetoond dat gesialyleerde glycanen 

op het virusoppervlak cruciaal zijn voor infectie van macrofagen door PRRSV. Ondanks deze 

bevindingen werd echter nog niet achterhaald hoe het PRRSV virion exact interageert met de 
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sialoadhesine receptor. De hoofddoelstelling van deze thesis was dan ook de interactie tussen PRRSV 

en sialoadhesine verder te karakteriseren. 

 

In de eerste studie in deze thesis (Hoofdstuk 3) werd de PRRSV-sialoadhesine interactie bestudeerd 

met de focus op de cellulaire receptor. Net als murien (mSn) en humaan (hSn) sialoadhesine vertoont 

porcien sialoadhesine (pSn) een duidelijke siaalzuurbindingsactiviteit. Een eerste doelstelling van dit 

onderzoek was verifiëren of het R116 aminozuur in het N-terminale V-set domein van pSn cruciaal is 

voor deze siaalzuurbindende capaciteit, zoals werd aangetoond voor mSn en hSn. Een tweede 

doelstelling van deze studie bestond erin na te gaan of de siaalzuurbindingsactiviteit van pSn 

noodzakelijk is voor pSn-gemediëerde PRRSV-binding en -internalisatie. Om het belang te bestuderen 

van aminozuur R116 voor de siaalzuurbindingscapaciteit van pSn, werd in het voorspelde 

siaalzuurbindende domein van een recombinante pSn een R116-naar-E mutatie aangebracht via ‘site-

directed’ mutagenese, wat resulteerde in het mutante eiwit pSnRE. Daaropvolgende experimenten 

bevestigden dat deze mutatie inderdaad gepaard gaat met een verlies van de 

siaalzuurbindingscapaciteit, maar dit zonder de globale eiwitstructuur significant te beïnvloeden. Met 

behulp van de recombinante sialoadhesines werd vervolgens aangetoond dat cellen die het intacte 

pSn tot expressie brengen op efficiënte wijze PRRSV virions kunnen binden en internaliseren, terwijl 

cellen die pSnRE tot expressie brengen het virus minder efficiënt kunnen binden (er is nog een zekere 

restbinding via heparaansulfaat op het celoppervlak) en niet kunnen internaliseren. Deze data tonen 

aan dat het aminozuur R116 van pSn cruciaal is voor zijn siaalzuurbindende capaciteit en dat deze 

siaalzuurbindende eigenschap essentieel is voor de PRRSV-pSn interactie. 

 

In de tweede studie die in het kader van deze thesis werd uitgevoerd (Hoofdstuk 4) werd de virale 

kant van de PRRSV-pSn interactie onder de loep genomen. De doelstelling was het identificeren van 

virale glycoproteïnen die kunnen binden met pSn en het verder karakteriseren van de interactie(s) 

tussen deze ligand(en) en pSn. Om dit te bewerkstelligen werd een oplosbare, niet-

membraangebonden vorm van pSn aangemaakt en gevalideerd. Binding van deze oplosbare vorm van 

pSn met PRRSV bleek siaalzuur-afhankelijk en kon PRRSV-infectie van macrofagen neutraliseren, wat 

de rol van pSn als een belangrijke PRRSV-receptor op macrofagen onderbouwt. De oplosbare pSn 

werd vervolgens gebruikt voor ‘ligand fishing’ in lysaten van opgezuiverd PRRSV. Hoewel siaalzuur 

werd gedetecteerd op de GP3, GP4 en GP5 envelop eiwitten, werd enkel het M/GP5-glycoproteïne 

complex geïdentificeerd als een ligand voor pSn. De interactie tussen pSn en M/GP5 bleek afhankelijk 

van de siaalzuurbindende capaciteit van pSn en van de aanwezigheid van siaalzuren op het GP5-eiwit.  

 

Finaal werd de vraag gesteld of PRRSV-specifieke antistoffen, die gericht zijn tegen structurele 

PRRSV-componenten die direct betrokken zijn in de interactie met pSn of die de interactie van PRRSV 

liganden met pSn indirect kunnen moduleren, steevast PRRSV-infectie van macrofagen kunnen 

beïnvloeden. De derde studie in deze thesis (Hoofdstuk 5) beschrijft de productie van PRRSV-

specifieke hybridoma’s en een uitgebreide karakterisatie van de monoklonale antistoffen (mAs) die ze 
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produceren. Een GP4-specifieke mAs, gericht tegen een goed gekarakteriseerde neutraliserende 

epitoop in het GP4 ectodomein, had een sterk neutraliserend effect op PRRSV-infectie. In tegenstelling 

hiermee wezen verschillende neutralisatietesten uit dat geen enkele van de GP3- of GP5-specifieke 

antistoffen virus-neutraliserende eigenschappen vertoont. Dit is opmerkelijk, aangezien al deze 

antistoffen lineaire epitopen herkennen in het voorspelde ectodomein van het PRRSV-eiwit waartegen 

ze gericht zijn. Bovendien zijn de GP5-specifieke mAs exact gericht tegen de antigene regio van GP5 

die voor Amerikaanse PRRSV-stammen gesuggereerd wordt als de “belangrijkste neutraliserende 

epitoop”. De aanwezigheid van een viraal eiwit/epitoop op het virionoppervlak impliceert dus niet 

noodzakelijk dat antistoffen tegen dit eiwit/epitoop PRRSV-infectie van macrofagen kunnen 

beïnvloeden.   

 

In Hoofdstuk 6 worden de belangrijkste bevindingen van deze thesis beschouwd en kritisch 

geëvalueerd. 

Op basis van de literatuur en de resultaten beschreven in deze thesis wordt een algemeen model 

vooropgesteld van de initiële stappen in de infectie van de porciene macrofaag door PRRSV. Het 

eerste contact van het virus met de macrofaag gebeurt via heparaansulfaat glycosaminoglycanen op 

het celoppervlak. Vervolgens gaat het virus een meer stabiele interactie aan met pSn. Deze interactie 

behelst binding van het virale M/GP5-complex met het N-terminale deel van pSn. Zowel het N-

terminale siaalzuurbindende domein van pSn als de siaalzuren op het virionoppervlak zijn hierbij 

essentieel. Binding van het virus met pSn wordt gevolgd door de internalisatie van het virus-receptor 

complex via een proces van clathrine-gemedieerde endocytose. Na virusopname wordt het virale 

genoom vrijgesteld in het cytoplasma van de cel. Deze laatste fase van het virale invasieproces grijpt 

plaats wanneer het virus zich in het vroege endosoom bevindt en vereist endosomale verzuring en de 

aanwezigheid van het cellulaire eiwit CD163. Het actiemechanisme van CD163 vereist mogelijk 

binding met de virale GP2- en GP4-glycoproteïnen en is afhankelijk van een functioneel CD163 SRCR 

domein 5. Ook het cellulaire protease cathepsine E en een tot op heden ongeïdentificeerd trypsine-

achtig serine protease lijken een rol te spelen in dit proces. Het hier vooropgestelde model omschrijft 

de voornaamste manier waarop PRRSV de porciene macrofaag kan binnendringen. Het kan echter niet 

worden uitgesloten dat PRRSV ook andere mechanismen, al dan niet gedeeltelijk overlappend met het 

hierboven beschreven proces, kan hanteren om cellen te infecteren. Verder onderzoek is nodig om 

hierrond duidelijkheid te scheppen.  

Het zesde hoofdstuk van de thesis besluit met een korte bespreking van het potentieel van en de 

eventuele moeilijkheden geassocieerd met het gebruik van specifieke profylactische en therapeutische 

middelen die tot doel hebben de PRRSV-pSn interactie te moduleren. 
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Zondag. 23h27. Alles is stil (op de fontein, de autostrade en het geronk van een tiental revco’s na ...). 

Nog enkele lichten in de klinieken. Op het labo brandt nog één lamp: de bureaulamp achter mij. Een 

avond zoals ik er hier vele heb doorgebracht de laatste jaren ... maar toch net iets anders. Voor de 

verandering eens niet door een stapel artikels worstelen, maar wel even terugblikken op de voorbije 

periode en een woordje van dank richten aan alle familie, vrienden en collega’s die me 

onvoorwaardelijk gesteund hebben tijdens de afwerking van dit doctoraat. En dat zijn er veel ... teveel 

om op te noemen en om ze (zeker op dit uur) allemaal afzonderlijk voor de geest te halen. In plaats 

van koortsachtig te proberen alle namen op te sommen, excuseer ik me al op voorhand aan iedereen 

die zijn naam hier niet terugvindt. De meesten weten wel hoezeer ik hun hulp/vriendschap apprecieer 

(en als dat nog niet zo was beseffen ze dat hopelijk nu wel ...). Thanks to everyone! 

 

Mijn promotor, Hans Nauwynck, wil ik graag bedanken voor het vertrouwen en alle steun en 

mogelijkheden die ik binnen het labo heb gekregen om dit doctoraat te kunnen voltooien. Mijn co-

promotor, Peter Delputte, bedank ik voor zijn hulp en begeleiding, vooral bij het begin van mijn 

doctoraat. Verder dank ik ook Herman Favoreel (UGent), Hanne Van Gorp (UGent), Els Van Damme 

(UGent), Bruno Verhasselt (UGent), Evelyne Meyer (UGent), Frank Gasthuys (UGent), Dominique 

Schols (K.U. Leuven) en Alain Vanderplasschen (Université de Liège) om de begeleidings-, lees- en 

examencommissie te willen vervoegen en me door de finale fase van dit doctoraat te loodsen. 

 

Daarnaast verdienen natuurlijk alle vrienden en (ex-) collega’s van het labo Virologie een bedankje. 

Dankzij jullie ben ik elke dag weer met plezier naar het labo kunnen afzakken, zelfs als het op 

experimenteel vlak wat minder ging. Hanne, Sarah C., Merijn, Marc, Dries, Mieke, Uladzimir en 

Angela: met jullie heb ik de laatste jaren het nauwst samengewerkt. Ik heb enorm veel bijgeleerd van 

jullie en heb er vaak van genoten gezamenlijk nieuwe ideeën en theorieën uit te werken. Daarnaast 

was er ook steeds tijd voor een fijne babbel (of ronduit “fijn gezever”). Merci hiervoor! Wanneer ik 

terugdenk aan mijn begindagen in het labo, mag ik ook zeker Nick, Matthias, David, Ann, Filip, Céline, 

Evelien, Sarah G., Tine, ... niet vergeten te vermelden. Ook met jullie heb ik menig fijn (en vaak laat) 

uurtje op het labo doorgebracht. Carine, Chantal, Lieve, Nele, Dries, Melanie, Ytse, Tim, Geert, 

Fernand, Zeger, Bart, Gert, Mieke, Louise, Ann, Dirk, ... gedurende mijn jaartjes op het labo zijn jullie 

van onschatbare waarde gebleken. Jullie inzet en expertise, en jullie meestal positieve invloed op mijn 

humeur, maakten dat alles vaak vlotter verliep dan ik op voorhand durfde hopen. Nog eens een dikke 

merci aan allen die meehielpen aan deze thesis. Ik hoop dat jullie er ook een beetje fier op zijn. 

 

Als je je volledig in het onderzoek smijt lijkt het misschien soms niet zo, maar er bestaat wel degelijk 

nog iets anders dan wetenschap. Zonder de steun van vrienden en familie had ik deze thesis nooit 

kunnen afwerken (I know, een cliché, maar ‘t is wel zo ...). 

Jan, Clara, Gitte, Tim, ... jullie maken van Brussel mijn tweede thuis. Thanks for all the 

dinner/concert/party/vacation experiences. I love ya babies! 
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Steffen, Stefanie, Bert, Annick, Kristen, Saartje, Jana, Bram, Mario, Patrick, ... merci voor alle fijne 

momenten die we de voorbije jaren samen gehad hebben. Hopelijk mogen er nog vele volgen! 

Moto, Eva, Oscar, Carolina, Piña, ... mil gracias por tu amistad y por recibirme con los brazos abiertos 

cada vez que visito ‘mi Valencia’. Espero que nos vemos más frecuente en el futuro. 

Moeke en vake: merci voor de onvoorwaardelijke steun en vriendschap die ik al 28 jaar van jullie 

krijg. Jullie zijn fantastisch!! Zusje en Sam: bedankt voor de vriendschap (& hopelijk snel tot in Gent 

op ons nieuwe appartementje). 

Mijn meisje ... gelijk wat ik hier zeg beschrijft nog niet half hoeveel jij voor me hebt betekend de 

voorbije jaren. Ik zie je graag & hoop dit nog lang te doen ... 
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