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SUMMARY 

In 1985, sialoadhesin (Siglec-1, CD169) was first described as a non-phagocytic sheep erythrocyte 

receptor (SER) expressed on resident bone marrow macrophages. A lot has been learned since then, 

and sialoadhesin is now established as a sialic-acid binding immunoglobulin-like lectin (Siglec) which is 

only expressed on subsets of differentiated macrophages and on inflammatory monocytes and 

macrophages. Besides being involved in cell-cell and cell-matrix interactions, sialoadhesin can also 

bind several pathogens. The receptor is involved in the entry of Neisseria meningitides, and serves as 

an endocytic receptor for porcine reproductive and respiratory syndrome virus (PRRSV). Despite 

continuing research efforts, the physiological role of sialoadhesin remains unclear up until today. 

Several studies indicate that the receptor may play a role in antigen presentation, and may be 

involved in the regulation of T cell responses in disease settings. Currently, a lot of effort is being 

made at developing therapies that can specifically target macrophages. The recognition of 

sialoadhesin as an endocytic receptor prompted interest in this molecule as a target for macrophage-

directed therapies, which was further supported by its restricted expression pattern and the absence 

of a soluble form. However, the effect of ligation of sialoadhesin on macrophage functioning is poorly 

studied, even though it might provide valuable insights in the physiological function of sialoadhesin, as 

well as indicate possible side effects of sialoadhesin-targeted therapies.  

 

In 2003, sialoadhesin was identified as an entry mediator of PRRSV. PRRSV is a major threat to swine 

health, causing the most important viral disease affecting swine industry worldwide. PRRSV causes 

reproductive disorders and is associated with the porcine respiratory disease complex (PRDC). Several 

studies have indicated a role for PRRSV in potentiating secondary infections, however, the exact 

mechanism behind this is in most part unknown. PRRSV mainly replicates in subsets of differentiated 

macrophages in the lungs, lymphoid tissues and placenta, with alveolar macrophages being major 

target cells. Besides killing these cells, PRRSV infection also alters their functioning, which is poorly 

studied, yet may explain how PRRSV infection results in an increased susceptibility to secondary 

infections. Since sialoadhesin is involved in the entry of the virus, this interaction may be responsible 

for alterations in macrophage functioning. 

 

The dissertation starts with a literature review summarizing the current knowledge on sialoadhesin, 

introducing macrophages and macrophage-directed therapy, as well as outlining general aspects of 

PRRSV and PRRSV infection (Chapter 2). The first section of Chapter 2 introduces sialoadhesin, 

covering the Siglec family to which sialoadhesin belongs, as well as its structure, expression and 

regulation, and functional role. The second section introduces macrophages and gives a limited, but 

general, overview of their differentiation pathway and heterogeneity, and the various functions they 

perform in homeostasis and during inflammation. Their involvement in various pathological conditions 

is also discussed, as well as the value of targeting macrophages in cell-directed therapies. The review 

focuses on receptor-targeted therapies, summarizes the current knowledge on sialoadhesin as a 
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target in macrophage-directed therapies, and briefly discusses safety issues and possible side effects 

of receptor-targeted therapies. The last section focuses on PRRSV. A general introduction of PRRSV is 

given and PRRSV taxonomy, structural biology, entry and replication, and pathogenesis are discussed. 

 

Chapter 3 introduces the problems that form the basis for the research described in this work. 

Thereafter, the aims of this thesis are formulated. The general goal of this thesis was to broaden the 

current knowledge on sialoadhesin and its importance in macrophage functioning in immunity and 

disease. A first aim of this study was to evaluate the effects of ligation of sialoadhesin on macrophage 

functioning. A second aim of this work was to assess the effect of European genotype PRRSV 

interaction with its in vivo target cell, the porcine alveolar macrophage, on a major effector function of 

this cell, namely phagocytosis. In the same study, it was investigated whether the interaction of the 

virus with its entry mediators sialoadhesin and/or CD163 may influence the phagocytic capacity of 

these cells. 

 

The first study described in this thesis (Chapter 4) investigated the effects of antibody binding to 

sialoadhesin on several macrophage effector functions. Since the physiological role of sialoadhesin has 

not been elucidated and ligation of sialoadhesin was shown to induce signalling, the aim of this study 

was to asses whether ligation of sialoadhesin could affect macrophage functioning. For this purpose, 

porcine primary alveolar macrophages (PAM) were treated with the porcine sialoadhesin-specific 

monoclonal antibody (mAb) 41D3, or an isotype-matched control mAb. Both dose-dependent and 

time-dependent studies were performed, assessing the effect of antibody binding to porcine 

sialoadhesin on macrophage viability, sialoadhesin cell surface expression, reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) production, phagocytosis of microspheres, uptake and 

processing of soluble antigens, MHC I and MHC II cell surface expression and cytokine production. We 

found that ligation of sialoadhesin had no effect on macrophage viability, uptake and processing of 

soluble antigens, MHC I and MHC II cell surface expression and cytokine production, and it was 

confirmed that PAM do not produce RNS. Our study also confirmed that antibody binding to porcine 

sialoadhesin results in a dose-dependent, but partial, internalization of this receptor. Interestingly, 

ligation of sialoadhesin was found to suppress ROS production and to significantly reduce the 

phagocytic capacity of PAM. Remarkably, the pattern of sialoadhesin internalization was found to 

correspond to the pattern of downregulation of PAM phagocytosis, as assessed by flow cytometry. 

 

Due to virus-induced macrophage death early in infection, PRRSV hampers the innate defence against 

pathogens in the lungs. In addition, the virus might also directly affect antimicrobial functions of 

macrophages, since viral infections alter the physiology and functioning of infected cells. Therefore, 

the second study in this thesis (Chapter 5) focused on the effect of European genotype PRRSV on 

the phagocytic capacity of PAM, and whether interaction with its entry mediators sialoadhesin and/or 

CD163 may influence PAM phagocytosis. Inoculation of macrophages with both subtype I PRRSV (LV) 

and subtype III PRRSV (Lena) showed that the virus inhibits PAM phagocytosis. We demonstrated 
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that this observation is independent from the cell type on which the virus is grown, since both MARC-

145- and macrophage-grown PRRSV strains are able to inhibit the phagocytic capacity of PAM. Similar 

results were obtained using binary ethylenimine (BEI-) or UV-inactivated PRRSV (LV), showing that 

initial interaction of the virion with the cell is sufficient to reduce phagocytosis, and that no productive 

infection is required. This is further supported by the observation that a higher number of internalized 

virions corresponds to a higher decrease in the phagocytic capacity of PAM. When macrophages were 

incubated with sialoadhesin- or CD163-specific antibodies, two entry mediators of the virus, only 

sialoadhesin-specific antibodies downregulated the phagocytic capacity of PAM, indicating that 

interaction with sialoadhesin, but not CD163, mediates the inhibitory effect of European genotype 

PRRSV on phagocytosis by PAM at the early stage of virus entry. 

 

In Chapter 6 the main findings of this thesis are recapitulated and reviewed. In the first section of 

the general discussion, the results from Chapter 4 are summarized and it is discussed how these 

findings may affect sialoadhesin-targeted macrophage-directed therapies, and how these findings may 

lead to the development of new therapies. In the second section, the data generated in Chapter 5 are 

recapitulated and it is discussed how European genotype PRRSV may benefit from these findings. It is 

also reviewed how the results from Chapter 5 may explain the increased incidence of secondary 

infections following PRRSV infection and the involvement of PRRSV in PRDC. In the third and final 

section, the possible mechanisms underlying the observed downregulation of phagocytosis upon 

ligation of sialoadhesin (described in Chapter 4 and Chapter 5) are discussed. Even though 

sialoadhesin might serve as a phagocytic receptor that binds the phagocytic particle directly and 

mediates its uptake, or as a receptor that tethers phagocytic particles and then utilizes accessory 

receptors to deliver the phagocytic signal, it is argued that sialoadhesin probably impairs phagocytosis 

through functioning as a signalling molecule interfering with signalling pathways controlling 

phagocytosis. The likely presence of critical amino acid residues involved in endocytosis and signalling 

in the cytoplasmic tail of sialoadhesin is also discussed. Furthermore, it is hypothesized that 

sialoadhesin may serve as an inhibitory receptor regulating phagocytosis, and how pathogens may 

benefit from this. 
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SAMENVATTING 

In 1985 werd sialoadhesine (Siglec-1, CD169), tot expressie gebracht op macrofagen in het beenmerg 

van muizen, voor het eerst beschreven als een niet-fagocyterende receptor voor rode bloedcellen van 

schapen. Sindsdien werd veel kennis vergaard over deze receptor, die nu wordt erkend als het 

prototype siaalzuurbindend immunoglubuline-achtig lectine (Siglec). De expressie van sialoadhesine 

wordt strikt gereguleerd en deze receptor wordt enkel tot expressie gebracht op subsets van 

gedifferentieerde macrofagen en op inflammatoire monocyten en macrofagen. Naast zijn 

betrokkenheid in cel-cel en cel-matrix interacties, interageert sialoadhesine ook met enkele 

pathogenen. Bovendien is de receptor betrokken bij de internalisatie van Neisseria meningitides, en 

medieert hij de internalisatie van het porcien reproductief en respiratoir syndroom virus (PRRSV). 

Ondanks ononderbroken onderzoeksinspanningen blijft de fysiologische rol van sialoadhesine 

onopgehelderd tot op de dag van vandaag, hoewel verscheidene studies erop wijzen dat deze 

receptor een rol speelt in antigeen presentatie, en dat hij betrokken is bij de regulatie van T cel 

responsen in verscheidene ziektes. Momenteel wordt veel onderzoek verricht naar het ontwikkelen 

van therapieën die specifiek gericht zijn op macrofagen. De ontdekking dat sialoadhesine een 

endocyterende receptor is wekte de interesse in deze receptor als een cellulair doelwit voor 

macrofaag-gerichte therapieën, ondersteund door het restrictieve expressiepatroon en het ontbreken 

van een vrije (niet membraangebonden) vorm van deze receptor. Tot dusver werd het effect van 

ligatie van sialoadhesine op de functionering van macrofagen echter onvoldoende bestudeerd, terwijl 

dit waardevolle inzichten in de fysiologische functie van sialoadhesine kan opleveren, alsook mogelijke 

neveneffecten van sialoadhesine-gerichte therapieën kan voorspellen. 

 

In 2003 werd sialoadhesine geïdentificeerd als een internalisatiemediator van PRRSV. PRRSV is een 

ernstige bedreiging voor de gezondheid van varkens en veroorzaakt de economisch belangrijkste 

virale infectieziekte die de varkenshouderij wereldwijd aantast. Naast het veroorzaken van 

reproductiestoornissen, is het virus ook geassocieerd met het porcien respiratoir ziektecomplex 

(PRDC). Verscheidene studies wijzen erop dat PRRSV varkens gevoeliger maakt voor secundaire 

infecties. Het exacte mechanisme hierachter is echter niet goed gekend. PRRSV repliceert 

hoofdzakelijk in subsets van gedifferentieerde macrofagen in de longen, lymfoïde weefsels en de 

placenta, waarbij alveolaire macrofagen de voornaamste doelcellen zijn. Naast het afdoden van deze 

cellen kan een PRRSV infectie ook de functionering van deze cellen beïnvloeden. Hiernaar is nog maar 

weinig onderzoek verricht, terwijl dit nochtans zou kunnen verklaren hoe een PRRSV infectie een 

verhoogde gevoeligheid voor secundaire infecties kan veroorzaken. Aangezien sialoadhesine 

betrokken is bij de internalisatie van dit virus, zou het bovendien kunnen zijn dat deze interactie 

verantwoordelijk is voor het veroorzaken van wijzigingen in de functionering van macrofagen. 

 

Deze dissertatie begint met een overzicht van de huidige literatuur en vat de bestaande kennis over 

sialoadhesine samen, geeft een introductie betreffende macrofagen en macrofaag-gerichte 
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therapieën, alsook een overzicht van algemene aspecten van PRRSV en PRRSV infectie (Hoofdstuk 

2). Het eerste deel van hoofdstuk 2 introduceert sialoadhesine en beschrijft de Siglec familie, waartoe 

sialoadhesine behoort, alsook de structuur, expressie, regulatie en functionele rol van sialoadhesine. 

Het tweede deel van hoofdstuk 2 introduceert macrofagen en geeft een gelimiteerd, maar algemeen, 

overzicht van hun verscheidene ontwikkelingsstadia en heterogeniteit, van de verscheidene functies 

die zij uitvoeren in homeostase en bij ontsteking en van hun betrokkenheid in verscheidene 

pathologische condities. Vervolgens wordt het belang van therapieën die specifiek gericht zijn tegen 

macrofagen bediscussieerd, waarbij gefocust wordt op therapieën gericht tegen macrofaagspecifieke 

receptoren, en in het bijzonder sialoadhesine. Ten slotte worden mogelijke problemen rond veiligheid 

en eventuele neveneffecten van deze therapieën kort bediscussieerd. Het laatste deel van hoofdstuk 2 

focust op PRRSV. Een algemene introductie rond PRRSV wordt gegeven en de taxonomie, structurele 

biologie, internalisatie, replicatie en pathogenese van het virus wordt bediscussieerd. 

 

Hoofdstuk 3 introduceert de problemen die de basis vormen voor het onderzoek beschreven in deze 

dissertatie, waarna de doelstellingen van dit werk geformuleerd worden. Het algemene doel van deze 

dissertatie was het uitbreiden van de huidige kennis betreffende sialoadhesine en zijn belang in de 

functionering van macrofagen in immuniteit en ziekte. Een eerste doelstelling van deze studie was het 

evalueren van de effecten van ligatie van sialoadhesine op het functioneren van macrofagen. Een 

tweede doelstelling was het bepalen van het effect van de interactie van het Europees genotype 

PRRSV met zijn in vivo doelcel, de porciene alveolaire macrofaag, op een belangrijke functie van deze 

cel, namelijk fagocytose. In diezelfde studie werd eveneens onderzocht of de interactie van het virus 

met zijn internalisatiemediatoren sialoadhesine en/of CD163 een invloed kan hebben op de 

fagocyterende capaciteit van deze cellen. 

 

De eerste studie beschreven in deze dissertatie (Hoofdstuk 4) onderzocht het effect van binding van 

een antistof aan sialoadhesine op verscheidene macrofaag functies. Aangezien de fysiologische rol van 

sialoadhesine nog niet is opgehelderd en omdat het is aangetoond dat ligatie van sialoadhesine 

signalisatie induceert in macrofagen, was de doelstelling van deze studie het bepalen of ligatie van 

sialoadhesine een invloed heeft op het functioneren van macrofagen. Daartoe werden porciene 

primaire alveolaire macrofagen (PAM) behandeld met ofwel de porciene sialoadhesine-specifieke 

monoklonale antistof (mAb) 41D3, ofwel met een controle mAb van hetzelfde isotype. Vervolgens 

werd het effect van binding van een antistof aan porcien sialoadhesine op de viabiliteit van 

macrofagen, op de oppervlakte-expressie van sialoadhesine, op de productie van reactieve 

zuurstofradicalen (ROS) en reactieve stikstofradicalen (RNS), op de fagocytose van microsferen, op de 

opname en processing van ovalbumine, op de oppervlakte-expressie van MHC I en MHC II en op de 

productie van verscheidene cytokines bepaald, waarbij zowel dosis- als tijdsafhankelijke studies 

werden uitgevoerd. De gegenereerde resultaten tonen aan dat ligatie van sialoadhesine geen effect 

heeft op de viabiliteit van macrofagen, op de opname en afbraak van ovalbumine, op de oppervlakte-

expressie van MHC I en MHC II en op de productie van verscheidene cytokines. Daarnaast werd 
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bevestigd dat PAM geen RNS produceren. Dit onderzoek bevestigde eveneens dat binding van een 

antistof aan porcien sialoadhesine resulteert in een dosisafhankelijke, maar gedeeltelijke, internalisatie 

van deze receptor. Belangwekkend genoeg werd vastgesteld dat ligatie van sialoadhesine ROS 

productie onderdrukt en de fagocytose van microsferen door PAM significant reduceert. Opmerkelijk 

genoeg werd daarbij gevonden dat het patroon van sialoadhesine internalisatie overeenkomt met het 

patroon van inhibitie van fagocytose door PAM. 

 

PRRSV heeft een strikt gastheer tropisme voor macrofagen van lymfoïde weefsels, de longen en de 

placenta. Aangezien een PRRSV infectie leidt tot het afsterven van deze macrofagen, immuuncellen 

die van belang zijn bij de afweer tegen microbiële infecties, tast PRRSV de aangeboren weerstand 

tegen pathogenen aan. Daar alveolaire macrofagen belangrijke doelcellen zijn, is vooral de weerstand 

in de longen aangetast. Bovendien is het mogelijk dat het virus ook een direct negatief effect heeft op 

de antimicrobiële eigenschappen van macrofagen, aangezien virale infecties de fysiologie en het 

normaal functioneren van geïnfecteerde cellen verstoren. Daarom focuste de tweede studie 

beschreven in deze dissertatie (Hoofdstuk 5) op het effect van Europees genotype PRRSV op de 

fagocyterende capaciteit van PAM. Er werd eveneens onderzocht of de interactie van het virus met 

zijn internalisatiemediatoren sialoadhesine en/of CD163 een invloed heeft op fagocytose door PAM. 

Inoculatie van macrofagen met zowel subtype I PRRSV (LV) als subtype III PRRSV (Lena) toonde aan 

dat het virus de fagocyterende capaciteit van PAM inhibeert. Er werd aangetoond dat deze observatie 

onafhankelijk is van het celtype waarop het virus wordt geproduceerd, aangezien zowel MARC-145- 

als macrofaag-gegroeide PRRSV stammen in staat waren de fagocyterende capaciteit van PAM te 

inhiberen. Gelijkaardige resultaten werden verkregen wanneer binair ethyleenimine (BEI-) of UV-

geïnactiveerd PRRSV (LV) werd gebruikt, wat aantoont dat de initiële interactie van het virion met de 

cel voldoende is om een de fagocyterende capaciteit van PAM te reduceren, en dat een productieve 

infectie niet vereist is. Deze vaststelling wordt verder ondersteund door de observatie dat hoe groter 

het aantal geïnternaliseerde virions is, fagocytose door PAM des te meer wordt geïnhibeerd. Wanneer 

macrofagen werden geïncubeerd met antistoffen gericht tegen sialoadhesine of CD163, twee 

internalisatiemediatoren van het virus, werd fagocytose door PAM enkel onderdrukt door de 

sialoadhesine-specifieke antistoffen, wat erop wijst dat de interactie van het virus met sialoadhesine, 

maar niet met CD163, het inhiberende effect van Europees genotype PRRSV op fagocytose door PAM 

medieert. 

 

In Hoofdstuk 6 worden de belangrijkste bevindingen van dit werk gerecapituleerd en bediscussieerd. 

In een eerste deel van de algemene discussie worden de resultaten beschreven in Hoofdstuk 4 

besproken en wordt er bediscussieerd hoe deze bevindingen een invloed kunnen hebben op 

macrofaag-gerichte therapieën met sialoadhesine als doelwit, en hoe deze bevindingen zouden 

kunnen leiden tot de ontwikkeling van nieuwe therapieën. In het tweede deel van de algemene 

discussie worden de resultaten gegenereerd in Hoofdstuk 5 gerecapituleerd en wordt bediscussieerd 

hoe Europees genotype PRRSV voordeel zou kunnen halen uit deze bevindingen. Daarnaast wordt ook 
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besproken hoe de resultaten beschreven in Hoofdstuk 5 zouden kunnen verklaren hoe een PRRSV 

infectie kan leiden tot een verhoogde gevoeligheid voor secundaire infecties en waarom PRRSV één 

van de belangrijkste pathogenen is in PRDC. In het derde en laatste hoofdstuk van de algemene 

discussie wordt bediscussieerd welke mechanismen aan de basis kunnen liggen van de geobserveerde 

onderdrukking van fagocytose (Hoofdstuk 4 en Hoofdstuk 5) na ligatie van sialoadhesine. Hoewel 

sialoadhesine een fagocyterende receptor zou kunnen zijn die het te fagocyteren partikel rechtstreeks 

kan binden en vervolgens zijn opname kan mediëren, of een receptor zou kunnen zijn die het te 

fagocyteren partikel enkel vastbindt en vervolgens een accessoire receptor nodig heeft om het signaal 

tot fagocytose te leveren, wordt geargumenteerd dat sialoadhesine waarschijnlijk fagocytose 

onderdrukt doordat het kan functioneren als een signaalmolecule die kan tussenkomen bij 

signalisatiecascades die fagocytose controleren. Daarnaast wordt de waarschijnlijke aanwezigheid van 

kritische aminozuren betrokken bij endocytose en signalisatie in de cytoplasmatische staart van 

sialoadhesine bediscussieerd. Bovendien wordt de hypothese naar voor geschoven dat sialoadhesine 

een inhiberende receptor zou kunnen zijn die fagocytose reguleert, en hoe pathogenen hieruit 

voordeel kunnen halen. 
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1.1 SIALOADHESIN 

1.1.1 CLASSIFICATION: SIALIC ACID BINDING IMMUNOGLOBULIN-LIKE LECTINS 

All cells, both prokaryotic and eukaryotic, are “sugar-coated”. They are covered with glycan chains 

carried on glycoconjugates such as glycoproteins (GPs), glycolipids or glycosaminoglycans. The roles 

of these glycans are multi-fold (Varki, 1993), but one of the prominent roles of glycans is to interact 

with endogenous glycan recognizing proteins, or lectins. Such interactions are an essential part of 

regulatory mechanisms in multicellular organisms, such as embryonic development, regulation of 

cellular activity, lymphocyte recirculation and inflammation, and major changes in glycan structures 

can lead to diseases (Gagneux and Varki, 1999). Sialic acids are sugar residues that are mainly 

located at the outermost part of glycans, suitable for recognition by endogenous lectins (Angata, 

2006a), yet also by pathogens. To escape unceasing attacks by microorganisms abusing these glycans 

to their benefit, peripheral glycan structures are continuously changing, just enough to escape 

recognition by pathogens, but not too much to compromise recognition by endogenous lectins 

(Gagneux and Varki, 1999). As a consequence, more than 50 different forms of sialic acids exist 

(Figure 1A) (Angata and Varki, 2002). 

 

 

 
Figure 1. Common backbone structure of sialic acids (A) and of amino (N)-acetylneuraminic acid, showing the 
functional groups that make key contacts with the binding site of sialoadhesin (B). 

Carbon (C) atoms are numbered. (A) R1 represents a sugar moiety to which the sialic acid is conjugated, R2 represents a 
substitution at C5 and R3 represents modification of hydroxyl groups at C4 and C7-C9. The variation in R2 and R3 yields 
molecular diversity of sialic acids (Angata, 2006a). (B) The carboxyl group at C1 forms a key salt bridge with arginine 97, The 
N-acetyl group at C5 forms key van der Waals interaction with tryptophan 2, C9 forms key aromatic interaction with tryptophan 
106, each conserved amino acid residues in all sialoadhesin orthologues (Klaas and Crocker, 2012). 
 

 

Within the group of carbohydrate-recognizing proteins, sialic acid-binding immunoglobulin (Ig)-like 

lectins (Siglecs) are characterized by their specificity for sialic acids and their sequence similarity 

within the amino (N)-terminal variable (V)-set and adjoining constant (C) C2-set domains (Angata and 

Brinkman-Van der Linden, 2002; Crocker et al., 1998; Varki and Angata, 2006). Siglecs are expressed 

in a cell-type specific manner on cells of the haematopoietic and immune system (Figure 2) (Crocker 

et al., 2007; Crocker and Varki, 2001b; Munday et al., 1999). Virtually all cell types in the human and 

murine immune system express at least one Siglec family member, with the exception of resting T 

cells (Jandus et al., 2011). Non-haematopoietic expression is exhibited by MAG (myelin-associated 

glycoprotein/Siglec-4), which is expressed in the nervous system (Arquint et al., 1987), Siglec-6, 
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which is predominantly expressed in human placenta, but also on B cells (Brinkman-Van der Linden et 

al., 2007), Siglec-11, that is present on ovarian stromal fibroblasts and microglia, but also on 

macrophages (Angata et al., 2002; Wang et al., 2011), and Siglec-12, that is found on epithelial cells 

and macrophages (Angata et al., 2001). Since Siglec-12 has lost its lectin activity in humans, it cannot 

be considered a Siglec in this species, and is referred to as Siglec-XII (Angata et al., 2001). 

 

 
Figure 2. Cell-type specific expression of human Siglecs in haematopoietic and immune cells. 

Schematic representation of the current knowledge on the cell-type specific distribution of Siglecs in human haematopoietic and 
immune cells. Abbreviations: NK, natural killer; n.d., not determined. Figure adapted from Jandus et al. (2011). 
 

 

Siglecs are type I transmembrane proteins that comprise a single sialic acid-binding N-terminal V-set 

domain, variable numbers of constant Ig-like domains of type C2, a transmembrane region and a 

cytosolic tail (Figure 3). The N-terminal domain contains the sialic acid-binding site, with a conserved 

arginine residue being essential for the sialic acid-binding capacity of all Siglecs. Characteristically, 

each Siglec has a preference for one or more distinct sialic acid-containing carbohydrates 

(sialoglycans) (Angata, 2006b). One to 16 C2-set domains, that extend the ligand-binding site away 

from the cell surface, may be present. The cytoplasmic tail of most Siglecs contains immunoreceptor 

tyrosine-based inhibitory or activating motifs involved in signal transduction, implying a role in 

negative or positive immunoregulation (Crocker, 2002; Crocker and Redelinghuys, 2008). 
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Figure 3. Nomenclature and structure of Siglecs in humans and mice. 

Siglecs are single-pass transmembrane proteins that comprise a single sialic acid-binding N-terminal V-set domain, variable 
numbers of C2 Ig-like domains, a transmembrane region and a cytosolic tail. The evolutionarily conserved Siglec subgroup is 
shown on the left; the rapidly evolving CD33-related subgroup is depicted on the right (human CD33-related Siglecs on the top, 
murine on the bottom). Siglec-12 (not depicted) has lost its lectin activity in humans and its name has therefore been changed 
to Siglec-XII. See key for symbols representing extracellular and intracellular domains. Abbreviations: C, constant; GRB2, 
growth factor receptor-bound protein 2; Ig, immunoglobulin; ITIM, immunoreceptor tyrosine-based inhibitory motif; MAG, 
myelin-associated glycoprotein; N, amino; V, variable. Figure adapted from Jandus et al. (2011). 
 

 

Based on sequence similarities and evolutionary conservation, two primary subsets of Siglecs are 

recognized (Figure 3) (Crocker et al., 2007; Crocker and Varki, 2001a). The first subset includes 

sialoadhesin (Siglec-1), CD22 (Siglec-2), MAG (Siglec-4) and Siglec-15. These Siglecs have 

orthologues in all mammalian species studied and are therefore referred to as well-conserved, even 

though they share little sequence homology (25-30%). The second, rapidly evolving subset comprises 

the CD33-related Siglecs. Members of this group share 50-99% sequence identity, yet very poor 

species homology. Important differences in the repertoire of CD33-related Siglecs are observed 

among mammalian species. Therefore, it is difficult to define orthologues between species, which has 

lead to the current use of a different nomenclature in human and murine CD33-related Siglecs 

(Angata et al., 2004). 

 

The cell-type-restricted and differentiation-dependent expression pattern, combined with the specific 

ligand recognition profile of each Siglec and the presence of signalling motifs in the cytoplasmic tail of 
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most Siglecs, results in cell-specific, unique and non-overlapping functions of each family member in 

defined immune cell types (Jandus et al., 2011). Siglecs are recognized as regulatory receptors of the 

immune system, with different roles for different Siglecs (Crocker et al., 2007; Crocker and 

Redelinghuys, 2008; Crocker and Varki, 2001a, b). Siglecs are involved in cell-cell interactions, 

endocytosis and regulation of a large spectrum of cellular activities. These include inhibiting cellular 

activation and proliferation, inducing apoptosis and modulating cytokine secretion (Crocker and 

Redelinghuys, 2008). Interestingly, the surface expression and function of several Siglec family 

members is influenced by cytokines, Toll-like receptor (TLR) activation, viral and bacterial infections, 

inflammatory and autoimmune diseases and cancer (Jandus et al., 2011). All of these properties 

contribute to the growing interest in Siglecs as targets for novel cell-directed immune- and 

glycotherapeutics in autoimmune, inflammatory and malignant disorders and as vaccine strategies 

(Jandus et al., 2011; O'Reilly and Paulson, 2009). 

 

 

1.1.2 STRUCTURE 

Sialoadhesin (Siglec-1, CD169) is the prototype member of the Siglec family (Munday et al., 1999). It 

has a large extracellular region which can be subdivided into a single N-terminal V-set Ig-like domain 

(domain 1) followed by 16 C2-set Ig-like domains (labelled 2-17 from the N-terminus) (Figure 3), 

making it the largest member of the Siglec family (Crocker et al., 1994). Apart from its large 

extracellular domain, sialoadhesin also contains a transmembrane domain and a short cytoplasmic 

domain, which is poorly conserved between mammalian species (Figure 4) (Hartnell et al., 2001; 

Vanderheijden et al., 2003). So far, no evidence is found for the existence of soluble sialoadhesin 

variants in vivo. The extracellular region of sialoadhesin contains several potential N-linked 

glycosylation sites and carries complex N-glycans, which can be sialylated (Crocker et al., 1994; 

Hartnell et al., 2001; Vanderheijden et al., 2003). In some cases, sialylation of sialoadhesin affects 

binding of the receptor to its ligands (Barnes et al., 1999). It was suggested that sialylation of 

sialoadhesin, and Siglecs in general, by specific glycosyltransferases may be a common mechanism by 

which sialoadhesin- and Siglec-mediated adhesion is regulated. Via its membrane-distal N-terminal 

domain sialoadhesin can bind promiscuously to many sialylated glycoconjugates, with a preference for 

O-linked oligosaccharides carrying N-acetylneuraminic acid (Neu5Ac), but not N-glycolylneuraminic 

acid (Neu5Gc) or 5-N-acetyl-9-O-acetyl-neuraminic acid (Neu5,9Ac2), in the α2,3 rather than the α2,6 

and α2,8 linkage to subterminal sugars (Crocker et al., 1991; Nath et al., 1995). Within the sialic acid-

binding domain of sialoadhesin, three conserved amino acid residues are essential for sialic acid-

binding activity of this receptor: tryptophan 2, arginine 97 and tryptophan 106 (Delputte et al., 2007b; 

May et al., 1998; Vinson et al., 1996). These residues are involved in interactions with the various 

characteristic groups that project from the pyranose ring of sialic acid (Figure 1B). Its affinity for 

sialosides is very low (dissociation constant (Kd) range: 10-3 molar (M)) (Crocker et al., 1999), and 

high-avidity binding of sialoadhesin depends on receptor and ligand clustering, especially in the 
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plasma microenvironment. Here, the poorly clustered glycans of plasma glycoproteins are unable to 

compete efficiently with the highly clustered sialic acids present on cell surfaces (Munday et al., 1999), 

despite their abundance. In contrast to most other Siglecs, the cytoplasmic domain of sialoadhesin is 

devoid of tyrosine-based motifs that are implicated in signal transduction and endocytosis (Crocker et 

al., 1994). This is remarkable, since porcine sialoadhesin is an endocytic receptor undergoing clathrin-

mediated endocytosis (Delputte et al., 2011; Vanderheijden et al., 2003). Porcine sialoadhesin has an 

AA sequence of 1733 amino acids and has an observed mass of 210 kilodalton (kDa) under reducing 

and 180 kDa under non-reducing conditions (Vanderheijden et al., 2003). 

 

 

1.1.3 EXPRESSION AND REGULATION 

In 1986, sialoadhesin was first identified as a sialic acid-dependent sheep erythrocyte receptor (SER) 

in mice (Crocker and Gordon, 1986). Later on, sialoadhesin orthologs were also described in rat 

(Damoiseaux et al., 1991), human (Hartnell et al., 2001; Nath et al., 1999), chimpanzee (Brinkman-

Van der Linden et al., 2000) and pig (Vanderheijden et al., 2003). Orthologs are also predicted in 

several other species (Klaas and Crocker, 2012). Sialoadhesin shows a heterogeneous expression 

pattern and is exclusively expressed on certain macrophage subpopulations (Table 1). Moreover, 

which macrophage subsets express sialoadhesin varies in between species. Sialoadhesin was shown to 

be expressed at high levels on resident bone marrow macrophages in mice and humans and on 

certain macrophage populations in lymph nodes of all species examined. Lower expression levels are 

detected on macrophages that are in direct contact with circulating blood cells, such as splenic red 

pulp macrophages and Kupffer cells in the liver. For splenic red pulp macrophages, the low expression 

level can partially be explained by masking of the receptor by endogenous sialoglycoconjugates 

(Nakamura et al., 2002). Sialoadhesin-positive macrophage populations are also observed in the lungs 

of all species tested, in the skin of mice, in the intestines of mice, rats and humans, in the brain of 

mice and humans, and in the placenta of the pig. In the thymus, on the other hand, macrophages are 

not (mice and human) or weakly (rat and pig) expressing sialoadhesin. It has been suggested that 

sialoadhesin may be expressed on follicular dendritic cells (DCs) in mice (Berney et al., 1999; Crocker 

and Gordon, 1989). In the study of Berney et al. (1999), however, this conclusion was made based on 

a combination of markers (CD11c+ F4/80- sialoadhesin-positive) that is now considered typical for 

subcapsular sinus macrophages in lymph nodes and marginal zone (metallophilic) macrophages in the 

spleen. In the study of Crocker at al. (1989), this suggestion was based on cellular localization and 

morphology, and therefore it is likely that these cells are also macrophages. So far, no evidence exists 

that sialoadhesin is expressed on DCs in vivo (Klaas and Crocker, 2012; Pillai et al., 2012). 

Remarkably, a recent study by Gray et al. (2012) shows that interleukin (IL)-17 committed IL-7 

receptor α (IL7Rα)hi CC (β) chemokine receptor 6 (CCR6)+ T cells and NK cells and small numbers of 

CD11chi DCs can acquire sialoadhesin through acquisition of membrane blebs derived from 

subcapsular sinus macrophages (SSMs). It needs to be noted, however, that it cannot be ruled out 
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that this acquisition of membrane blebs is due to tissue preparation. Sialoadhesin can not be detected 

on monocytes, tingible body macrophages in follicles in lymph nodes, on macrophages in kidney, on 

Langerhans cells in the skin and on microglia in the brain (Crocker and Gordon, 1989; Crocker et al., 

1990; Dijkstra et al., 1985; Duan et al., 1997a; Hartnell et al., 2001). Thus, under normal 

physiological conditions, sialoadhesin expression is highly regulated and restricted to certain 

subpopulations of tissue macrophages, especially those from haematopoietic and lymphoid tissues, 

whereas it is not found on their precursor cells, the monocytes, nor on immature DCs. 

 

Table 1. Sialoadhesin-positive macrophage (mφ) populations in various tissues of mice, rats, humans and pigs. 

 
Mouse Rat Human Pig 

Bone marrow: bone marrow mφ +++ [1; 2] - [4;12] +++ [6] N.D. 

Lymph nodes 

  

 +++ [12] 

     Subcapsular sinus mφ +++ [1] N.D. N.D. N.D. 

     Subsinusoidal mφ N.D. +++ [4;8;12] N.D. N.D. 

     Perifollicular sinusoidal mφ N.D. N.D. +++ [6] N.D. 

     Medullary cord mφ +++ [1] +++ [4;8;12] N.D. N.D. 

Spleen 

  

 + [12] 

     Marginal zone metallophilic mφ +++ [1] +++ [4;8;12] D.N.E. [13] N.D. 

     Marginal zone mφ + [1] +++ [4;8;12] - [13] N.D. 

     Perifollicular zone mφ D.N.E. [13] D.N.E. [13] +++ [6] N.D. 

     Red pulp mφ + [1] + [4;12] + [6] N.D. 

Liver 

  

 + [10] 

     Kupffer cells + [1] + [4] + [6] N.D. 

Thymus - [1] + [4;12] - [6] + [12] 

Lungs 

  

 +++ [10;12] 

     Interstitial mφ +++ [1] N.D. + [6] N.D. 

     Bronchoalveolar mφ (subpopulations) + [1; 3] + [5] + [6] + [9; 11] 

Skin: Dermal histiocytes +++ [1] N.D. N.D. N.D. 

Intestines 

  

  

     Lamina propria mφ + [1] (small intestine) N.D. + [6] (colon) N.D. 

     Mφ associated with Peyer’s patches + [1] +++ [4]; + [8] N.D. N.D. 

Brain 

  

  

     Microglia - [1;7] N.D. - [6] N.D. 

     Choroid-plexus mφ +++ [1;7] N.D. N.D. N.D. 

     Leptomeningeal mφ + [1;7] N.D. N.D. N.D. 

     Subfornical mφ + [1;7] N.D. N.D. N.D. 

     Pituitary gland mφ + [1; 7] N.D. N.D. N.D. 

     Perivascular mφ N.D. N.D. + [6] N.D. 

     Trigeminal ganglion mφ + [7] N.D. N.D. N.D. 

Placenta N.D. N.D. N.D. + [10] 

References: 1(Crocker and Gordon, 1989); 2(Crocker et al., 1990); 3(Ducreux et al., 2009a); 4(Dijkstra et al., 1985); 5(Frei et 
al., 2000); 6(Hartnell et al., 2001); 7(Perry et al., 1992); 8(Nakamura et al., 2002); 9(Vanderheijden et al., 2003); 10(Karniychuk 
and Nauwynck, 2009); 11(Duan et al., 1997a); 12(Damoiseaux et al., 1991); 13(Steiniger et al., 1997). 

Key: +: low expression; +++ high expression; -: no expression; N.D.: not described; D.N.E.: do not exist. 
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Intriguingly, sialoadhesin can rapidly be upregulated on subsets of inflammatory macrophages, 

monocytes and DCs upon exposure to inflammatory stimuli, in which case these cells are believed to 

be crucial effector cells. Abundant sialoadhesin expression is seen in chronic inflammatory diseases 

such as rheumatoid arthritis (RA) (Hartnell et al., 2001) and atherosclerosis (Gijbels et al., 1999), 

experimental autoimmune uveoretinitis (Jiang et al., 1999), experimental allergic encephalomyelitis 

(Polman et al., 1986), systemic sclerosis (SS) (York, 2007), systemic lupus erythematosus (SLE) 

(Biesen et al., 2008), proliferative glomerulonephritis (PGN) (Ikezumi et al., 2005), primary biliary 

cirrhosis (Bao et al., 2010), and coronary artery disease (Xiong et al., 2009). Sialoadhesin expression 

is also observed on tumour-infiltrating macrophages in breast cancer cells (Nath et al., 1999), on 

monocytes after human immunodeficiency virus (HIV)-1 infection, and on monocyte-derived DCs after 

human rhinovirus infection (Seyerl et al., 2010; van der Kuyl et al., 2007). 

 

The observed heterogeneity in sialoadhesin expression on macrophages is not only reflective of the 

differentiation status and the varying life-spans of distinct macrophage subpopulations. It also reflects 

the effects of environmental conditions, resulting from differential exposure to specific extracellular 

signals, such as cytokines, endotoxins and glucocorticoids. Several regulatory mechanisms have been 

described that tightly control the expression of sialoadhesin on cells of the monocyte/macrophage 

lineage (Table 2). These mechanisms differ between species and might in part explain the observed 

differences in sialoadhesin expression patterns between species (van den Berg and van Die, 1996). 

Shortly after its discovery, mouse sialoadhesin expression was shown to be maintained and induced 

by a species-restricted factor in homologous serum (Table 2). Whereas homologous serum only 

induces a small increase in sialoadhesin expression in pigs, in rats and humans no induction is 

observed at all. In an attempt to identify this mouse serum-restricted factor, a range of cytokines and 

other substances known to affect macrophage function and properties were tested in vitro. All 

haematopoietic growth factors and most interleukins tested had no effect on sialoadhesin expression 

in any species (Crocker et al., 1988; Damoiseaux et al., 1989; Damoiseaux et al., 1992; Delputte et 

al., 2007a; McWilliam et al., 1992; van den Berg and van Die, 1996). It seems that in rats, 

glucocorticoids are required to induce sialoadhesin, whereas in mice and humans this is not the case. 

This observation is remarkable, since sialoadhesin expression is generally considered to be 

upregulated by pro-inflammatory stimuli. Also in pigs, the glucocorticoid dexamethasone upregulates 

sialoadhesin expression. However, this upregulation was minor and it seems that the pro-

inflammatory cytokine interferon (IFN)-α is the key factor upregulating sialoadhesin expression in 

pigs, as is observed in humans. In mice, in contrast, regulation of sialoadhesin seems to be 

glucocorticoid- and IFN-α-independent, whereas it is unclear which factor exactly regulates its 

expression. However, in a recent review by Klaas and Crocker (2012), it is stated that IFN-α is the key 

factor regulating sialoadhesin expression in all species examined, an observation that is supported by 

numerous in vivo reports. Clearly, conclusions from in vitro experiments should be made cautiously, 

since regulation of sialoadhesin expression may require multiple stimuli, possibly obtained from 
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different cell types not present in the assay, as several cytokines may induce or alter the expression or 

function of other cytokines. This is demonstrated for IFN-γ. Whereas this cytokine downregulates 

sialoadhesin expression in mice, it was shown to induce its expression when combined with tumour 

necrosis factor (TNF)-α, which on its own has no effect. 

 

Table 2. Regulatory mechanisms controlling the expression of sialoadhesin on cells of the monocyte/ 
macrophage lineage in mice, rats, humans and pigs. 

 
Mouse Rat Human Pig 

 
Mφ  Mφ  MoDMφ  Mo Mφ  

Autologous serum +++ [1] / [5] / [8] + [12] + [12] 

TNF-α / [3;4] N.D. + [8]; / [11] / [12] / [12] 

IFN-α / [1] N.D. +++ [9;10;11] +++ [12] +++ [12] 

IFN-β / [1] / [7] N.D. N.D. N.D. 

IFN-γ - [1]; / [3;4] - [5]; / [7] + [8;11] + [12] + [12] 

IFN- γ + TNF- α + [4] N.D. + [8] N.D. N.D. 

IL-1 + TNF- α + [4] N.D. N.D. N.D. N.D. 

IL-2 / [3] - [5] N.D. N.D. N.D. 

IL-4 - [3] / [7] N.D. / [12] / [12] 

IL-13 - [2] N.D. N.D. N.D. N.D. 

TLR 2 agonist (LTA) N.D. N.D. - [10] N.D. N.D. 

TLR 3 agonist (Poly I:C) N.D. N.D. ++ [10] N.D. N.D. 

TLR 4 agonist (LPS) + [4]; / [1] / [7] - [10] / [12] / [12] 

TLR 7 agonist N.D. N.D. +++ [10] N.D. N.D. 

TLR 9 agonist (CpGA-ODN) N.D. N.D. +++ [10] N.D. N.D. 

Dexamethasone / [1;3] ++ [6;7] N.D. / [12] + [12] 

Dexamethasone + 

       IFN-β/IFN-γ/IL-4/LPS N.D. +++ [7] N.D. N.D. N.D. 

References: 1(Crocker et al., 1988); 2(Doyle et al., 1994); 3(McWilliam et al., 1992); 4(Kusmartsev et al., 2003); 
5(Damoiseaux et al., 1989); 6(Damoiseaux et al., 1992); 7(van den Berg and van Die, 1996); 8(Hartnell et al., 2001); 
9(Taylor et al., 2004a); 10(York, 2007); 11(Rempel et al., 2008); 12(Delputte et al., 2007a). 

Abbreviations: Mφ, macrophage; Mo, monocyte; MoDMφ, monocyte-derived macrophage; TNF, tumour necrosis factor; IFN, 
interferon; IL, interleukin; TLR, Toll-like receptor; LTA, lipoteichoic acid; Poly I:C, polyriboinosinic polyribocytidylic acid; LPS, 
lipopolysaccharide; CpGA-ODN, type A unmethylated CPG (cytosine-phosphate-guanine) oligodeoxynucleotides.  
Key: +: small inducer; ++: mild inducer; +++ strong inducer; -: inhibitor; /: no effect; N.D.: not determined. 
 

 

Several studies reveal regulatory mechanisms controlling the expression of sialoadhesin in vivo. As 

was observed in vitro, it was shown that mouse sialoadhesin expression on microglia is maintained 

and induced by a species-restricted factor in homologous serum. After injury to the central nervous 

system (CNS), which damages the blood-brain barrier, sialoadhesin expression was induced on a 

population of macrophages and microglia within the parenchyma, which normally show no expression. 

The expression matched the temporal and spatial distribution of plasma extravasation into the brain 

parenchyma, which is prevented by the blood-brain barrier under healthy conditions (Perry et al., 

1992). In an experimental model of necrotizing glomerulonephritis induced in Wistar Kyoto rats, it was 

shown that treatment with the anti-inflammatory cytokine IL-11 is associated with reduction in overall 
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tissue damage and a selective decrease in the number of sialoadhesin-positive macrophages (Lai et 

al., 2001). IFN-α induces sialoadhesin expression in a number of diseases, such as SS and SLE, in 

HIV-infection (Biesen et al., 2008; Rempel et al., 2008; van der Kuyl et al., 2007; York, 2007) and in a 

therapeutic setting (Brodsky et al., 2007; Taylor et al., 2007). SS and SLE are both chronic 

inflammatory auto-immune diseases in which IFN-α is known to contribute to the pathogenesis of the 

disease (Biesen et al., 2008; York, 2007). Patients show an increased expression of a cluster of IFN-α-

regulated genes, including sialoadhesin. It was suggested that sialoadhesin expression in resident 

blood monocytes might serve as a biomarker for monitoring disease activity and success of therapy, 

for diseases with an IFN-α signature (Biesen et al., 2008). Glucocorticoid treatment of active SLE was 

shown to downregulate sialoadhesin expression on inflammatory and resident monocytes (Biesen et 

al., 2008). This is in line with previous observations, since glucocorticoid therapy suppresses interferon 

(IFN), and thus the induction of sialoadhesin expression. During the acute period of HIV-1 infection, 

sialoadhesin expression is upregulated on CD14+ monocytes and further increases during disease 

progression (Pulliam et al., 2004; van der Kuyl et al., 2007). The increased sialoadhesin expression 

was shown to be induced by IFN-α and IFN-γ, but not TNF-α, and increased with viral load (Rempel et 

al., 2008). Both cytokines are produced by plasmacytoid DCs or natural killer (NK) cells and T cells, 

respectively, in an innate antiviral response. However, additional research is needed to determine the 

specific conditions and cytokines responsible for the induction of sialoadhesin in HIV-1 infection. 

Increased sialoadhesin expression is also observed in patients infected with hepatitis C virus and 

treated with a combination of PEG (polyethylene glycol)-ylated IFN-α and ribavirin (Brodsky et al., 

2007; Taylor et al., 2007). In addition, sialoadhesin expression was also induced on DCs after 

infection with human rhinoviruses (Kirchberger et al., 2005; Seyerl et al., 2010) and might also be 

induced by IFN-α as part of an innate antiviral response. However, this needs to be confirmed. 

 

 

1.1.4 FUNCTIONAL ROLE 

Sialoadhesin in cell-cell interactions 

With its 17 Ig-like domains, sialoadhesin is the largest cell surface member of the Ig superfamily so 

far characterized (Crocker et al., 1994). The extended structure of sialoadhesin is thought to project 

the sialic-acid binding site away from the plasma membrane, thereby avoiding the inhibitory 

environment of cis-interacting sialic acids in the glycocalix, enabling trans-interactions with other cells 

and the extracellular matrix (Crocker et al., 1997; Crocker et al., 1994; Munday et al., 1999). The 

extended structure of sialoadhesin, together with its low affinity for sialosides and the lack of 

signalling motifs and evolutionary conservation of its cytoplasmic tail, suggest a role for sialoadhesin 

in cell-cell and cell-matrix interactions. The presence of sialoadhesin on specific stromal macrophage 

populations also adds to the hypothesis that this receptor may be involved in adhesive interactions 

within tissues (Crocker and Gordon, 1986). Initial studies investigating which cells interact with 

sialoadhesin showed diffuse localization of sialoadhesin at the contact sites between macrophages and 
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erythroblasts, whereas the receptor was highly concentrated at the contact zones between 

macrophages and developing myelomonocytic cells (Crocker et al., 1990). Subsequently, sialoadhesin 

was identified as a lymphocyte adhesion molecule involved in binding of T cells, T blasts, B cells and B 

blasts (van den Berg et al., 1992). Later on, it was shown that the receptor preferentially binds cells of 

the granulocytic lineage (Crocker et al., 1995). Murine erythroleukemia cells were also shown to bind 

sialoadhesin, and the receptor was suggested to be involved in tissue homing of these cells (Fraser 

and Gordon, 1994; Shi et al., 1996). Besides this, sialoadhesin-positive macrophages in the liver were 

seen to form clusters with CD8+ T cells in a graft-versus-leukemia model (Muerkoster et al., 1999). 

The membrane mucin, MUC1, expressed on breast cancer cells, was the first counter-receptor 

identified for sialoadhesin, expressed on macrophages infiltrating breast cancer cells (Nath et al., 

1999). Afterwards, sialylated MUC1 glycoforms selectively expressed on erythroblasts were also shown 

to bind sialoadhesin (Rughetti et al., 2003). CD43 is another counter-receptor, expressed on T cells 

(van den Berg et al., 2001). Both counter-receptors were shown to bind sialoadhesin in a sialic acid-

dependent manner. Binding of sialoadhesin to membrane receptors via a sialic acid-independent 

mechanism has also been described. Specific glycoforms of sialoadhesin were shown to interact with 

the cysteine-rich (CR) domain of the mannose receptor (MR) (Martinez-Pomares et al., 1999; 

MartinezPomares et al., 1996) and macrophage galactose-type C-type lectin1 (MGL1) (Kumamoto et 

al., 2004). Both receptors are lectins that interact with N-glycans on sialoadhesin and are expressed 

by macrophages and DCs, though the MR is also expressed on hepatic endothelial cells. The 

interaction between sialoadhesin and MGL1 is thought to be important for localisation of infiltrating 

macrophages and DCs to the subcapsular sinus of lymph nodes during immune responses (Crocker, 

2005). The sialoadhesin-glycoform recognized by the CR domain of the MR is mainly expressed on 

marginal zone metallophilic and subcapsular sinus macrophages and this interaction is thought to be 

important in the transport of native antigen to follicular zones of the spleen and lymph nodes 

(MartinezPomares et al., 1996). Therefore, the interaction of sialoadhesin with these lectins may be 

important in antigen presentation. 

 

 

Sialoadhesin as a pathogen receptor 

In addition to its role in cell-cell interactions, sialoadhesin has also been shown to facilitate 

interactions with several pathogens. So far, HIV-1, porcine reproductive and respiratory syndrome 

virus (PRRSV), Campylobacter jejuni, Neisseria meningitides and Trypanosoma cruzi are known to 

engage sialoadhesin. As previously mentioned, it is established that acute HIV-1 infection induces the 

expression of sialoadhesin on CD14+ macrophages (Pulliam et al., 2004; van der Kuyl et al., 2007), 

and that the expression level correlates with viral load (Rempel et al., 2008). In a proposed 

mechanism explaining sialoadhesin-enhanced HIV-1 infectivity, sialoadhesin serves as a concentrating 

receptor that binds both virus and target cells, and facilitates trans infection of target cells. While 

some sialoadhesin molecules capture HIV-1, other molecules engage sialic acid conjugates on CD43 
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on T cells (van den Berg et al., 2001), and in this way deliver the virus to permissive cells (Rempel et 

al., 2008). Sialoadhesin was also shown to mediate the entry of PRRSV into porcine alveolar 

macrophages. PRRSV interacts with sialoadhesin via sialic acids present on the M/GP5 glycoprotein 

(GP) (Delputte and Nauwynck, 2004; Van Breedam et al., 2010b). Upon binding to sialoadhesin, the 

virus-receptor complex is internalized via clathrin-mediated endocytosis (Nauwynck et al., 1999; 

Vanderheijden et al., 2003). For Neisseria meningitides, it was shown that α2,3-linked sialic acids 

present on lipopolysaccharides (LPS) interact with sialoadhesin, resulting in uptake of the bacteria via 

phagocytosis (Jones et al., 2003). Though, it was not shown whether sialoadhesin mediates the 

uptake of these bacteria on its own and serves as a phagocytic receptor or whether it cooperates with 

other phagocytic receptors to mediate uptake of Neisseria meningitides. α2,3-linked sialic acid 

conjugates on outer core lipooligosaccharides (LOS) of Campylobacter jejuni were also shown to bind 

sialoadhesin (Heikema et al., 2010). Additionally, Trypanosoma cruzi, a parasite with large amounts of 

sialic acid residues exposed at its surface, was shown to interact with sialoadhesin in a sialic-acid 

dependent manner (Monteiro et al., 2005). Both for Campylobacter jejuni and Trypanosoma cruzi, it 

was not studied whether sialoadhesin also mediates their uptake. 

 

 

Sialoadhesin as an endocytic receptor involved in signalling 

Initially, sialoadhesin was described as a non-phagocytic receptor, since no ingestion of erythrocytes 

was observed in erythrocyte rosetting assays (Crocker and Gordon, 1986). A first indication of the 

endocytic capacity of sialoadhesin was found in a study on the ultrastructural localization of 

sialoadhesin. This investigation confirmed that the receptor is predominantly expressed at the plasma 

membrane, yet, sialoadhesin was also detected in intracellular vesicles (Schadee-Eestermans et al., 

2000). Later on, porcine sialoadhesin was identified as a clathrin-dependent endocytic receptor that 

mediates the sialic-acid dependent uptake of the arterivirus PRRSV (Vanderheijden et al., 2003). In 

addition, sialoadhesin was described to be involved in binding and phagocytosis of the bacteria 

Neisseria meningitides (Jones et al., 2003). It was established that sialoadhesin-specific monoclonal 

antibodies (mAb), immunoconjugates of these antibodies with a toxin or the model antigen human 

serum albumin, and F(ab’)2 antigen-binding fragments are internalized by porcine alveolar 

macrophages together with their receptor (Delputte et al., 2011; Revilla et al., 2009; Vanderheijden et 

al., 2003). Overall, these data demonstrate the involvement of sialoadhesin in internalization 

processes, yet the signalling motifs involved in its internalization remain to be discovered (Crocker et 

al., 1994; Delputte et al., 2011). As mentioned above, sialoadhesin contains a short, poorly conserved, 

cytoplasmic domain, which does not contain any tyrosine-based, di-leucine-based or other known 

motifs that are implicated in signal transduction and endocytosis (Figure 4). Moreover, its 

transmembrane domain does not contain a positively charged residue, which could enable association 

with intracellular immunoreceptor tyrosine-based activating motif (ITAM)-bearing adaptor proteins, 

such as DAP-12 (12 kDa DNAX-activating protein), and subsequent cellular activation. Remarkably 



Sialoadhesin⎥  Chapter 2	  

	  
23	  

though, it was shown that antibody binding to sialoadhesin on porcine alveolar macrophages is 

associated with subtle alterations of MAPK (mitogen-activated protein kinase), adipocytokine and Wnt 

signalling and regulation of the actin cytoskeleton (Genini et al., 2008), suggesting that sialoadhesin is 

able to activate signalling pathways and thus serves as an intracellular signalling molecule. 

 

 
Figure 4. Alignment of the cytoplasmic tails of (predicted) mammalian sialoadhesin. 

Clustal W (1.83) multiple sequence alignment of the cytoplasmic domain of (predicted) mammalian sialoadhesin, which is poorly 
conserved between mammalian species. Amino acids (AA) with similar properties are marked with similar colours. Color code: 
blue: acidic AA (DE); green: contains: hydroxyl, sulfhydryl or amine group and G (STYHCNGQ); magenta: basic AA without H 
(RK); red: small AA+ hydrophobic AA (including the aromatic AA F and W) (AVFPMILW). Sequences obtained from Klaas and 
Crocker (2012). 
 

 

Sialoadhesin as an immunomodulator 

To study the biological function of sialoadhesin in vivo, sialoadhesin-deficient mice were generated. 

These knock-out mice were viable and fertile and showed no developmental abnormalities. A mild 

phenotype was observed when housed under specific pathogen-free conditions, with subtle changes 

in B and T cell populations and reduced IgM levels (Oetke et al., 2006). These observations suggested 

a regulatory role for sialoadhesin in the immune system, since haematopoiesis appears unaffected in 

these knock-out mice under physiological steady state conditions. There is increasing evidence to 

support a contribution of sialoadhesin in pro-inflammatory functions of macrophages, which may also 

play a role in the potentiation of certain inflammatory diseases. As previously discussed, besides being 

constitutively expressed on subpopulations of tissue-resident macrophages, sialoadhesin is also rapidly 

upregulated on inflammatory macrophages. In PGN, the accumulation of sialoadhesin-positive 

macrophages correlates with proteinuria and histological damage and was suggested to play an 

important role in progressive renal disease (Ikezumi et al., 2005). In line with this, it was observed 

that a successful response tot mizoribine treatment was associated with a marked decrease in 
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sialoadhesin-positive macrophages in a rat model of Thy-1 mesangial PGN (Ikezumi et al., 2010; 

Ikezumi et al., 2008). In PGN, sialoadhesin expression is thought to be a marker for inflammatory 

macrophages involved in renal injury, and replacement of these macrophages by alternatively 

activated macrophages, devoid of sialoadhesin and involved in tissue repair, is thought to ameliorate 

disease. Inflammatory sialoadhesin-positive monocytes also play an important role in the 

pathophysiology of SLE, where a correlation between the frequency of circulating sialoadhesin-positive 

monocytes and disease has been revealed. Again, successful treatment of SLE patients with 

glucocorticoids is accompanied by a strong decrease in sialoadhesin-positive monocytes (Biesen et al., 

2008). In a model of peptide-induced experimental autoimmune uveoretinitis, sialoadhesin-deficient 

mice showed reduced retinal inflammation, and CD4+ T cells isolated from draining lymph nodes 

showed lowered proliferative responses in vitro (Jiang et al., 2006). Furthermore, in two models of 

inherited peripheral and CNS demyelination, disease was less severe in sialoadhesin-deficient mice, 

with a reduced recruitment of infiltrating CD8+ T cells and macrophages at the sites of inflammation 

(Ip et al., 2007; Kobsar et al., 2006). In experimental autoimmune encephalomyelitis (EAE), a mouse 

model for multiple sclerosis (MS), induction of EAE is accompanied by infiltration of sialoadhesin-

positive macrophages into the CNS. Sialoadhesin knock-out mice show a reduced EAE severity and 

incidence compared to wild type mice, associated with a significant increase in regulatory T cell (Treg) 

numbers and reduction in effector T cell (Teff) numbers within the CNS. Sialoadhesin-positive 

macrophages were shown to interact directly with Tregs at the site of inflammation, inhibiting their 

proliferation and thereby regulating Teff functions, since the main function of Tregs in the immune 

system is suppression of Teff proliferation and activation. Thus, sialoadhesin-positive macrophages are 

thought to regulate the expansion of Tregs in EAE, thereby influencing Teff functions (Wu et al., 

2009a). Induction of sialoadhesin expression was also shown on human monocyte-derived DCs upon 

infection with rhinoviruses (Kirchberger et al., 2005). Remarkably, these DCs induce IL-35 production 

by Treg and suppress CD4+ and CD8+ T cell responses, a feature that was partly attributed to the 

expression of sialoadhesin (Seyerl et al., 2010). In studies of a mouse lymphoma metastasis model, 

transferred primed lymphocytes were found to cluster with sialoadhesin-positive liver macrophages 

before tumour cell rejection. This protective effect of transferred lymphocytes could be partially 

reversed by injection of anti-sialoadhesin mAb, suggesting a potential functional role for sialoadhesin 

in the eradication of lymphoma liver metastases during adoptive cellular immunotherapy (Muerkoster 

et al., 1999; Umansky et al., 1996). Whereas the function of sialoadhesin has not been fully 

determined, it appears to have a role in the fine-tuning of T cell responses in inflammatory diseases, 

viral infections and cancer, modulating T cell function and activation during immune responses. 

 

Several studies suggest the involvement of sialoadhesin-positive macrophages in antigen presentation 

in general (as reviewed by Martinez-Pomares and Gordon (2012)). This is reflected in the expression 

pattern of sialoadhesin. In the spleen and lymph nodes, sialoadhesin-positive cells are located in 

suitable areas for trapping blood- and lymph-borne antigens and for presenting processed peptides to 

T cells, B cells or for antigen transfer to DCs. To assess the biological function of sialoadhesin-positive 
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cells, transgenic mice were generated in which these cells can be transiently depleted by diphtheria 

toxin administration (CD169-DTR (diphtheria toxin receptor) mice) (Miyake et al., 2007). Using this 

model, it was established that sialoadhesin-positive macrophages mediate antitumour immunity by 

crosspresenting dead cell-associated antigens to CD8+ T cells (Asano et al., 2011). It was also 

assessed that sialoadhesin-positive cells are involved in suppression of immune responses against 

dead cell-associated antigens, a regulatory mechanism important in self tolerance (Miyake et al., 

2007). Furthermore, they are known to be involved in the generation of cytotoxic T cells through 

antigen transfer to splenic DCs (Backer et al., 2010). Mouse lymph node subcapsullar sinus 

sialoadhesin-positive macrophages have been shown to be involved in the uptake of different antigens 

arriving via lymph from the site of infection. These macrophages can retain unprocessed antigens for 

presentation to follicular B cells (Batista and Harwood, 2009; Martinez-Pomares and Gordon, 2007), 

but they can also internalize antigenic lipids to present them to invariant natural killer T cells (iNKT) 

cells in association with CD1d (Barral et al., 2010). Moreover, recent reports show that targeting of 

antigen to sialoadhesin results in enhancement of T cell proliferation and a strong humoral response 

(Delputte et al., 2011; Poderoso et al., 2011; Revilla et al., 2009). This suggests targeting of 

sialoadhesin might be used as an effective vaccine strategy. Intriguingly, a recent paper shows that 

sialoadhesin-positive macrophages in the marginal zone of the spleen form a compartment for 

enhanced viral replication for mouse vesicular stomatitis virus (VSV). Sialoadhesin-positive 

macrophages were shown to capture the virus and allow viral replication, whereas other macrophage 

populations capture virus and effectively suppress viral replication in an IFN-α-dependent manner, in 

this way constraining the infection. The restricted viral replication in sialoadhesin-positive 

macrophages on the other hand was shown to promote enhanced B and T cell responses, essential for 

the induction of an efficient adaptive immune response and resolution of infection (Honke et al., 

2012). 
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1.2 MACROPHAGE-DIRECTED THERAPY 

1.2.1 MACROPHAGES: INTRODUCTION 

Elie Metchnikoff was the first person to use the term “macrophage” to describe large mononuclear 

phagocytic cells he observed in tissues over 100 years ago (Karnovsky, 1981; Ross and Auger, 2002). 

The term is derived from the Greek words “macros”, meaning large, and “phagein”, to eat, and refers 

to the observation that these cells are able to take up and digest harmful bodies such as pathogens, 

much alike the process of digestion in micro-organisms. Metchnikoff prefigured that innate immunity 

in invertebrates has much in common with that in mammals, based on his observations of 

macrophages in starfish (Gordon, 2007). In 1908, he was awarded the Nobel Prize for medicine for 

the early discovery of phagocytosis in starfish and interpretation of its broader significance, together 

with imaginative studies on cellular immunity to infection in vertebrates. In 1924, macrophages were 

assigned to the reticuloendothelial system (RES), a broad system of cells which include reticular and 

endothelial cells, fibroblasts, histiocytes and monocytes (Aschoff, 1924). However, it was soon 

recognized that, unlike endothelial cells and fibroblasts, macrophages are derived from monocytes and 

share important functional characteristics in vivo. Therefore, in 1969, the currently used mononuclear 

phagocyte system (MPS) was agreed upon, defining a family of cells restricted to the 

monocyte/macrophage and DC lineage (Hashimoto et al., 2011; van Furth et al., 1972). 

Phylogenetically, the mononuclear phagocyte is a very primitive cell type, with related cells being 

found in early life forms. Strikingly, some single cell protozoa exhibit features similar to mammalian 

macrophages (Takahashi, 2000; van Furth, 1989). Both in invertebrates and mammals, macrophage-

like cells (such as monocytes) are distributed from sites of production (such as the liver or the bone 

marrow), which vary somewhat across widely differing multicellular organisms, yet share many 

general features. The distribution of these cells depends on the emergence of a circulatory system 

(such as the cardiovascular and lymphatic system). Depending on their environment, these 

macrophage-like cells differentiate into macrophages and populate specific tissues. Hallmarks of their 

specialised properties include proficient phagocytosis, motility and biosynthetic capacity, coupled to 

remarkably diverse patterns of gene expression (Gordon, 2007). 

 

 

1.2.2 MACROPHAGES: DIFFERENTIATION PATHWAY AND HETEROGENEITY 

Ontogenetically, the macrophage originates from the yolk sac. Later in development, haematopoiesis 

in the foetal liver becomes a source of macrophages, yet in adults, macrophages arise from the bone 

marrow (Gordon and Taylor, 2005; van Furth, 1989). The mononuclear phagocyte system is 

comprised of a subgroup of leukocytes originating from bone marrow-derived myeloid cells that 

circulate in the blood as monocytes and populate tissues as macrophages in homeostasis and during 

inflammation (Geissmann et al., 2010b; Gordon and Taylor, 2005; van Furth and Cohn, 1968). Their 

development along distinct differentiation pathways depends on internal as well as external signals 

(Geissmann et al., 2010b), such as growth factors and cytokines. 
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Precursors of monocytes and macrophages 

Circulating monocytes, many macrophage subsets and most DCs descend from self-renewing 

haematopoietic stem cell-derived progenitors (HSCs), with myeloid restricted differentiation potential, 

that give rise to multipotent precursors (Figure 5). Successive commitment steps in the bone marrow 

include common myeloid progenitors (CMPs), giving rise to granulocyte-macrophage precursors 

(GMPs), followed by macrophage/DC progenitors (MDPs). These MDPs are committed to differentiate 

into monocytes or common DC precursors (CDPs) within the bone marrow (Geissmann et al., 2010b). 

 

 
Figure 5. The mononuclear phagocyte system: differentiation of dendritic cells and macrophages in mice. 

In the bone marrow, haematopoietic stem cells (HSCs) produce myeloid (MP) and lymphoid (LP) committed precursor cells. MPs 
give rise to monocyte, macrophage, and DC precursors (MDPs). MDPs give rise to monocytes, some populations of 
macrophages, and common DC precursors (CDPs). Two monocyte subsets, Ly-6C+ and Ly-6C-, leave the bone marrow to enter 
the blood. CDPs give rise to preclassical dendritic cells (pre-cDCs) and plasmacytoid dendritic cells (PDCs). Pre-cDCs circulate in 
blood and enter lymphoid tissues, where they give rise to CD8a+ and CD8a- classical dendritic cells (cDCs), and non-lymphoid 
tissues, where they may give rise to CD103+ lamina propria DCs (lpDCs). Under homeostatic conditions, Ly-6C- monocytes may 
differentiate into alveolar macrophages (mφ), and Ly-6C+ monocytes can become CX3CR1+ lpDCs in non-lymphoid tissues. 
During inflammation, Ly-6C+ monocytes give rise to monocyte-derived DCs (such as tumour necrosis factor (TNF) and inducible 
nitric oxide synthase (iNOS)–producing dendritic cells (TipDCs)) and inflammatory macrophages. They may also produce 
myeloid-derived suppressor cells (MDSCs) associated with tumours, and are suspected (dashed arrow) to produce microglia and 
Langerhans cells in selected experimental conditions. Microglia and Langerhans cells can renew independently from the bone 
marrow (curved arrow). HSCs can also leave their bone marrow niche (dashed arrow) and enter peripheral tissues, where they 
differentiate to myeloid cells during inflammation. It is unclear at this time to what degree LPs give rise to PDCs and cDCs 
(dashed arrow) (Geissmann et al., 2010b). 
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Monocyte heterogeneity 

In the bone marrow, two types of monocytes can be found. In mice, these subsets are Ly-6C+ and Ly-

6C- monocytes. MDPs are known to differentiate into Ly-6C+ monocytes, yet for the second, Ly-6C-, 

monocyte subset it is not clear whether they arise from Ly-6C+ monocytes, or whether they descend 

straight from MDPs (Geissmann et al., 2010b; Gordon and Taylor, 2005). Monocytes exit from the 

bone marrow to the bloodstream, circulate in the blood, bone marrow and spleen, and do not 

proliferate under physiological steady state conditions (Auffray et al., 2009; Swirski et al., 2009). They 

give rise to subsets of macrophages and to inflammatory DCs (iDCs) (Figure 5) (Geissmann et al., 

2010a; Serbina et al., 2008). In humans and mice, the two subsets are thought to either specifically 

traffic into inflamed tissues or, in homeostasis, constitutively maintain tissue macrophage populations 

(Leon and Ardavin, 2008; Serbina et al., 2008). The proposed model in mice is that Ly-6C+ monocytes 

are released from the bone marrow into the circulation. Under physiological steady state conditions, 

they pass through an intermediate Ly-6Cmid phenotype. Both Ly-6C+ and Ly-6Cmid phenotypes can 

respond to pro-inflammatory stimuli and can migrate and differentiate into macrophages in the 

inflamed site. In the absence of inflammation, an unknown regulatory mechanism generates Ly-6C- 

monocytes, also called resident monocytes, which are postulated to enter the tissues and replenish 

the tissue-resident macrophage populations (Gordon and Taylor, 2005; Robbins and Swirski, 2010). 

Their migration to tissues and differentiation to iDCs and macrophages is likely determined by the 

inflammatory milieu and pattern-recognition receptors (PRRs) (Serbina et al., 2008). Monocytes are 

morphologically heterogeneous with respect to size, granularity, and form of their nucleus and exploit 

their chemokine receptors and adhesion molecules to migrate from blood to tissues during infection 

(Geissmann et al., 2010b; Gordon and Taylor, 2005). Furthermore, they are capable of producing 

inflammatory cytokines, they can phagocytose cells and toxic molecules, yet to a lesser extent than 

macrophages, and have a greater capacity to perform respiratory burst compared to macrophages 

(Ross and Auger, 2002). 

 

 

Macrophage heterogeneity 

Depending on their tissue site and activation status, a range of macrophages can be discerned, from 

resting resident to fully activated inflammatory macrophages (Figure 5) (Varin and Gordon, 2009), 

each expressing various receptors enabling them to exercise their respective functions (Taylor et al., 

2005). 

 

Resident tissue macrophages are resident phagocytic cells that populate every tissue, lymphoid and 

non-lymphoid, including the brain (Table 3) (Hashimoto et al., 2011). They originate from resident, 

Ly-6C- monocytes, which leave the bloodstream and differentiate into resident macrophages within 

these tissues. As discussed above, it is still not clear whether these Ly-6C- monocytes are derived from 

particular lineage-committed precursors downstream of MDP in the bone marrow, or whether they 
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arise from the Ly-6C+ monocyte pool (Gordon and Taylor, 2005). The distribution of monocytes to 

different tissues, where they remain as macrophages, seems to be random, since there is no evidence 

that the tissue destination is pre-programmed (Ross and Auger, 2002). In addition, it has been shown 

that local proliferation of many tissue-resident macrophage populations plays a considerable role in 

their renewal and maintenance (particularly in homeostasis), with the recruitment of circulating 

precursors having little, if any, role in this process in some cases (Galli et al., 2011; Gordon, 2007; 

Gordon and Taylor, 2005). Though, inflammatory insults, such as trauma or infection, can lead to an 

increased dependence on the recruitment of blood-borne precursors to aid repopulation of the tissue-

resident populations in many of these inflamed tissues (Geissmann et al., 2010b; Gordon and Taylor, 

2005). Macrophages are heterogeneous and different populations are described based on their 

anatomical localization, phenotypical diversity and specialization of function (Gordon and Taylor, 2005; 

Schneberger et al., 2011; Varin and Gordon, 2009), which may reflect their environment and 

involvement in many disease processes. Off note, although Langerhans cells, epithelioid cells and 

giant cells share many characteristics with macrophages, they are not macrophages. Langerhans cells 

are professional antigen-presenting cells in the epithelium of skin that are closely related to 

macrophages, whereas epithelioid cells and their fusion products, giant cells, are thought to be a 

terminal stage of development of the macrophage system (Ross and Auger, 2002). 

 

Table 3. Heterogeneity of tissue macrophages in mice (Geissmann et al., 2010b; Gordon and Taylor, 2005; Ross and 
Auger, 2002) 

Lymphoid macrophage subsets 

Spleen Lymph nodes Bone marrow Thymus GALT 

Red pulp mφ Medullary cord mφ Bone marrow CD169+ mφ Subcapsular mφ Tonsillar mφ 

Marginal zone mφ Subcapsular sinus 
mφ 

 Cortico-
medullary mφ 

Mφ present in 
Peyer’s patches 

Marginal zone metallophilic mφ CD11highCD169+ mφ  Cortex mφ  

Tingible body mφ Tingible body mφ  Medullary mφ  

Non-lymphoid macrophage subsets 

CNS Lungs Gut Kidneys Bone 

Microglia Alveolar mφ Lamina propria mφ Kidney mφ Osteoclasts 

Perivascular mφ Interstitial mφ Serosal mφ   

Meningeal mφ     

Choroid-plexus mφ     

Liver Skin Peritoneal cavity Greater arteries Interstitial connective tissue 

Kupffer cells Dermal mφ Peritoneal mφ  Subendothelial mφ Histiocytes 

Abbreviations: Mφ, macrophage; CNS, central nervous system; GALT, gut-associated lymphoid tissues. 
 

 

Inflammatory macrophages: it has long been recognized that inflammatory monocytes are recruited 

and differentiate into macrophages at the inflamed site. As mentioned before, both Ly-6C+ and Ly-

6Cmid monocytes respond to pro-inflammatory stimuli and migrate from the blood to the inflamed 

tissue, where they differentiate into inflammatory macrophages. In addition, resident tissue 
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macrophages may also become activated and may turn into inflammatory macrophages. Depending 

on the inflammatory environment, different activation states have been ascribed to macrophages, 

including classical activation (M1, CAM or inflammatory macrophages), alternative activation (M2, AAM 

or wound healing macrophages), innate activation and deactivation (regulatory macrophages) (Figure 

6) (Cassetta et al., 2011; Gordon, 2003a; Gordon and Taylor, 2005; Mosser and Edwards, 2008). For 

further reference, the term inflammatory macrophages will only be used to identify activated 

macrophages in all activation states, and will not be restricted to classically activated macrophages. 

 

 
Figure 6. Overview of inflammatory macrophage activation states described in several models. 

Inflammatory peripheral-blood monocytes give rise to elicited macrophages with distinct phenotypes and physiological activities 
in inflamed tissues. Different models have described several activation states for elicited macrophages. Whether these 
phenotypes are distinct or whether they indicate a continuum of physiological responsiveness remains unclear. (A) Model in 
which inflammatory macrophages are ascribed to innate, classical or alternative activation or deactivation (Gordon and Taylor, 
2005). (B) View in which only two activation states exist: classically activated macrophages (CAM; M1) and alternatively 
activated macrophages (AAM; M2) (Mosser and Edwards, 2008). (C) View in which a spectrum of activation states exists, 
varying between three main activation states: CAM (red), wound-healing macrophages (yellow), and regulatory macrophages 
(blue). Secondary colours may represent intermediate activation states. Green, for example, may represent tumour-associated 
macrophages, which have many characteristics of regulatory macrophages but also share some characteristics with wound-
healing macrophages. Wound-healing macrophages in obese individuals may be represented in orange, as they lean towards a 
classically activated-macrophage phenotype ) (Mosser and Edwards, 2008). Abbreviations: CD200R, CD200 receptor; iNOS, 
inducible nitric oxide synthase; LPS, lipopolysaccharide; LTA, lipoteichoic acid; PGE2, prostaglandin E2; PGN, peptidoglycan; TLR, 
Toll-like receptor; TNF, tumour necrosis factor; ROS, reactive oxygen species; IFN, interferon; IL, interleukin; TGF, transforming 
growth factor; CD200R, CD200 receptor; MHC, major histocompatibility complex. 
 

 

Classical activation can be induced by in vitro culturing of macrophages with inflammatory triggers 

such as IFN-γ and LPS (which induces TNF-α production) and is associated with high microbicidal 

activity and pro-inflammatory cytokine production of macrophages and the induction of cellular 

immunity. Thus, CAM are thought to mediate host defence and antitumour immunity. Alternative 

activation is observed when macrophages are cultured in cytokines typically associated with resolution 

of inflammation, such as IL-4 or IL-13. A phenotype is then generated which promotes wound 

healing, tissue repair and humoral immunity and suppresses inflammation. Innate activation is 

induced when pathogen-associated molecular patterns (PAMPs) are recognized by PRRs, such as TLRs 

(most of which are expressed by cells of the monocyte/macrophage lineage). Activation of these 

receptors results in high microbicidal activity and pro-inflammatory cytokine production by these 

macrophages. Though, it has been suggested that innate activation may be categorized as classical 
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activation. Deactivation is associated with immune regulation, anti-inflammatory cytokine production 

and reduced major histocompatibility complex class II (MHC II) expression. It can be induced by 

culture in the presence of cytokines such as IL-10 or transforming growth factor (TGF)-β, or by 

activation of inhibitory receptors such as the CD200 receptor or CD172a. Despite these classifications, 

the extent of plasticity in this system is unclear, since it is unknown whether the fate of the 

macrophage is determined once or whether it is intrinsically variable (Galli et al., 2011; Geissmann et 

al., 2010b; Gordon and Taylor, 2005). It is also unclear whether distinct activation states exist in vivo, 

or whether macrophages, instead, show a broad range of phenotypes and many intermediate 

activation states (Figure 6) (Galli et al., 2011; Mosser and Edwards, 2008). It is probable that, in most 

situations, an inflammatory environment leads to the exposure of macrophages to multiple stimuli, 

with complex phenotypic consequences. 

 

 

1.2.3 MACROPHAGES: FUNCTIONS IN HOMEOSTASIS AND INFLAMMATION 

Macrophages play essential roles in the immune system of humans and animals in physiological 

steady state conditions and inflammation (Gordon and Taylor, 2005; Robbins and Swirski, 2010). They 

have a large biosynthetic capacity, producing complement components, reactive oxygen species (ROS) 

and reactive nitrogen species (RNS), antioxidants, coagulation factors, a range of enzymes and 

cytokines, as well as enzyme and cytokine inhibitors, transferrin, haptoglobin and apolipoprotein E, 

among others (Ross and Auger, 2002). Their capacity to produce a large spectrum of biologically 

active substances reveals their involvement in many biological processes. 

 

Macrophages are important effector cells in tissue homeostasis, which is mediated by their proteolytic 

and catabolic activities, their ability to clear apoptotic cells and cellular debris through phagocytosis, 

their capacity to produce growth factors and the capacity of osteoclasts to resorb bone. This, 

combined with their capacity to induce fibroblast proliferation and neovascularisation after injury, also 

makes them essential in tissue remodelling and repair after injury (Galli et al., 2011; Geissmann et al., 

2010b; Gordon and Taylor, 2005). They are also involved in haematopoiesis through secretion of 

cytokines and growth factors (Sadahira and Mori, 1999) and in haemostasis through expression of 

coagulation factors and secretion of cytokines (Ross and Auger, 2002).  

 

In the innate immune system, macrophages perform pivotal functions in the cellular host defence 

against infection (Geissmann et al., 2010b; Gordon, 2002). During infection and inflammation, 

monocytes and macrophages move toward the inflammatory site guided by a gradient of chemotactic 

molecules emanating from it, a process called chemotaxis (Jones et al., 1998). Whereas macrophages 

are often present in the inflamed tissues, monocytes have to exit the blood stream. Binding of 

chemoattractants activates certain pathways for cellular activation, resulting in attachment of 

monocytes to the endothelial cell surface, cellular orientation, shape changes and movement of 
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monocytes across the endothelial cell layers towards the inflammatory focus, a process called 

diapedesis (Ross and Auger, 2002). Once at the inflammatory focus, recognition of foreign particles is 

mediated by a broad range of PRRs expressed at the cell surface (Taylor et al., 2005; Zhang and 

Mosser, 2008). These PRRs recognize PAMPs and damage-associated molecular patterns (DAMPs) and 

further activate monocytes and macrophages. Pathogens can also be detected when they are covered 

with opsonins, which bind to specific sites on both invading microorganism and macrophage (Aderem, 

2003). The most studied opsonins are IgG and fragments of the complement cascade, such as C3 and 

C5a, and their respective receptors on macrophages are Fc receptors and complement receptors. After 

receptor-ligand binding, the internalization process is initiated, beginning with the macrophage 

advancing pseudopodia over regions of the microorganism that are linked to opsonins or PRRs, and 

phagosomes are formed. Even though neutrophils are the most efficient phagocytes, macrophages 

can phagocytose large particles in relation to their cell size and greater particle loads, thus 

representing a major defence against invasion of the host by a wide variety of microorganisms, 

including bacteria, viruses, fungi and protozoa (Ross and Auger, 2002). After internalization of the 

pathogen, microbial destruction is initiated within the phagosome, and might be accompanied by the 

extracellular release of antimicrobial molecules. The production and intraphagosomal and extracellular 

release of ROS is a major microbicidal mechanism employed by monocytes and macrophages (Iles 

and Forman, 2002). However, they also possess oxygen-independent means of killing microorganisms 

(Ross and Auger, 2002). Mononuclear phagocytes are capable of producing microbicidal RNS (Fang, 

1997), which often act together with ROS and are similarly released intraphagosomally and 

extracellularly, and of production and secretion of IFN-α, which aids in the protection against viral 

infection (Baron et al., 1991). Moreover, a variety of granule-associated proteins, which possess 

antimicrobial activity, are present in lysosomes, including elastase, collagenase, lipases, 

deoxyribonucleases, polysaccharidases, sulfatases, phosphatases and defensins. To allow these 

proteins to degrade the ingested pathogen, fusion of these lysosomes with phagosomes is necessary 

(Aderem, 2003). As monocytes mature into macrophages, their microbicidal activity decreases, due to 

a reduced respiratory burst and a decreased content of granule peroxidase. However, the relatively 

long life span of macrophages and their sustained biosynthetic capacity permits them to continuously 

produce antimicrobial molecules and maintain their microbicidal activity (Ross and Auger, 2002). 

Which antimicrobial pathways are induced depend on what receptors were engaged when the 

pathogen was recognized. Fc receptor-mediated phagocytosis results in the intraphagosomal release 

of large amounts of oxygen and arachidonic acid metabolites by macrophages, whereas ligation of C3 

receptors fails to do so. Ligation of C5a, on the other hand, induces secretion of IL-1 and initiates 

chemotactic phenomena (Ross and Auger, 2002). 

 

One of the major functions of macrophages is to assist in initiating and facilitating cell-mediated 

immune responses against pathogens (Ross and Auger, 2002), where they are at the interface 

between the innate and the adaptive immune system. On the one hand, they can do this by assisting 
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in antigen presentation by DCs or by presenting antigen themselves. Macrophages can process and 

present internalized or cytosolic microbial antigens to T cells (Barral et al., 2010; Jutras and 

Desjardins, 2005; Ramachandra et al., 2009) or they can directly present intact, captured antigens to 

B cells (Batista and Harwood, 2009; Martinez-Pomares and Gordon, 2007). After uptake and 

degradation of pathogens in phagolysosomes, antigenic peptides are generated and subsequently 

presented by MHC II molecules to MHC II-restricted CD4+ T cells or cross-presented by class I major 

histocompatibility complex (MHC I) molecules to CD8+ T cells (Ramachandra et al., 2009). Cytosolic 

antigens, e.g. in virus-infected macrophages, are processed and subsequently presented by MHC I 

molecules to CD8+ T cells. Though, successive T cell activation requires additional signals, such as the 

expression of co-stimulatory adhesion molecules at the macrophage surface and the production of IL-

1 (Aderem, 2003; Jutras and Desjardins, 2005). On the other hand, the production of cytokines by 

macrophages during inflammation is also of major importance in initiating cell-mediated immune 

responses against pathogens (Aderem and Ulevitch, 2000). The production of chemokines, such as IL-

8, and pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12, IFN-γ and TNF-α by CAM during 

inflammation are crucial events for triggering the progressive recruitment and activation of immune 

cells (Aderem and Ulevitch, 2000; Robbins and Swirski, 2010; Varin and Gordon, 2009). Secretion of 

IL-1, IL-6 and TNF-α also result in the initiation of the acute phase protein response (Heinrich et al., 

1990). Afterwards, AAM control the inflammatory response and prevent excessive tissue damage by 

their anti-inflammatory properties, including the production of anti-inflammatory cytokines, such as IL-

4 and IL-10 (Gordon, 2003a; Zhang and Mosser, 2008), and enzyme and cytokine inhibitors (Ross and 

Auger, 2002). 

 

In most tissues, macrophages aid in tumour surveillance through their ability to capture and kill 

malignant haematopoietic cells (Jaiswal et al., 2010). They are frequently found infiltrating tumours, 

where they form an important mechanism of host defence. They are either able to inhibit tumour cell 

division through secretion of prostaglandins and cytokines, or to lyse tumours through antibody-

dependent or -independent cell binding, followed by secretion of toxic mediators (processes called 

antibody-dependent cellular cytotoxicity (ADCC) and macrophage-mediated tumour cytotoxicity 

(MTC), respectively) (Ross and Auger, 2002). 

 

 

1.2.4 INVOLVEMENT OF MACROPHAGES IN PATHOLOGICAL PROCESSES 

Macrophages represent the classical two-edged sword (Cassetta et al., 2011; Murray and Wynn, 

2011). Their versatile biosynthetic and secretory responses, combined with strictly regulated 

expression of receptors, results in adaptation to very different microenvironments. Their systemic 

actions help to integrate many physiological functions, yet also result in their involvement in many 

pathological processes. Macrophages have been implicated in the onset and/or progression of various 

pathogenic conditions, either through normal pro-inflammatory or pro-angiogenic activities or through 
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defects in their activity (Gordon, 2003b). They are involved in pathogenic conditions ranging from 

genetically determined lysosomal storage diseases, to acute sepsis, chronic inflammation and repair, 

tissue injury and cell death (Gordon, 2003b). Under- or overactivity of macrophage clearance, immune 

effector functions and responses to metabolic abnormalities contribute to common disorders such as 

autoimmunity, RA, chronic granulomatous disease, atherosclerosis, diabetes, SLE, Wiskott-Aldrich 

syndrome, Alzheimer’s disease and the growth and spread of malignant tumours (Cassetta et al., 

2011; Murray and Wynn, 2011; Qian and Pollard, 2010; Robbins and Swirski, 2010). Remarkably, 

although many microorganisms are easily phagocytosed and destroyed by macrophages, there are 

certain pathogens that parasitize these cells and may replicate within them. In this case, macrophages 

form a potential niche for intracellular pathogens. Bacteria, viruses and parasites have been described 

using macrophages as safe heaven and a reservoir, thereby escaping the host’s immune system, 

including Salmonella, Leishmania, Mycobacterium, Toxoplasma, Trypanosoma, Bacillus anthracis, 

Legionella pneumophilia, PRRSV and HIV (Amer and Swanson, 2002; Duncan and Sattentau, 2011; 

Guidi-Rontani, 2002; Vanderheijden et al., 2003; Zarnbrano-Villa et al., 2002). 

 

 

1.2.5 TARGETING MACROPHAGES IN CELL-DIRECTED THERAPY 

Several therapies are being developed that aim to cure macrophage-associated pathologies (Gordon, 

2003b). Some successful therapies are enzyme replacement therapies in lysosomal storage 

(Gaucher’s) disease (Poll et al., 2002), biphosphonate treatment in modulation of osteoclast-

dependent bone destruction (Karpf et al., 1997) and the administration of TNF sequestrants in RA 

(Feldmann and Maini, 2001), therapies that do not specifically target macrophages. The migratory 

capacities of macrophages have raised interest in using them as delivery vehicles to diseased tissues 

(Burke, 2003; Chellat et al., 2005). This can be done by adoptive transfer of activated macrophages or 

by exploiting the phagocytic capacity of these cells as a targeting strategy, using liposomes and 

microspheres as carriers for therapeutics (Ahsan et al., 2002). However, due to their importance in 

homeostasis and host defence and their implications in infectious diseases, cancer and autoimmune, 

allergic and inflammatory disorders, macrophages are considered important target cells for 

elimination, activation or immunomodulation via highly selective macrophage-specific therapies. 

Additionally, since immunity to a specific antigen might be modulated upon targeting of this antigen to 

antigen presenting cells, targeting of macrophages is also considered as a novel vaccination strategy 

(Keler et al., 2007; Tacken et al., 2007). Specific targeting of macrophages will be the main focus of 

this section. For further reference, the ligand binding sialoadhesin will be referred to as the carrier, 

and the therapeutic that needs to be delivered to these cells will be referred to as the cargo. 
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Receptor-specific targeting of macrophages 

Depending on their local microenvironment, various macrophage subsets express specific receptors 

that help them exercise their functions (Taylor et al., 2005; Varin and Gordon, 2009). These receptors 

can be used as targets for carriers in macrophage-directed therapies. Importantly, some receptors are 

expressed on various cell types, whereas others are only expressed on particular macrophage subsets 

under specific conditions, determining the specificity of each therapy. Several macrophage receptors 

have been described as potential targets in macrophage-directed therapy, including these described in 

Table 4. Depending on the expression pattern of each receptor in normal and diseased tissues, the 

capacity to internalize the cargo-carrier complex upon binding, the specificity of the carrier for its 

receptor, and the specific function of the macrophage subset that expresses the receptor, therapies 

against a range of diseases have been suggested, as well as the use of receptor-specific cargo-carrier 

conjugates in imaging strategies. 

 

The presence of a soluble form of a receptor, through the existence of splice variants or through 

shedding of receptor off the cell surface, might represent a drawback for its use as a target in 

receptor-directed therapies, as it might result in capture of carriers before they reach their cellular 

target, resulting in reduced efficiency of the therapeutic. A soluble form has been described for all of 

the receptors listed in Table 4, except sialoadhesin. For CD97 this was demonstrated to be a 

drawback, since receptor shedding was shown to be increased in diseased animals, resulting in a 

more rapid clearance of the immunotherapeutic due to the formation of immune complexes. 

Therefore, higher doses of the therapeutic are needed in CD97-directed therapy (de Groot et al., 

2009). The existence of soluble forms of the mannose receptor (sMR) in serum (Martinez-Pomares 

et al., 1998), however, is thought to increase the efficiency of antigen-targeting to macrophages, 

since sMR-carrier complexes may bind to sialoadhesin via the CR domain of the sMR and in this way 

(Keler et al., 2004; Martinez-Pomares et al., 1998). The broad expression profile of the MR, CD36 

and the folate receptor (FR) on cells other than macrophages has been put forward as a drawback. 

The FR, which binds the vitamin folic acid, is expressed in various tissues, and is overexpressed in 

many human cancers. FR-targeted therapy may therefore affect cells in various tissues, which needs 

to be considered carefully. However, via intravenous administration of immunoconjugates, only 

activated macrophages and monocytes and vascularised tumors can be reached, making it a potential 

target for treatment of cancer, inflammatory and autoimmune diseases (Paulos et al., 2006; 

Ramakrishna et al., 2004; Sega and Low, 2008). When targeting the MR using its natural ligands 

mannan or mannose as a carrier, these ligands may also interact with other mannose-binding 

receptors, such as DC-SIGN. To circumvent this, synthetic ligands and antibodies with high affinity 

and specificity for MR have been created (Keler et al., 2004). 
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Table 4. Macrophage surface molecules as potential targets for cell-directed therapy 

Target Expression pattern Disease relevance Endocytic 
receptor 

Soluble* Development
stage 

Immunoconjugate 

Mannose receptor [1,2] Mφ, epithelial cells, DCs, a.o. Cancer                   
Microbial infections 

Yes Yes E/C ATV 

Folate receptor [3,4] Activated mφ and mo, a.o. Cancer                
Inflammatory and 
autoimmune diseases 

Yes Yes E/C Immunotoxins 
Immunomodulators 
Imaging therapeutics 

CD36 [5] Mo, mφ, platelets, endothelial 
ans smooth muscle cells, a.o. 

Inflammatory diseases 
(RA) Metabolic disorders 

Yes Yes E ATV 

CD97 [6] Mo, mφ, granulocytes, smooth 
muscle cells, a.o. 

Inflammatory diseases 
Cancer 

Yes Yes E Native Ab 

CD163 [7;8] Mo, mφ Inflammatory diseases 
(RA) Cancer 

Yes Yes E/C Immunotoxins 

Fc receptors [9,14] Mφ, NK cells, mast cells, 
neutrophils 

Inflammatory diseases Yes Yes E/pC ATV 

Siglec-1 [10-13] Mφ, activated mφ, mo and DCs Inflammatory diseases 
Microbial infections 

Yes No E ATV  
Native/PEGylated Ab 
Immunotoxins   
Glycan conjugates 

References: 1(Keler et al., 2004); 2(Keler et al., 2007); 3(Salazar and Ratnam, 2007); 4(Sega and Low, 2008); 5(Tagliani et al., 2008); 6(de Groot et al., 
2009); 7www.cytoguide.dk; 8(Bachli et al., 2006); 9(Gosselin et al., 2009); 10(Ducreux et al., 2008); 11(Poderoso et al., 2011); 12(Delputte et al., 2011); 
13(Kawasaki et al., 2011); 14(Hogarth and Pietersz, 2012). 

Abbreviations: *, presence of a soluble form; Mφ, macrophage; Mo, monocyte; DC, dendritic cell; NK, natural killer; a.o., and others; E, experimental; pC,         
pre-clinical; C, clinical; ATV, antibody-targeted vaccine; RA, rheumatoid arthritis; Ab, antibody. 
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Targeting of tumour antigens to the mannose receptor (MR) as a vaccine strategy has been shown to 

induce tumour immunity (He et al., 2007; He et al., 2004; Ramakrishna et al., 2004), whereas 

targeting the MR with the antileishmanial drug doxorubicin conjugated to mannose, which was also 

coupled to human serum albumin (man-HSA), in experimental visceral leishmaniasis resulted in 

elimination of the intracellular parasite Leishmania donovani (Sett et al., 1993). Fc receptors (FcR) 

are key players in the immune system, which makes them interesting for therapeutic modulation, 

though, it may also increase the risk of unwanted side effects. An excellent review of possible 

drawbacks of FcR-targeted therapies and stages of development (experimental or pre-clinical) of 

current therapeutics is recently published (Hogarth and Pietersz, 2012). Recent work has established a 

significant role for CD36 in a host of physiologic and pathophysiologic conditions in platelet biology, 

atherosclerosis, stroke, angiogenesis, type 2 diabetes mellitus (T2DM), muscle function and 

metabolism, cancer biology, and Alzheimer disease and suggests it could be a lead target for 

therapeutic treatment (Kennedy and Kashyap, 2011). However, its broad expression and involvement 

in multiple physiologic processes, as well as the existence of soluble CD36 forms, might restrict its use 

as a therapeutic target (Collot-Teixeira et al., 2007; Kennedy and Kashyap, 2011). CD163 expression 

is restricted to cells of the monocyte/macrophage lineage, and is also observed under inflammatory 

conditions and on cancer cells (Backe et al., 1991; Chamorro et al., 2005; Kowal et al., 2011; Sanchez 

et al., 1999). As for CD97, CD163 is an endocytic receptor, is also present in a soluble form in serum, 

and is shed from the plasma membrane under diverse pathological conditions (Droste et al., 1999; 

Moller et al., 2002). Still, CD163 is being investigated as a potential target in macrophage-directed 

therapy for rheumatoid arthritis (www.cytoguide.com), and has been suggested a valuable target for 

cell-directed therapy for cancer and inflammatory diseases (Bachli et al., 2006; Graversen et al., 2002; 

Van Gorp et al., 2010). 

 

 

Sialoadhesin-specific targeting of macrophages 

In this thesis, the main focus lies on sialoadhesin. This sialic-acid binding lectin is gaining interest as a 

potential target in cell-directed therapies, due to several features. Its expression pattern is strictly 

regulated and the receptor is only expressed on subsets of resident tissue macrophages and on 

inflammatory macrophages and monocytes (Crocker and Gordon, 1989; Crocker et al., 2007; Munday 

et al., 1999). The receptor is an endocytic receptor that is able to internalize the ligand-receptor 

complex upon binding of specific ligands, such as certain antibodies and PRRSV (Delputte et al., 2011; 

Revilla et al., 2009; Vanderheijden et al., 2003). Moreover, so far, no soluble forms of this receptor 

have been observed. Several studies have documented the potential of sialoadhesin-directed therapy 

using antibodies, antibodies coupled to antigens, a chimeric protein containing the cysteine-rich 

domain of the mannose receptor (which binds sialoadhesin) fused to the Fc region of human IgG1 or 

a glycan coupled to antigen-containing liposomes (Backer et al., 2010; Delputte et al., 2011; Ducreux 

et al., 2009b; Ducreux et al., 2008; Kawasaki et al., 2011; Kratzer et al., 2010; Poderoso et al., 2011; 
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Revilla et al., 2009; Taylor et al., 2004b). The receptor is well suited for a “Trojan horse” strategy, 

whereby therapeutic agents conjugated to an antibody or a multimeric glycan ligand are carried into 

the cell (O'Reilly and Paulson, 2009). Thus, sialoadhesin could be used to specifically target antigens, 

toxins, drugs or other molecules to macrophages, either to specifically eliminate, activate or 

immunomodulate these cells or to prevent ligand binding to sialoadhesin. For example, elimination or 

activation of macrophages hosting intracellular pathogens, and elimination or immunomodulation of 

inflammatory monocytes and macrophages involved in autoimmune or inflammatory diseases have 

been suggested as potential immunotherapies. So far, it has been shown that PEGylated sialoadhesin-

specific antibodies can prevent binding of natural ligands (Ducreux et al., 2009b; Ducreux et al., 2008) 

and that sialoadhesin-specific immunotoxins can kill macrophages in vitro (Delputte et al., 2011). 

Moreover, targeting of antigens to sialoadhesin expressed on marginal metallophilic macrophages in 

the marginal zone of the spleen results in cross-presentation by CD8+ DCs and the induction of 

cytotoxic T lymphocyte (CTL) responses (Backer et al., 2010). In the same study, it was shown that 

targeting of tumour antigens to sialoadhesin activates antitumour CTL responses and leads to 

inhibition of tumour outgrowth. Improved antigen presentation to T cells (Kawasaki et al., 2011; 

Kratzer et al., 2010; Poderoso et al., 2011; Revilla et al., 2009) and iNKT cells (Kawasaki et al., 2011) 

and improved humoral immune responses (Delputte et al., 2011; Poderoso et al., 2011) upon 

sialoadhesin-directed targeting of antigens to macrophages are also observed. 

 

 

Macrophage-directed targeting: safety issues and side effects? 

Since macrophages are important immune effector cells, the increasing interest in macrophage-

directed therapies is accompanied by safety concerns when suggesting macrophage-directed therapies 

for selective immunomodulation, activation or elimination. At the moment, more and more cellular 

targets are being discovered and investigated as possible targets for macrophage-directed therapies 

of various pathologic conditions. Yet, it poses a challenge to aim selective intervention at 

subpopulations of macrophages or subsets of their gene products, without affecting their vital normal 

functions or other cells, directly or indirectly. For example, in classical Hodgkin’s lymphoma (HL) 

patients, elimination of macrophages by cell-directed immunotoxin therapy has been suggested as a 

potential therapy. However, a recent review explores the benefits and risks associated with the 

proposed therapy and argues against macrophage-directed immunotherapy due to side effects on 

macrophage functions essential in host homeostasis and resolution of inflammation (Dasanu, 2011). 

Clearly, further research is needed on macrophage differentiation and gene expression, to reveal new 

targets for therapy and information on regulation of their expression, as well as to increase knowledge 

on effects of targeting specific receptors on macrophage functions, which will be of great importance 

in evaluating the safety of a certain therapy (Gordon, 2003b). 
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1.3 PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME VIRUS 

1.3.1 INTRODUCTION 

In the late 1980s, catastrophic outbreaks of an unrecognized disease were reported in swine in the 

United States, and this disease spread rapidly within the regional domestic swine population (Keffaber, 

1989; Loula, 1991). Clinical signs included severe reproductive losses, extensive pneumonia in 

postweaning pigs, and reduction in growth rate and increased mortality rates in all age groups 

(Albina, 1997; Collins et al., 1992; Done et al., 1996). In the beginning of the 1990s, this “mystery 

swine disease” was also reported in Canada and Europe, followed by outbreaks in Asia (Baron et al., 

1992; Bilodeau et al., 1991; Kuwahara et al., 1994; Wensvoort et al., 1991). The cause of this disease 

was determined in 1991, when Koch’s postulates were fulfilled by a novel, enveloped RNA virus, which 

was termed porcine reproductive and respiratory syndrome (PRRS) virus (Baron et al., 1992; 

Wensvoort et al., 1991). PRRSV is currently endemic in the major swine-producing regions of the 

world, with a few exceptions (Zimmerman, 2003), and occasional outbreaks of more severe forms of 

PRRS, characterized by high morbidity and mortality, are reported (Halbur and Bush, 1997; 

Karniychuk et al., 2010; Li et al., 2007; Wu et al., 2009b). PRRSV infections are often complicated by 

secondary infections, and the virus is one of the main pathogens involved in porcine reproductive 

disease complex (PRDC) (Brockmeier et al., 2002). Despite the availability of several PRRSV vaccines, 

the disease remains difficult to control (Botner et al., 1997; Labarque et al., 2004; Prieto et al., 2008). 

The virus has become one of the most important diseases affecting swine industry worldwide and 

poses a substantial financial burden on pork producers (Holtkamp, 2011; Neumann et al., 2005). The 

annual cost of this disease is estimated at 664 million dollars in the USA alone, representing over one-

third of the total losses in swine industry attributed to infectious diseases (Holtkamp, 2011; Lewis et 

al., 2007). Phylogenetic studies have shown that two distinct, distantly related genotypes exist: the 

European genotype (type I), with Lelystad virus (LV) as prototype strain (Wensvoort et al., 1991), and 

the North American genotype (type II), for which VR-2332 is the prototype (Benfield et al., 1992; 

Collins et al., 1992). These studies also indicate that the European outbreaks were not a result from 

the introduction of virus from North America (Forsberg, 2005; Meng et al., 1995; Nelsen et al., 1999). 

Both in between and within each genotype, a high degree of genetic, antigenic and pathogenic 

variability is seen (Done et al., 1996; Goldberg et al., 2003; Meng, 2000). PRRSV evolves rapidly, 

which can be explained by the high mutation frequency reported for PRRSV (Hanada et al., 2005; 

Jenkins et al., 2002). As a result, in a single animal PRRSV can exist as a cluster of different virus 

variants, and was therefore suggested to exist as a “quasispecies” (Goldberg et al., 2003; Rowland et 

al., 1999; Schommer and Kleiboeker, 2006). 
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1.3.2 TAXONOMY 

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

order Nidovirales (Cavanagh, 1997; Siddell and Snijder, 2008), which comprises a group of 

evolutionary related, enveloped, positive-stranded RNA viruses. Based on the similarity in morphology, 

genomic organization and the relatedness of non-structural proteins used in RNA replication and 

transcription, viruses are classified within this order. The name “Nidovirales” is derived from the Latin 

word “nidus”, which refers to the “nested” set of 3’ co-terminal subgenomic (sg) length mRNAs that 

are generated for translation of PRRSV proteins (Snijder and Meulenberg, 1998). Other families 

belonging to the Nidovirales order are the Coronaviridae (genus Coronavirus and genus Torovirus) and 

the Roniviridae (genus Okavirus). The Arteriviridae family consists of PRRSV, lactate dehydrogenase-

elevating virus (LDV), equine arthritis virus (EAV), and simian hemorrhagic fever virus (SHFV) (Siddell 

and Snijder, 2008). Although arteriviruses show a specific host tropism, they share the ability to cause 

persistent infections in their respective hosts (Balasuriya and Snijder, 2008; Britton and Cavanagh, 

2008). Their primary target cells are cells of the monocyte/macrophage lineage and/or endothelial 

cells. All viruses of this family share common features: they are enveloped, roughly spherical viruses 

with relatively small and indistinct projections protruding from the virion surface; they have a diameter 

of 50 – 70 nm; they have a positive, single-stranded RNA genome of 13-16 kilobases (kb), which is 

particularly small when compared to the 26-32 kb genomes observed for the other Nidovirales 

families; and they share similarities in genome organization and replication strategies (Gorbalenya et 

al., 2006; Siddell and Snijder, 2008). 

 

 

1.3.3 PRRSV STRUCTURAL BIOLOGY: GENOMIC ORGANIZATION, VIRAL PROTEINS AND VIRION 
MORPHOLOGY 

The PRRSV genome is a single-stranded positive-sense RNA molecule of approximately 15 kb (Britton 

and Cavanagh, 2008; Siddell and Snijder, 2008). It is capped at the 5’ end and polyadenylated at the 

3’ terminus and encodes multiple open reading frames (ORFs) (Figure 7). ORF1a and ORF1b, which 

comprise about 75% of the genome, encode non-structural proteins (NSPs) that are required for viral 

genome replication, sg mRNA production and polyprotein processing (Allende et al., 1999). At least 13 

NSPs are generated as a result of serial cleavages of two polyproteins, pp1a and pp1ab, expressed 

from these so-called “replicase ORFs”. The expression of pp1ab depends on a ribosomal frame shift 

signal in the region where ORF1a and ORF1b briefly overlap (Brierley et al., 1989; Meulenberg, 2000; 

Snijder and Meulenberg, 1998). The region downstream of ORF1a and ORF1b contains several 

smaller, partially overlapping ORFs that encode the structural proteins of PRRSV. ORF2a, 2b, 3 and 4 

encode the structural proteins GP2, E, GP3 and GP4, that are present in small amounts and are 

therefore called minor structural proteins, whereas ORF 5, 6 and 7 encode the structural proteins M, N 

and GP5, that are called major structural proteins, as they are present in abundant amounts (Snijder 

and Meulenberg, 1998). Noteworthy is that ORF2b is completely embedded in ORF2a (Wu et al., 



PRRSV⎥  Chapter 2	  

	  
41	  

2001). The viral envelope contains six structural proteins: the small envelope protein, E, the 

membrane protein, M, and the N-glycosylated glycoproteins, GP2, GP3, GP4 and GP5 (Faaberg, 

2008b). GP5 and M occur in the viral envelope as disulfide-linked heterodimers (Mardassi et al., 

1996). GP2, GP3, GP4 and probably E appear to be associated in heterotrimeric complexes (Wissink et 

al., 2005). It has also been suggested that GP5 interacts with GP4 (Das et al., 2010). These 

interactions are critical for the formation of multiprotein complexes that are required for assembly of 

infectious PRRSV (Wissink et al., 2005). The viral capsid is composed of capsid proteins (N), which 

constitute the nucleocapsid together with the viral RNA. Recently, a novel structural PRRSV protein 

encoded by ORF5a (ORF5a protein) was described, which is predicted to be a minor membrane 

protein (Johnson et al., 2011). 

 

 
Figure 7. Schematic representation of the PRRSV genomic organisation. 

The PRRSV genome has a length of approximately 15 kilobases (kb), and contains at least 10 open reading frames (ORFs), 
which are represented as grey blocks. Numbers above and below indicate the specific ORFs represented. ORF1a and ORF1ab 
encode the replicase polyproteins, which give rise to the non-structural proteins. ORF2a, 2b, 3, 4, 5, 5a, 6 and 7 encode for 
structural proteins GP2, E, GP3, GP4, GP5, GP5a, M and N, respectively. The black box at the 5’ end represents the leader 
sequence. The black circle in the ORF1a/ORF1b overlap region indicates the site where the ribosomal frameshift occurs during 
translation of the polyprotein pp1ab.  The 3’ end of the genome carries a poly A sequence (A)n. The scalebar shows the length 
of the sequence in kb. Adapted from Van Gorp (2010). 
 

 

PRRSV virions are pleomorphic, spherical to oval shaped and about 50-65 nm in diameter (Benfield et 

al., 1992; Mardassi et al., 1994; Spilman et al., 2009). They have a smooth outer surface with only a 

few protruding features, which probably correspond to the ectodomains of minor envelope 

glycoprotein complexes (Figure 8) (Spilman et al., 2009). The virion contains a hollow, layered core 

around 40 nm in diameter, consisting of a helical nucleocapsid wrapped into a hollow ball. The 

nucleocapsid is thought to be made up of 2 layers of disulfide-linked N homodimers that interact with 

the viral RNA (Wootton and Yoo, 2003). 
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Figure 8. PRRSV virion structure and morphology. 

(A) Cryo-electron microscopy image of PRRSV particles. Bar: 50 nm. Adapted from Spilman et al. (2009). (B) Schematic 
representation of the PRRSV virion structure. The PRRSV virion is composed of a nucleocapsid that is surrounded by a lipid 
bilayer envelope. The virion possesses a single-stranded RNA genome, which interacts with nucleocapsid protein (N) 
homodimers, yielding a helicoidal capsid structure. The small envelope protein E, the membrane protein M, the recently 
discovered protein ORF5a and the N-glycosylated glycoproteins GP2, GP3, GP4 and GP5 are all embedded in the envelope. The 
major glycoprotein (GP5) forms a heterodimer structure with the major membrane protein (M), which dominates the virion 
surface. The minor structural proteins (GP2, E, GP3 and GP4) are incorporated as a multimeric complex. Adapted from Costers 
(2008) and Van Gorp (2010). 
 

 

1.3.4 PRRSV REPLICATION CYCLE 

PRRSV cell tropism 

In vivo, PRRSV has a highly restricted host tropism, infecting pigs only. The virus has a restricted cell 

tropism and mainly replicates in subsets of differentiated macrophages in the lungs and lymphoid 

tissues (Beyer et al., 2000; Duan et al., 1997a, b; Pol et al., 1991). Macrophage progenitor cells in the 

bone marrow, blood monocytes and immature macrophages, on the other hand, are largely refractory 

to PRRSV infection (Duan et al., 1997a, b; Molitor et al., 1997). In vitro, PRRSV replicates in primary 

cultures of porcine alveolar macrophages, as well as in primary cultures of aged and IFN-α pre-treated 

monocytes and monocyte- and bone marrow-derived DCs (Chang et al., 2008; Delputte et al., 2007a; 

Duan et al., 1997a; Flores-Mendoza et al., 2008; Peng et al., 2009; Voicu et al., 1994; Wang et al., 

2007). In vitro, PRRSV can also be cultivated in a few African green monkey kidney cell lines, such as 

MA-104 cells and its derivatives MARC-145 cells and CL-2621 cells (Benfield et al., 1992; Collins et al., 

1992; Kim et al., 1993).  

 

 

PRRSV entry 

Like any virus, PRRSV is depending on a host cell to replicate and create progeny virus. Before the 

virus can replicate, it must attach and enter cells of the host organism, after which the virus must be 

uncoated and the genome released into the cytoplasm. The presence of specific entry mediators for 

the virus render cells susceptible, which explains the restricted in vivo cell tropism of PRRSV. Initial 

contact is made when the virus binds heparan sulphate (HS) glycosaminoglycans, which serve as 

PRRSV attachment factors and concentrate the virus on the macrophage surface (Vanderheijden et 
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al., 2001). Next, a more stable binding is achieved upon interaction of the virion with sialoadhesin, 

which results in internalization of the virus-receptor complex via clathrin-mediated endocytosis 

(Delputte et al., 2005; Nauwynck et al., 1999; Vanderheijden et al., 2003). Sialic acids present on the 

M-GP5 glycoprotein are involved in PRRSV attachment to sialoadhesin via its N-terminal Ig-like domain 

(Delputte and Nauwynck, 2004; Van Breedam et al., 2010b), which shows sialic-acid-binding activity 

(Delputte et al., 2007b). Once the virus is internalized, it enters the endocytic pathway, travelling to 

early endosomes, but not late endosomes (Van Gorp et al., 2009). Acidification of the early 

endosome, protease activity and interaction of the virus with scavenger receptor CD163 is thought to 

induce virus uncoating and release of the viral genome into the cytoplasm (Misinzo et al., 2008; 

Nauwynck et al., 1999; Van Gorp et al., 2008, 2009). Recently, it was suggested that GP2 and GP4 

may serve as viral counterparts for CD163 (Das et al., 2010). Yet, little is known for the site of action 

and the specific function of CD163. In addition, it was suggested that the viral E protein may serve as 

an ion-channel protein embedded in the viral envelope, facilitating uncoating of virus and release of 

the genome in the cytoplasm (Lee and Yoo, 2006). Once the genome is released into the cytoplasm, 

the translation of replicase proteins pp1a and pp1ab immediately starts and finally results in the 

assembly of progeny virus and its release via exocytosis. A more comprehensive overview of the 

current knowledge on PRRSV entry into the porcine macrophage was recently provided by Van 

Breedam and co-workers (2010a). 

 

 

 

Figure 9. PRRSV entry into macrophages. 

Initial attachment of PRRSV to macrophages involves 
interaction with heparan sulphate (HS), which is followed by a 
stable binding to the Siglec sialoadhesin (Sn). Upon binding to 
sialoadhesin, PRRSV is internalized into the cell via clathrin-
mediated endocytosis and enters the endosomal pathway. 
The virus meets CD163 in the early endosome. Interaction of 
the virus with CD163, in combination with acidification and 
proteases of the early endosome, facilitate virus uncoating 
and release of the viral genome into the cytoplasm. Adapted 
from Van Gorp (2010). 
 

 

 

In addition to primary macrophages, MARC-145 cells are often used as PRRSV-permissive cells. PRRSV 

entry into this cell line differs from entry in macrophages, and adaptation of PRRSV strains is often 

necessary to obtain efficient growth in these cells (Delrue et al., 2010; Kim et al., 1993; Kim et al., 

2006; Lee et al., 2010). Similar to macrophages, initial attachment of PRRSV to MARC-145 cells was 

shown to be mediated by heparin-like molecules (Jusa et al., 1997). However, MARC-145 cells do not 

express sialoadhesin. Therefore, subsequent internalization of the virus must occur via other entry 

mediators. The role of CD163 in PRRSV infection of these cells is unknown, but it is thought to be an 

important entry mediator, since antibodies against CD163 can strongly reduce PRRSV infection 
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(Calvert et al., 2007). In addition, simian vimentin and the tetraspanin CD151 have been postulated to 

play a role in PRRSV entry into MARC-145 cells (Kim et al., 2006; Shanmukhappa et al., 2007).  

 

 

PRRSV replication 

Replication of the PRRSV genome is restricted to the cytoplasm. After uncoating of the virus, the 

genome is released into the cytoplasm, upon which ORF1a and ORF1b are immediately translated by 

the host translational machinery (Figure 10) (Britton and Cavanagh, 2008; Siddell and Snijder, 2008). 

This generates two polyproteins, pp1a and pp1ab, which undergo extensive proteolytic processing to 

form the mature NSPs (Fang and Snijder, 2010; Pasternak et al., 2006; Snijder and Meulenberg, 

1998; Snijder and Spaan, 2007; Ziebuhr et al., 2000). The majority of these NSPs, including the viral 

RNA-dependent RNA polymerase and the RNA helicase, assemble into a membrane-associated viral 

replication and transcription complex (RTC) present on modified membranous structures derived from 

the ER (Pedersen et al., 1999; Pol et al., 1997b; van der Meer et al., 1998). The viral replicase 

complex then synthesizes genome length minus-strand RNA using the genomic positive-strand RNA as 

a template (Siddell and Snijder, 2008). This minus-strand RNA, in turn, serves as a template to form 

new positive-stranded RNA genomes. The positive-stranded RNA is also used as a template to 

produce sg minus strand RNAs, via a process of discontinuous transcription. Consecutively, these 

serve as a template for sg mRNA synthesis. These sg mRNAs are translated to form the various 

structural proteins and subsequently integrated into the ER, with the exception of the N protein. In 

the ER, GP2, GP3, GP4 and GP5 are co-translationally modified with N-linked glycans and intra- and 

intermolecular disulfide bridges are formed in and between viral envelope proteins (Faaberg, 2008a). 

The N protein, however, does not contain an ER signal peptide and remains in the cytosol of PRRSV-

infected cells after synthesis (Mardassi et al., 1996). Here, N interacts with newly synthesized viral 

genomic RNA, forming nucleocapsid complexes (Wootton and Yoo, 2003). Viral nucleocapsids then 

bud into the lumen of the smooth ER and/or Golgi apparatus and in the process acquire their lipid 

envelope (Pol et al., 1997b). The enveloped viral particles are then transported through the Golgi 

apparatus, where the envelope glycoproteins undergo terminal modifications (Faaberg, 2008a). 

Through a process of budding, the progeny virus accumulates in intracellular vesicles, which are then 

released from the cell by exocytosis (Balasuriya and Snijder, 2008; Faaberg, 2008a; Pol et al., 1997b). 
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Figure 10. Overview of the 
PRRSV replication cycle. 

Following entry and uncoating, 
the arterivirus replication cycle 
is initiated with translation of 
ORF1a and ORF1b. Two non-
structural polyproteins, pp1a 
and pp1ab are generated and 
undergo extensive proteolytic 
processing. Several non-
structural proteins are yielded, 
many of which become 
associated with intracellular 
membranes to form the RTC. 
Starting from the positive-
sense genomic RNA strand, the 
RTC generates minus-strand 
genomic RNA and minus-strand 
sg mRNA. In turn, these serve 
as templates for the formation 
of new positive-sense genomic 
RNAs and sg mRNAs. 
Translation of the sg mRNA 
transcripts results in production 
of the structural proteins, 
which are integrated in the ER 
membrane, with the exception 
of the nucleocapsid protein, N. 
In the ER, GP2, GP3, GP4 and 
GP5 become co-translationally 
modified with N-linked glycans 
and intra- and intermolecular 
disulfide bridges are formed in 
and between viral envelope 
proteins. The N protein 
associates with newly produced 
genomic RNAs in the cytosol to 
form the nucleocapsid, which 
then buds in the lumen of the 
ER. Here, the virus acquires its 
envelope with embedded viral 
(glyco)proteins. The virion 
continues its journey through 
the Golgi complex, where it 
matures before being released 

in the extracellular space via exocytosis. Abbreviations: HS, heparan sulphate; Sn, sialoadhesin; ORF, open reading frame; pp, 
polyprotein; DMV, double-membrane vesicle; RTC, replication and transcription complex; sg, subgenomic. Adapted from Van 
Gorp (2010). 
 

 

1.3.5 CLINICAL SYMPTOMS 

As its name implies, PRRSV is capable of causing both reproductive and respiratory problems, yet, it is 

recognized that clinical effects vary considerably between infected herds (Done et al., 1996; Meng, 

2000; Zimmerman et al., 1997). In many cases, PRRSV infection is subclinical. Sporadic respiratory 

disease in young pigs is also reported, as well as periodic outbreaks of reproductive disease. From 

time to time, herds experience severe, chronic disease problems, particularly in nursery pigs. In these 

herds, PRRSV infections are often complicated by secondary viral or bacterial infections. The 

difference in PRRSV clinical symptoms depends on the virus isolate and dose, and on the sex, age, 

genetic background and immune status of the pig (Brockmeier et al., 2002; Halbur et al., 1998; Klinge 

et al., 2009; Lunney et al., 2010; Lunney and Chen, 2010; Petry et al., 2007; Reiner et al., 2010). 
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PRRSV predominantly replicates in differentiated, sialoadhesin-positive macrophages in lungs, 

lymphoid tissues and placenta (Beyer et al., 2000; Duan et al., 1997a, b; Karniychuk and Nauwynck, 

2009; Pol et al., 1991), which forms the basis of the pathogenesis of the virus. 

 

PRRSV-induced reproductive failure is usually restricted to the last stage of gestation and is 

characterized by late-term abortion or premature farrowing, late foetal mummification, and increased 

numbers of stillbirths and births of weak piglets that often die soon after birth from respiratory 

disease and secondary infections (Zimmerman et al., 1997). In infected boars, a temporary decrease 

in sperm quality is observed with changes in sperm morphology and function (Prieto et al., 1996; Sur 

et al., 1997). 

 

PRRSV-induced respiratory syndrome is recognised by dyspnoea, tachypnoea, high fevers, anorexia, 

listlessness and failure to thrive, mainly in neonatal and nursery pigs. Respiratory disease is more 

common in younger pigs, with grow-finishing pigs exhibiting respiratory disease varying from no 

detectable signs, frequently having subclinical infections, to less common fatal pneumonia 

(Zimmerman et al., 1997). In some cases, mortality can be high (Halbur and Bush, 1997; Karniychuk 

et al., 2010; Li et al., 2007; Wu et al., 2009b). It is established that the extensive PRRSV replication in 

the lungs results in lysis or apoptosis of infected cells and apoptosis of uninfected bystander cells 

(Choi and Chae, 2002; Labarque et al., 2003; Sirinarumitr et al., 1998; Sur et al., 1998). As a result, a 

marked reduction in the number of alveolar macrophages is observed (Labarque et al., 2000; Van 

Gucht et al., 2005). Since alveolar macrophages are the predominant cells involved in the innate 

defence in the lungs (Schneberger et al., 2011), PRRSV infection severely impacts the respiratory 

immune system of the pig. Field reports demonstrate an increase in secondary infections following 

PRRSV disease outbreaks (Brockmeier et al., 2002) and experimental dual infections with PRRSV and 

secondary respiratory pathogens have provided clinical evidence that PRRSV potentiates secondary 

infections (Brockmeier et al., 2000; Galina et al., 1994; Nakamine et al., 1998; Thacker et al., 1999; 

Thanawongnuwech et al., 2000; Wills et al., 2000). The virus is a major pathogen involved in PRDC 

(reviewed by Brockmeier et al. (2002) and Opriessnig et al. (2011)). However, the mechanisms that 

enable PRRSV infection to increase the incidence and severity of secondary infections as observed in 

the field have been frustrating to demonstrate experimentally, as many attempts to recreate 

secondary infections following PRRSV infection have failed (Carvalho et al., 1997; Cooper et al., 1995; 

Pol et al., 1997a; Segales et al., 1999; Solano et al., 1997; Van Alstine et al., 1996; Van Reeth et al., 

1996). These studies clearly show that multiple factors influence the outcome of co-infections, 

including differences in PRRSV strains, differences in and between secondary pathogen isolates, host 

genetic factors, immune status and age, farm management and stress (Opriessnig et al., 2011; 

Thanawongnuwech et al., 2000). Further studies of PRRSV-host interactions may contribute to 

understanding the role of PRRSV in the potentiation of secondary bacterial infections and in PRDC. 
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PROBLEM STATEMENT 

Macrophages are major effector cells in the innate immune system of animals and humans in health 

and disease. Their large biosynthetic capacities, combined with their many biological functions, their 

migratory capacity and their ability to adapt their phenotype to the local microenvironment, results in 

their involvement in many biological processes in homeostasis and in disease resolution. On the other 

hand, it also results in their involvement in initiation or progression of many pathologies, such as 

cancer and autoimmune, allergic and inflammatory diseases. Moreover, even though macrophages are 

effective in preventing infections by a vast array of microorganisms, there are certain pathogens that 

use macrophages as safe heaven and a reservoir, thereby escaping the host’s immune system. Hence, 

macrophages are considered important target cells for selective activation, immunomodulation or 

elimination, or for novel vaccination strategies. 

 

One of the receptors currently gaining interest as a potential target in macrophage-directed therapy is 

the Siglec sialoadhesin (Sn; Siglec-1; CD169). This is due to its restricted expression pattern on 

subsets of resident tissue macrophages and on inflammatory macrophages and monocytes, its 

endocytic capacity, and the lack of soluble forms of this receptor in serum, which could interfere with 

sialoadhesin-directed therapies. Recent studies have confirmed the potential of sialoadhesin-directed 

targeting, as it was shown that sialoadhesin-targeted delivery of antigens to macrophages resulted in 

enhanced immune responses. Nevertheless, it poses a challenge to aim selective intervention at 

subpopulations of macrophages, without affecting their vital functions, directly or indirectly. Therefore, 

further research is needed to increase knowledge on the effects of targeting sialoadhesin on 

macrophage functions, which will be of great importance in evaluating the safety of sialoadhesin-

targeted therapy. Currently, the effect of sialoadhesin-directed therapies on macrophage effector 

functions is not well defined. 

 

A pathogen known to infect sialoadhesin-positive macrophages is porcine reproductive and respiratory 

syndrome virus (PRRSV). It is one of the most important diseases affecting swine industry worldwide, 

due to the syndrome it causes. This syndrome is characterized by reproductive failure in sows and 

gilts and respiratory problems in pigs of all ages, resulting in significant economic losses. Several 

studies have indicated a role for PRRSV in potentiating secondary infections, however, the exact 

mechanism behind this is largely unknown. PRRSV infection severely affects the pig’s respiratory 

system and causes a decrease in the number of alveolar macrophages, which are major target cells. 

The main function of these cells is to clear the lung from foreign particles and pathogens. 

Consequently, PRRSV infection impacts the pig’s innate immune system. Functional impairment of 

infected alveolar macrophages has also been suggested to result in an increased susceptibility to 

secondary infections, but has not been studied in detail. Importantly, most of the studies performed 

so far do not take into account PRRSV-induced macrophage death and study macrophage functions at 



Problem Statement and Aims⎥  Chapter 3 

	  
59	  

the population level. Additionally, several pathogens were studied as model organisms that are 

themselves immunomodulatory, further biasing the obtained results. 

 

 

AIMS 

 

The general aim of this thesis was to broaden the current knowledge on sialoadhesin and its 

importance in macrophage functioning in immunity and disease. Therefore, we investigated the 

effects of the binding of two different ligands, either a monoclonal antibody or the pathogen PRRSV, 

to sialoadhesin on macrophage effector functions, with an emphasis on phagocytosis. 

 

A first aim of this study was to evaluate the effects of antibody binding to porcine sialoadhesin on 

porcine alveolar macrophage effector functions (Chapter 4). Here, the sialoadhesin-specific mAb 

41D3 was used as a model ligand for sialoadhesin-directed macrophage targeting. The effect of 

sialoadhesin-targeting on porcine alveolar macrophage viability, sialoadhesin cell surface expression, 

reactive oxygen species production, reactive nitrogen species production, phagocytosis, soluble 

antigen uptake and processing, MHC I and MHC II cell surface expression, and cytokine production, 

was assessed. 

 

A second aim of this work was to assess the effect of PRRSV interaction with its in vivo target cell, 

the porcine alveolar macrophage, on a major effector function of this cell, namely phagocytosis 

(Chapter 5). Care was taken to assess this effect early in the PRRSV replication cycle, before PRRSV-

induced macrophage death occurs, on a single-cell level, using polystyrene beads as a reproducible, 

inert model to study the effect of PRRSV on phagocytosis. Two European (type I) PRRSV strains were 

included in the analysis: prototype type I subtype I PRRSV (LV) and prototype type I subtype III 

PRRSV (Lena). The importance of the cell type on which these strains were grown was also studied, 

using macrophage- and MARC-145-grown PRRSV strains. Since the results obtained in the fourth 

chapter indicated a role for the PRRSV receptor sialoadhesin in impaired macrophage phagocytosis, it 

was also assessed whether engagement of sialoadhesin and/or CD163, two PRRSV entry mediators, 

affects macrophage phagocytosis. 
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Sialoadhesin (Sn) is a macrophage-restricted endocytic receptor involved in cell–cell, cell–matrix and 

cell–pathogen interactions. Recently, porcine Sn (pSn) was shown to be involved in signalling and 

lately Sn is gaining interest as a potential target for immunotherapy. However, little is known about 

the effect of ligand binding to Sn on macrophage effector functions. In this study, we tested the effect 

of antibody binding to pSn on macrophage viability, Sn cell surface expression, reactive 

oxygen/nitrogen species production, phagocytosis of microspheres, uptake and processing of soluble 

antigens, MHC I and MHC II cell surface expression and cytokine production. This was done by 

treatment of porcine primary alveolar macrophages with the pSn-specific mAb 41D3, or an isotype-

matched control mAb. No significant effect on most effector functions under study was observed, 

except for a significant reduction of phagocytosis. Thus, antibody binding to pSn can downregulate 

phagocytosis, which could have implications on homeostasis, infectious and immune diseases, and 

immunotherapy. 
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INTRODUCTION 

Macrophages perform essential roles in the immune system of humans and animals under 

physiological steady state conditions and in inflammation (Gordon and Taylor, 2005; Robbins and 

Swirski, 2010). In the innate immune system they play pivotal roles in the cellular host defence 

against infection and in tissue remodelling and repair. The overproduction of chemokines and 

inflammatory cytokines by macrophages during inflammation is a crucial event for triggering the 

progressive recruitment and activation of immune cells (Aderem and Ulevitch, 2000), where they are 

at the crossroads with adaptive immunity. Additionally, they are specialized in chemotaxis, killing of 

invading microorganisms, uptake of microbes, infected or apoptotic cells and molecules, repairing 

damaged tissues, controlling the inflammatory response and preventing excessive tissue damage by 

their anti-inflammatory properties (Aderem, 2003; Fang, 1997; Gordon, 2003; Iles and Forman, 2002; 

Varin and Gordon, 2009; Zhang and Mosser, 2008). Another important macrophage property at the 

interface between the innate and the adaptive immune system is the processing and presentation of 

endogenous or internalized antigens (Barral et al., 2010; Jutras and Desjardins, 2005; Ramachandra 

et al., 2009) or the presentation of captured antigens (Batista and Harwood, 2009; Martinez-Pomares 

and Gordon, 2007). These various functions can be exerted by different populations of functionally 

heterogeneous macrophages, which is reflected by their phenotypical diversity (Gordon and Taylor, 

2005). Depending on their tissue site and activation status, a range of macrophages can be found, 

from resting resident to fully activated inflammatory macrophages (Varin and Gordon, 2009), each 

expressing various receptors enabling them to exercise their respective functions (Taylor et al., 2005). 

 

Sialoadhesin (Sn, Siglec-1, CD169) is a macrophage-restricted receptor that was first described as a 

sialic acid-dependent sheep erythrocyte receptor (SER) involved in lymphocyte interactions (Crocker 

and Gordon, 1986, 1989; van den Berg et al., 1992). Sn is a member of the family of sialic acid-

binding immunoglobulin (Ig)-like lectins (siglecs) (Crocker et al., 1998), which are expressed in a cell 

type specific manner on cells of the hematopoietic and immune system (Crocker et al., 2007), with 

the exception of MAG (Siglec-4), which is expressed in the nervous system (Quarles, 2007), and 

Siglec-6, expressed in human placenta (Patel et al., 1999). The expression of Sn is highly regulated 

and under normal physiological conditions Sn can only be found at high levels on distinct subsets of 

tissue-resident macrophages, but not on its precursor cells, the monocytes (Crocker and Gordon, 

1989; Munday et al., 1999). Upon exposure to inflammatory stimuli, however, Sn can rapidly be 

upregulated in macrophages and monocytes, suggesting a role for Sn in macrophage-mediated 

inflammatory responses (Crocker et al., 2007). Abundant Sn expression is seen in chronic 

inflammatory diseases such as rheumatoid arthritis and atherosclerosis (Gijbels et al., 1999; Hartnell 

et al., 2001), and on tumour-infiltrating macrophages in breast cancer tumours (Nath et al., 1999).  

 

Sn is a type I transmembrane protein with a very large extracellular region, consisting of 1 N-terminal 

variable (V) Ig-like domain followed by 16 constant Ig-like domains of type C2 (Crocker et al., 1994). 
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The extended structure of Sn is thought to promote interactions of macrophages with host cells and 

with the extracellular matrix, which relate to homeostasis and immunity (Crocker and Redelinghuys, 

2008; Munday et al., 1999). Via its distal N-terminal domain Sn can bind promiscuously to many 

sialylated glycoconjugates, with a preference for O-linked oligosaccharides terminating in 

Neu5Acα2,3Galβ1,3GalNAc (Crocker et al., 1991; Nath et al., 1995). Besides this, binding of Sn to 

membrane receptors via a sialic acid-independent mechanism has also been described (Kumamoto et 

al., 2004; Martinez-Pomares et al., 1999). In addition to its role in cell–cell interactions, Sn has also 

been shown to facilitate interactions with a variety of pathogens including viruses (human 

immunodeficiency virus (HIV)-1, human rhinoviruses and porcine reproductive and respiratory 

syndrome virus (PRRSV) (Rempel et al., 2008; Seyerl et al., 2010; Van Breedam et al., 2010)), 

bacteria (Campylobacter jejuni and Neisseria meningitides (Heikema et al., 2010; Jones et al., 2003)) 

and a parasite (Trypanosoma cruzi (Monteiro et al., 2005)). Porcine Sn (pSn) was shown to be a 

clathrin-dependent endocytic receptor and to mediate uptake of sialylated bacterial and viral 

pathogens (Jones et al., 2003; Vanderheijden et al., 2003). Furthermore, it was established that 

porcine primary alveolar macrophages (PAM) expressing pSn internalized pSn upon binding of a pSn-

specific monoclonal antibody (mAb) (Delputte et al., 2011; Revilla et al., 2009; Vanderheijden et al., 

2003). Additionally, it was assessed that a pSn-specific immunotoxin and an immunoconjugate of the 

model antigen human serum albumin linked to a pSn-specific mAb were also internalized into porcine 

PAM together with pSn (Delputte et al., 2011). Overall, these data demonstrate the involvement of Sn 

in internalization processes. Given its restricted expression pattern and its potential to internalize, Sn 

is gaining interest as a potential target in immunotherapy (Backer et al., 2010; Delputte et al., 2011; 

Ducreux et al., 2009; Ducreux et al., 2008; Kratzer et al., 2010; Revilla et al., 2009). The receptor is 

well suited for a “Trojan horse” strategy, whereby therapeutic agents conjugated to an antibody or a 

multimeric glycan ligand are carried into the cell (Backer et al., 2010; Delputte et al., 2011; Kratzer et 

al., 2010; O'Reilly and Paulson, 2009). Sn could be used to specifically target antigens, toxins, drugs 

or other molecules to macrophages, either to specifically eliminate, activate or immunomodulate these 

cells or to prevent ligand binding to Sn. 

 

Apart from its large extracellular domain, Sn also contains a transmembrane domain and a short 

cytoplasmic domain, which is poorly conserved between mammalian species (Crocker and 

Redelinghuys, 2008). In contrast to most other siglecs, these domains are devoid of tyrosine-based 

motifs that are implicated in signal transduction and endocytosis, and do not associate with the DAP-

12 (12 kDa DNAX-activating protein) adaptor implicated in both positive and negative 

immunoregulation and endocytosis (Crocker and Redelinghuys, 2008; O'Reilly and Paulson, 2009). 

Recently however, antibody binding to pSn on PAM was shown to be associated with subtle alterations 

of MAPK (mitogen-activated protein kinase), adipocytokine and Wnt signalling and regulation of the 

actin cytoskeleton (Genini et al., 2008). This indicates that antibody binding to pSn activates signalling 

in PAM, which could affect macrophage effector functions through interference with signalling 
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pathways. So far, little is known about the role of Sn in the regulation of macrophage effector 

functions. Seen the gaining interest of using Sn as a targeting molecule, the growing number of cells 

and pathogens engaging Sn and the induction of signalling upon antibody binding to pSn, the present 

study aimed to characterize the effect of antibody binding to pSn on macrophage viability, 

sialoadhesin cell surface expression, phagocytosis of particulate antigens, uptake and processing of 

soluble antigens, reactive oxygen species (ROS) and reactive nitrogen species (RNS) production, MHC 

I and MHC II cell surface expression and cytokine production. 
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MATERIALS AND METHODS 

Cells and antibodies 

Porcine primary alveolar macrophages (PAM) were obtained and cultivated as described earlier 

(Wensvoort et al., 1991). The IgG1 mouse monoclonal anti-porcine sialoadhesin (pSn) antibody (mAb) 

41D3 was used as a ligand to bind pSn and for visualization of pSn cell surface expression (Duan et 

al., 1998; Vanderheijden et al., 2003). MAb 13D12 was used as an isotype-matched irrelevant control 

mAb (Nauwynck and Pensaert, 1995). MHC I antigen was visualized using the IgG2a mouse mAb 

PT85A (VMRD, Pullman, WA, USA), directed against the heavy chain of MHC I. MHC II antigen was 

detected using the IgG2a mouse mAb MSA3 (Hammerberg and Schurig, 1986). Mouse mAb 13H4 was 

used as an isotype-matched irrelevant control mAb for both (Lefebvre et al., 2008). MAb 41D3, 

13D12, MSA3 and 13H4 were purified using protein G column chromatography (GE Healthcare, VWR) 

following the manufacturer’s instructions. 

 

 

Antibody treatment 

To study the effect of ligand binding to Sn on macrophage effector functions, PAM were incubated 

with mAb 41D3, as previously done to study signalling via pSn (Genini et al., 2008). Dose-dependent 

effect of the antibody treatment: 106 macrophages per ml medium were treated with 0, 0.15, 0.5, 1.5, 

5, 15 or 50 µg/ml mAb 41D3 or isotype-matched control mAb 13D12 and were subsequently 

incubated in a humidified 5% CO2 atmosphere at 37 °C for 24 h. Time-dependent effect of the 

antibody treatment: 106 macrophages per ml medium were treated with 50 µg/ml mAb 41D3 or 

13D12, and were further incubated in a humidified 5% CO2 atmosphere at 37 °C for 6, 12, 24, 48 or 

72 h. Time-dependent effect of a pulsed antibody treatment: 106 macrophages per ml medium were 

treated with 50 µg/ml mAb 41D3 or 13D12, and were further incubated in a humidified 5% CO2 

atmosphere at 37 °C for 1 h. Cells were then shifted to 4 °C for 15 min, washed twice, resuspended in 

ice-cold medium and subsequently incubated in a humidified 5% CO2 atmosphere at 37 °C until 6, 12, 

24, 48 or 72 h after starting the mAb treatment. 

 

 

Analysis of cell viability 

Macrophages were seeded in siliconized tubes to prevent adherence and were treated with the Sn-

specific mAb 41D3, isotype control or phosphate buffered saline (PBS; negative control). After 

treatment, cells were shifted to 4 °C for 15 min, washed twice and resuspended in ice-cold PBS. Live-

dead staining was performed by adding propidium iodide (PI; Molecular Probes, Eugene, OR, USA) to 

a final concentration of 0.015 mM, followed by a 10 min incubation at 4 °C, after which cells were 

analyzed immediately by flow cytometry with a Becton–Dickinson (BD; San Jose, CA, USA) 

FACSCanto. 
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Immunostaining of sialoadhesin, MHC I and MHC II expression on the cell surface 

Macrophages were seeded in siliconized tubes to prevent adherence and were treated with the Sn-

specific mAb 41D3 or with the isotype-matched control mAb. After treatment, cells were shifted to 4 

°C for 15 min and stained with primary mAb 41D3, mAb PT85A or mAb MSA3, followed by secondary 

goat-anti-mouse FITC (Molecular Probes) for the Sn staining or IgG2a-specific AlexaFluor488-labelled 

goat-anti-mouse (Molecular Probes) for the MHC I and MHC II staining. All dilutions were made in PBS 

containing 10% heat-inactivated goat serum and all incubations were performed at 4 °C for 1 h. 

Afterwards, cells were analyzed using flow cytometry. The percentage of cells that express Sn, MHC I 

or MHC II on their surface was determined and their median fluorescence intensity (MFI) was used as 

a measure for the amount of Sn, MHC I or MHC II expressed. Macrophages incubated with the 

irrelevant, isotype-matched control primary mAb 13D12 or 13H4 showed no staining. 

 

 

Detection of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

production 

The release of ROS in the supernatant of elicited macrophages was determined using lucigenin (bis-N-

methylacridinium nitrate; Invitrogen, Carlsbad, CA, USA) as a chemiluminigenic probe (adapted from 

(Boyen et al., 2006)), to a final assay concentration of 400 µM. Ten microgram per milliliter phorbol 

12-myristate 13-acetate (PMA; Sigma–Aldrich, St. Louis, MO, USA) was used as triggering agent in the 

chemiluminescence (CL) assays, which were performed at 37 °C using a FluoroScan Ascent 

fluorometer (Labsystems, Helsinki, Finland). Macrophages were seeded in white clear bottom chimney 

96-well plates (Greiner Bio-One). After the mAb treatment, the culture supernatant was replaced by 

175 µl lucigenin solution and background CL (cells without stimulating agent) was recorded for 10 

min. The CL was measured as light units (LU). After determining the spontaneous CL, cells were 

triggered with PMA in the presence of mAb 41D3, isotype control or HBSS (Hank’s balanced salt 

solution; negative control) in a final volume of 25 µl and the oxidative activity of the cells was 

recorded for 1 h. From this data, the area under curve (AUC, LU produced in 1 h) was determined for 

all conditions and data were corrected for spontaneous CL. Data are expressed as fold induction 

relative to the negative control. 

 

The release of RNS in the supernatant of mAb treated macrophages was determined using the Griess 

reagent kit for nitrite determination (Molecular Probes), following the manufacturer’s instructions. 

Macrophages were seeded in 96-well plates (NUNC, Roskilde, Denmark) and were treated with the 

Sn-specific mAb 41D3, with the isotype-matched control mAb 13D12 or with 1 µg/ml 

lipopolysaccharide (LPS) from Escherichia coli O111:B4 (Sigma) as a positive control. 
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Phagocytosis assays 

Yellow-green fluorescent carboxylate-modified beads with a diameter of 1 µm were used as 

phagocytic particles (FluoSpheres, Molecular Probes). Macrophages were seeded in siliconized tubes 

to prevent adherence, 20 beads per cell were added to the macrophages after treatment and uptake 

was allowed for 1 h. Thereafter, cells were shifted to 4 °C for 15 min, washed twice, and resuspended 

in ice-cold PBS. To determine how many beads are bound to the cell surface and how many are 

internalized, phagocytosis of beads was analyzed using confocal microscopy. The phagocytosis assay 

was performed with cells that were treated for 24 h with 50 µg/ml of the Sn-specific mAb 41D3 or 

isotype control. To determine the specificity of the phagocytosis assay, untreated cells were put on ice 

for 15 min prior to adding the beads, and were kept on ice during the entire assay to prevent 

internalization of the beads. After the last wash step in the phagocytosis assay, cells were fixed with 

4% (w/v) paraformaldehyde (PF; Sigma) in PBS, washed twice and permeabilized for 10 min using 

0.1% (w/v) saponin (Sigma) in PBS (PBS-S). Next, cells were incubated for 1 h at 4 °C with 

TexasRed-X phalloidin (Invitrogen) diluted in PBS-S to stain cortical actin, washed twice with PBS-S 

and incubated with 10 µg/ml Hoechst 33342 (Invitrogen) in PBS for 10 min to stain all nuclei and 

washed two more times. Analysis was performed by confocal microscopy, as described earlier 

(Delputte et al., 2011). At least 50 cells were analyzed per sample and for each cell the number of 

internalized and surface bound beads was counted. Flow cytometrical analysis of phagocytosis was 

performed as follows. Macrophages were treated with the Sn-specific mAb 41D3, isotype control or 

PBS (negative control) and the phagocytosis assay was performed. The percentage of cells that had 

beads bound to their surface and/or had internalized beads was determined. As a measure for the 

number of beads associated (bound and/or internalized) per cell, the MFI of all macrophages 

associated with beads was used. The phagocytic ratio of macrophages associated with beads was 

determined as follows: the percentage of cells that had more than three beads associated was divided 

by the percentage of cells that had one bead associated. An increasing phagocytic ratio therefore 

corresponds to an increase in percentage of cells that have more than three beads associated or a 

decrease in the percentage of cells that have one bead associated. Thus, an increasing phagocytic 

ratio corresponds to a higher phagocytic capacity of analyzed cells, a decreasing phagocytic ratio 

corresponds to a lowered phagocytic capacity. 

 

 

Detection of the uptake and processing of soluble antigens 

Macrophages were seeded in siliconized tubes to prevent adherence and were treated with the Sn-

specific mAb 41D3, isotype control or PBS (negative control), after which 10 µg/ml DQ ovalbumin 

(OVA-DQ; Molecular Probes) was added. After 2 h of incubation, cells were shifted to 4 °C for 15 min, 

washed twice, resuspended in ice-cold PBS and analyzed using flow cytometry. The percentage of 

cells that took up and processed OVA-DQ was determined and their MFI was used as a measure for 

the amount of OVA-DQ that was taken up and processed. 
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Detection of cytokine production 

Endotoxin levels of mAb 41D3 and 13D12 were 4.6 pg/ml and 3.9 pg/ml, respectively, as determined 

using the Genscript ToxinSensor Chromogenic LAL (Limulus amebocyte lysate) Endotoxin Assay Kit 

(Genscript Corporation, Piscataway, NJ, USA). The manufacturer's protocol was followed and the 

endotoxin concentration was determined in comparison to a standard curve prepared with LPS from E. 

coli O111:B4 (Sigma). Macrophages were seeded in 24-well plates (NUNC), were treated with 50 

µg/ml of the Sn-specific mAb 41D3 or isotype control and were further incubated in a humidified 5% 

CO2 atmosphere at 37 °C for 0, 6, 12 or 24 h. Cells were treated for 12 h with 1 µg/ml LPS from E. 

coli O111:B4 as a positive control, or with 10 pg/ml as a control for residual endotoxins in the mAb 

solutions. At each time point, cell supernatant was collected, centrifuged 5 min at 4 °C and 400×g in 

order to discard cells and debris, aliquoted and stored at –70 °C until further use. Interferon (IFN)-α 

levels in the cell supernatant were determined in a cytopathic effect reduction test with Madin-Darby 

Bovine Kidney (MDBK) cells and vesicular stomatitis virus (VSV) as described earlier (Van Reeth et al., 

2002). Interleukin (IL)-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IFN-γ and tumour necrosis factor 

(TNF)-α concentrations in the cell supernatant of all samples were quantified by multiplex ELISA 

following shipment on dry ice to Aushon BioSystems (Billerica, MA, USA) for analysis using the 

SearchLight Chemiluminescent Porcine Cytokine Array (Aushon BioSystems).  

 

 

Flow cytometry 

For all flow cytometric assays, live-dead staining was performed as mentioned before and cells were 

analyzed immediately with a BD FACSCanto, counting 10,000 cells per sample. Data were analyzed 

with BD FACSDiva software and macrophages were gated on FSC and SSC to remove debris from the 

analysis and on PI fluorescence to exclude non-viable cells from the analysis.  

 

 

Statistical analysis 

For each experiment, PAM from the same batch were used and each experiment was independently 

performed at least three times. Results are expressed as mean ± standard deviation (SD). Statistical 

data analysis was performed using the GraphPad PRISM software package (v 5.0; La Jolla, CA, USA) 

using a paired t-test (all dose-dependent assays, MHC I and MHC II expression time-dependent 

assays) or a repeated measures ANOVA with a Bonferroni post test (all other time-dependent assays). 

p values < 0.05 were considered significant. 
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RESULTS 

Antibody binding to pSn has no effect on macrophage viability 

To assess the effect of antibody binding to pSn on macrophage viability, flow cytometry was 

performed upon live-dead staining of macrophages treated with the Sn-specific mAb 41D3. No 

differences in macrophage viability were detected for mAb 41D3 treated macrophages versus isotype-

matched control mAb treated groups in response to all studied concentrations (Figure 1A). In addition, 

treatment of macrophages with the highest mAb dose did not have any cytotoxic effect up to 72 h 

after starting the treatment (Figure 1B). When no antibody was added (negative control), similar 

results were obtained as with the isotype-matched control treatment (data not shown). 

 

 
Figure 1. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage 
viability. 

The effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on macrophage viability, expressed as the 
percentage of cells that are alive upon treatment. (A) Cells were incubated with the indicated amount of mAb for 24 h. (B) Cells 
were incubated with 50 µg/ml mAb for the indicated time. Data represent the means ± SD of 3 independent experiments. 
 

 

Antibody binding to pSn downregulates Sn expression at the cell surface 

It is known that antibody binding to pSn results in internalization of the receptor (Delputte et al., 

2011; Revilla et al., 2009; Vanderheijden et al., 2003). Recently, it was shown that Sn is internalized 

via clathrin-mediated endocytosis and that this internalization is partial, as the receptor is still detected 

at the cell surface, and that internalization is at its maximum 90 min after adding the antibody 

(Delputte et al., 2011). No studies have been performed looking at the expression of Sn at later time 

points after treatment with a Sn-specific antibody. Therefore, cells were immunostained upon 

treatment and Sn expression at the cell surface was quantified using flow cytometry. A representative 

histogram is given in Figure 2. Nearly all PAM expressed Sn on their cell surface (97.5 ± 2.9%, data 

not shown), regardless of the treatment conditions studied. In accordance with previous studies, the 

amount of Sn (measured as MFI) expressed on the cell surface decreased when cells were treated 
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with the Sn-specific mAb 41D3 in a dose-dependent manner, whereas cells treated with the isotype-

matched control mAb maintained the same level of Sn expression at all doses tested (Figure 3A). 

Starting from 0.5 µg/ml, this decrease became significant (p < 0.001). Further increasing the antibody 

dose only had an additional reducing effect up to 1.5 µg/ml of mAb added, after which the reduction 

in Sn expression remained constant. When performing the time-dependent analysis of the treatment 

with the highest mAb dose, 50 µg/ml, a continuous and significant (p < 0.01) reduction in Sn 

expression was observed compared to the isotype-matched control, which showed an increased 

expression of Sn at the cell surface over time (Figure 3B). When no mAb was added, similar results 

were obtained as with the isotype control mAb (data not shown). 

 

 
Figure 2. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage cell 
surface expression of Sn. 

The effect of mAb 41D3 (red) or isotype-matched control mAb 13D12 (green) on Sn cell surface expression by viable 
macrophages. Cells were incubated with the 50 µg/ml mAb for 24 h and Sn cell surface expression by viable macrophages was 
assessed. Unstained macrophages (grey) and isotype-matched irrelevant stained macrophages (black line) are also given. Data 
represent 1 independent experiment. 

 

 

 

 

 



Antibody binding to sialoadhesin reduces macrophage phagocytosis⎥ Chapter 4 

	  
73	  

 
Figure 3. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage cell 
surface expression of Sn. 

The effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on Sn cell surface expression by viable 
macrophages, expressed as MFI. (A) Cells were incubated with the indicated amount of mAb for 24 h. (B) Cells were incubated 
with 50 µg/ml mAb for the indicated time. Unstained (MFI 68.7 ± 20.33) and isotype-matched irrelevant stained macrophages 
(MFI 76.3 ± 13.8) are not shown. Data represent the means ± SD of 3 independent experiments, * p < 0.05. 
 

 

Antibody binding to pSn causes no change in reactive oxygen or nitrogen species (ROS or 

RNS) production 

An important effector function of macrophages in the innate immune response is the production of 

toxic mediators, such as ROS or RNS, upon encounter of pathogens. To determine the effect of 

antibody binding to pSn on ROS production by PAM, a lucigenin chemiluminescence (CL) assay was 

performed. After treatment, macrophages were triggered to produce ROS with 10 µg/ml PMA and 

ROS production was quantified as the area under curve (AUC, LU produced in 1 h). No treatment-

related differences in ROS production were found for all mAb doses tested (Figure 4A). When looking 

at the time-dependent curve, a general decrease in ROS production by mAb 41D3 treated PAM was 

observed compared to the isotype-matched control treated cells, but not compared to the baseline, 

when no antibody was added (Figure 4B). To assess whether ROS production was altered shortly after 

the start of the mAb treatment, the assay was repeated and ROS production was recorded for 1 h 

following the start of the mAb treatment. No treatment-related difference in ROS production was 

observed (data not shown). 
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Figure 4. Chemiluminescent analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage 
reactive oxygen species (ROS) production capacity. 

The effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on ROS production by macrophages. (A) Cells 
were incubated with the indicated amount of mAb for 24 h. (B) Cells were incubated with 50 µg/ml mAb for the indicated time. 
All data were corrected for background chemiluminescence, are expressed as fold induction in AUC (area under curve, LU 
produced in 1 h) compared to negative control (HBSS) and represent the means ± SD of 3 independent experiments, * p < 
0.05. 
 

 

To determine the effect of antibody binding to pSn on RNS production by PAM, a Griess assay was 

performed. However, no production of NO above baseline levels was observed, either after both 

antibody treatments or after stimulation with LPS (data not shown). 

 

 

Antibody binding to pSn significantly decreases macrophage phagocytosis 

Another important effector function of macrophages in the innate immune response is the 

phagocytosis of pathogens, infected and apoptotic cells, and antigens. To determine whether antibody 

binding to pSn has the ability to alter macrophage phagocytosis of particulate antigens, the effect of 

treatment with the Sn-specific mAb 41D3 on PAM phagocytosis of beads was assessed by confocal 

microscopy and flow cytometry. 

 

The confocal microscopical analysis was done in response to 50 µg/ml mAb 41D3 or isotype control, 

24 h post start of the treatment. Representative images of a macrophage with internalized beads or a 

surface bound bead are given in Figure 5A&B. It was observed that phagocytosis of mAb 41D3 treated 

macrophages decreased markedly compared to the isotype control, as the percentage of macrophages 

that had beads associated to them (bound to the cell surface as well as internalized) decreased from 

69.5 ± 3.1% to 34.4 ± 4.1% upon antibody binding to pSn (Figure 5C). This was mainly due to a 

reduction in internalized beads, since the number of internalized beads per 50 macrophages 

decreased from 61 ± 5 to 29 ± 14 upon mAb 41D3 treatment, whereas the number of surface bound 

beads decreased from 31 ± 7 to 22 ± 5 (Figure 5D). These observations show that macrophage 
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phagocytosis was not fully blocked upon mAb 41D3 treatment. The number of beads bound to the cell 

surface upon antibody binding to pSn (22 ± 5) was higher than the number of beads associated when 

the phagocytosis experiment was performed at 4 °C (10 ± 4), which corresponds to the background 

signal. In addition, there was no significant mAb treatment-related difference in the number of beads 

bound to the cell surface. Thus, the observed decrease in phagocytosis of beads is not due to a 

decreased capacity of macrophages to bind beads on their cell surface, yet results from a decreased 

capacity to internalize beads. 

 

 
Figure 5. Confocal microscopical analysis of the effect of treatment with the Sn-specific mAb 41D3 on 
macrophage phagocytosis. 

Analysis of the effect of mAb 41D3 or isotype-matched control mAb 13D12 on the phagocytosis of beads by macrophages: (A – 
B) Images represent a single confocal z-section throughout the middle of the cell. Yellow-green fluorescent beads were used, 
nuclei are stained with Hoechst 33342 (blue) and cortical actin (representing the cell surface) is visualized using TexasRed-X 
phalloidin: (A) Image of a macrophage with internalized beads; (B) Image of a macrophage with a bead bound to the cell 
surface; (C) Data show the percentage of macrophages with internalized and/or surface bound beads. To determine the 
specificity of the phagocytosis assay, the assay was also performed with macrophages that were kept on ice; (D) Data show the 
number of surface bound (black) and internalized (white) beads per 50 macrophages counted. Data represent the means ± SD 
of 3 independent experiments, * p < 0.05. 
 

 

Dose- and time-dependent studies of the effect of mAb 41D3 treatment on phagocytosis were 

performed using flow cytometry. A representative histogram is given in Figure 6. It was observed that 

mAb 41D3 showed a dose-dependent reduction in the number of macrophages phagocytosing beads, 

starting from 1.5 µg/ml (p < 0.003), whereas the isotype control maintained the same level at all 

doses tested (Figure 7A1). Further increasing the antibody dose only had a limited reducing effect on 

the number of macrophages phagocytosing beads. As a measure for the number of beads that are 

associated with each macrophage, the MFI of the macrophages associated with beads was analyzed 

(Figure 7A2). It was observed that the MFI tended to decrease a little for mAb 41D3 treated 

macrophages compared to the isotype control when increasing the treatment dose. This indicates that 

there is a small, yet insignificant, dose-dependent difference in the number of beads associated after 

antibody binding to pSn, which was also confirmed by the decreasing phagocytic ratio (Figure 7A3). 
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Figure 6. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage 
phagocytosis. 

Analysis of the effect of mAb 41D3 (red) or isotype-matched control mAb 13D12 (green) on the phagocytosis of beads by viable 
macrophages. Cells were incubated with 50 µg/ml mAb for 24 h. Unstained macrophages (grey) are also given. Data represent 
1 independent experiment. 
 

 

When performing the analysis at different times post start of the treatment with the highest mAb 

dose, 50 µg/ml, a clear reduction in phagocytosis upon treatment with mAb 41D3 was seen compared 

to the isotype-matched control (Figure 7B1). At all time points, the difference in phagocytosis between 

mAb 41D3 treated cells and isotype control treated cells was statistically significant (p < 0.01). In 

addition it was observed that the mAb 41D3 treated group did not show an increase in phagocytosis 

over time, whereas both control groups did. Similarly, when looking at the number of beads that were 

associated to macrophages, as measured by the MFI and the phagocytic ratio, it was observed that 

the number of beads associated to mAb 41D3 treated cells did not differ much between all time 

points, whereas the number of beads associated to isotype-matched control treated cells increased 

over time (Figure 7B2&7B3). Starting from 48 h of mAb 41D3 treatment, this difference became 

significant (p < 0.001). The observed increase in phagocytic capacity of isotype-matched control 

treated PAM over time can be explained by cell maturation, which is known to result in a higher 

phagocytic capacity (Pesanti, 1979). This phenomenon was not observed after mAb 41D3 treatment. 

Based on these results it can be concluded that mAb 41D3 has an effect on macrophage phagocytosis 

that is maintained over time. Not only are there less cells that have beads associated to them at all 

time points in response to mAb 41D3 treatment, there is also a decreased number of beads that are 

associated per cell.  

 

To assess whether the reduction in phagocytosis was also observed shortly after the start of the mAb 

treatment, the assay was repeated allowing only 1 h of mAb treatment after which the effect on 

phagocytosis was assessed. A similar decrease in the percentage of PAM that had beads associated to 
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them was observed (23.8 ± 9.6% for mAb 41D3 treated PAM; 63.2 ± 5.6% for isotype control treated 

PAM; 63.3 ± 18% for negative control treated PAM, data not shown). 

 

 
Figure 7. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage 
phagocytosis. 

Analysis of the effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on the phagocytosis of beads by 
viable macrophages, expressed as the percentage of viable cells that have beads associated with them (A1, B1), the MFI per 
viable cell (A2, B2), or the phagocytic ratio (A3, B3). (A) Cells were incubated with the indicated amount of mAb for 24 h. (B) 
Continuous mAb administration: cells were incubated with 50 µg/ml mAb for the indicated time. Unstained macrophages (MFI 
27.67 ± 14.15) are not shown. Data represent the means ± SD of 3 independent experiments, * p < 0.05. 
 

 

To evaluate the effect of a pulsed administration of the antibody on macrophage phagocytosis, it was 

washed away after 1 h of treatment and phagocytosis was assessed after further incubation of the 

cells (Figure 8). Similar results were obtained as discussed above. When no antibody was added 
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(negative control), similar results were obtained as with the isotype control treatment (data not 

shown). Based on these observations it can be concluded that mAb 41D3 causes a decrease in 

macrophage phagocytosis that is maintained over time, even if the mAb is washed away after 1 h of 

treatment, after which it is no longer present in the culture medium. 

 

 
Figure 8. Flow cytometric analysis of the effect of a pulsed treatment with the Sn-specific mAb 41D3 on 
macrophage phagocytosis. 

Analysis of the effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on the phagocytosis of beads by 
viable macrophages, expressed as the percentage of viable cells that have beads associated with them (A1), the MFI per viable 
cell (A2), or the phagocytic ratio (A3). Pulsed mAb administration: cells were pulsed with 50 µg/ml mAb for 1 h and 
phagocytosis was measured after the indicated time. Unstained macrophages (MFI 27.67 ± 14.15) are not shown. Data 
represent the means ± SD of 3 independent experiments, * p < 0.05. 
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Antibody binding to pSn has no effect on uptake and processing of soluble antigens 

To test the effect of antibody binding to pSn on uptake and processing of soluble antigens by PAM, 

cells were incubated with the self-quenching protein conjugate OVA-DQ and the number of cells that 

took up and processed OVA-DQ and their MFI was quantified by flow cytometry. A representative 

histogram is given in Figure 9. All PAM took up and processed OVA-DQ (99.2 ± 0.5%) and no 

treatment-related differences in the number of PAM that took up and processed OVA-DQ were 

detected under all conditions tested (data not shown). Similarly, there were no dose-, nor time-

dependent differences in MFI upon antibody binding to pSn compared to isotype control treated PAM 

(Figure 10A&B), yet for all treatments a slight increase in MFI over time could be noted. When no 

antibody was added (negative control), similar results were obtained as with the isotype control 

treatment (data not shown). These results suggest antibody binding to pSn has no effect on the 

uptake and processing of soluble antigen, nor on the amount of antigen processed. 

 

 
Figure 9. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on OVA-DQ uptake 
and processing by macrophages. 

The effect of mAb 41D3 (red) or isotype-matched control mAb 13D12 (green) on the amount of OVA-DQ taken up and 
processed by viable macrophages. Cells were incubated with 50 µg/ml mAb for 24 h. Unstained macrophages (grey) are also 
given. Data represent 1 independent experiment. 
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Figure 10. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on OVA-DQ uptake 
and processing by macrophages. 

The effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on the amount of OVA-DQ taken up and 
processed by viable macrophages, expressed as MFI. (A) Cells were incubated with the indicated amount of mAb for 24 h. (B) 
Cells were incubated with 50 µg/ml mAb for the indicated time. Unstained macrophages (MFI 20.67 ± 3.51) are not shown. 
Data represent the means ± SD of 3 independent experiments. 
 

 

Antibody binding to pSn has no effect on MHC I and MHC II cell surface expression 

MHC molecule expression on the plasma membrane of macrophages is an important factor associated 

with the antigen-presenting capacity of a macrophage. To test the effect of antibody binding to pSn 

on the expression of MHC I and MHC II molecules on the PAM cell surface, cells were immunostained 

for MHC I and MHC II expression upon treatment with the Sn-specific mAb 41D3, and the percentage 

and MFI of cells expressing MHC I and MHC II molecules on their plasma membrane was quantified 

using flow cytometry. Representative histograms are given in Figure 11. The assessment was done in 

response to different doses (Figure 12A&C) or at different times post start of the treatment (Figure 

12B&D). Nearly all PAM expressed MHC I and MHC II molecules on their cell surface (99.8 ± 0.3% and 

97.8 ± 1.8%, respectively; data not shown) and no differences in the number of PAM expressing MHC 

I or MHC II molecules were seen under all treatment conditions studied. No treatment-related 

differences in the amount of MHC I or MHC II molecules expressed on the cell surface were observed 

by measuring the MFI. For MHC I, a decrease in MFI over time was observed for all treatments 

(Figure 12B). When no mAb was added, similar results were obtained as with the isotype control mAb 

(data not shown). These data indicate that antibody binding to pSn has no effect on the expression of 

MHC I and MHC II on the cell surface. 
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Figure 11. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage cell 
surface expression of MHC I and MHC II molecules. 

The effect of mAb 41D3 (red) or isotype-matched control mAb 13D12 (green) on cell surface expression of MHC I and MHC II 
molecules. Cells were incubated with 50 µg/ml mAb for 24 h. Unstained macrophages (grey) are also given. Data represent 1 
independent experiment. 
 

 

 
Figure 12. Flow cytometric analysis of the effect of treatment with the Sn-specific mAb 41D3 on macrophage cell 
surface expression of MHC I and MHC II molecules. 

The effect of mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey) on cell surface expression of MHC I and MHC II 
molecules. Data are expressed as MFI of viable cells expressing MHC I (A - B) or MHC II (C - D) molecules on their cell surface. 
(A, C) Cells were incubated with the indicated amount of mAb for 24 h. (B, D) Cells were incubated with 50 µg/ml mAb for the 
indicated time. Unstained (MFI 8.67 ± 6.35) and isotype-matched irrelevant stained macrophages (MFI 25.67 ± 7.02) are not 
shown. Data represent the means ± SD of at least 3 independent experiments. 
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Antibody binding to pSn does not influence cytokine expression 

The ability of macrophages to produce cytokines and chemokines is of great importance in innate as 

well as adaptive immunity. To determine the effect of mAb 41D3 treatment on cytokine expression by 

PAM, macrophages were treated for 0, 6, 12 or 24 h with 50 µg/ml of the Sn-specific mAb 41D3 or 

the isotype-matched control mAb 13D12 and secreted cytokines were assessed by a bioassay (for 

IFN-α) and a multiplex ELISA (for IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IFN-γ and TNF-α). 

None of the conditions tested induced IFN-α production (data not shown). At the start of the 

treatment (t = 0) cytokine levels were below the limit of detection (LOD) for all conditions tested 

(Figure 13). No differences in cytokine production were found between both mAb treatments. In 

contrast to all other cytokines, IL-2 could not be detected in the cell culture supernatant upon 

treatment at all time points. This was not unexpected, since IL-2 is know to be produced mainly by 

activated CD4+ T lymphocytes (Malek and Castro, 2010). Expression levels of cytokines IL-4, IL-10, IL-

12p70, IFN-γ, TNF-α and chemokine IL-8 were just above the detection limit at all times, and this 

most likely results from leaky expression of these cytokines. IL-1β and IL-6, on the other hand, were 

strongly induced under both treatment conditions. 
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Figure 13. Analysis of the effect of treatment with the Sn-specific mAb 41D3 on cytokine production by 
macrophages. 

The concentration of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IFN-γ and TNF-α in the cell culture supernatant was 
determined by a multiplex ELISA. Cytokine concentration (pg/ml) measured at the indicated times post treatment with 50 µg/ml 
mAb 41D3 (black) or isotype-matched control mAb 13D12 (grey). For each cytokine, the limit of detection is indicated as a 
dotted line. All data represent the means ± SD of 3 independent experiments, * p < 0.05. 
 

 

As a control for the effect of endotoxins present in the antibody solutions on the induction of cytokine 

production by macrophages, macrophages were treated with a negative control containing no 

antibodies but with similar endotoxin levels (10 pg/ml LPS) in comparison to both antibody treatments 

(Figure 14). No differences could be found for IL-1β, IL-2 and IFN-γ. A slightly lower production was 

observed for IL-4, IL-6, IL-8, IL-12p70 and TNF-α, whereas IL-10 production was slightly upregulated. 

However, none of these differences were significant. Macrophages were also treated with 1 µg/ml LPS 

as a positive control, since LPS is known to induce cytokine expression in PAM (Figure 14). The 

stimulatory capacity of LPS on PAM was evident when looking at the induction of IFN-γ, IL-6 and TNF-
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α production, which were strongly induced compared to the background control (10 pg/ml LPS). In 

addition, IL-1β, IL-2 and IL-4 production was weakly induced and IL-12p70, IL-8 and IL-10 production 

was moderately induced in response to LPS stimulation. It was previously shown that LPS causes no 

IFN-α production in PAM (Miller et al., 2009), which was confirmed in our experiments. 

 

 
Figure 14. Analysis of the effect of endotoxins present in the antibody solutions on cytokine production by 
macrophages. 

The concentration of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IFN-γ and TNF-α in the cell culture supernatant was 
determined by a multiplex ELISA. Cytokine production assessed 12 h post treatment with 50 µg/ml mAb 41D3 (black), 50 µg/ml 
isotype-matched control mAb 13D12 (grey) or 1 µg/ml LPS (positive control; white). Data are expressed as fold induction 
compared to the negative control (10 pg/ml LPS). All data represent the means ± SD of 3 independent experiments, * p < 0.05. 
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DISCUSSION 

Macrophages are considered important target cells for selective elimination, activation or 

immunomodulation due to their importance in homeostasis and host defence, their migratory capacity, 

their implications in infectious diseases, cancer and inflammatory disorders and since immunity to a 

specific antigen might be modulated upon targeting of this antigen to antigen-presenting cells (Ahsan 

et al., 2002; Burke, 2003; Chellat et al., 2005; Keler et al., 2007; Tacken et al., 2007). Since Sn is an 

endocytic receptor and given its restricted expression pattern, recently, the use of this macrophage-

restricted receptor as a macrophage targeting molecule was suggested (Backer et al., 2010; Delputte 

et al., 2011; Ducreux et al., 2009; Ducreux et al., 2008; Kratzer et al., 2010; Revilla et al., 2009). A 

variety of ligands is proposed for Sn, and some of them are suggested as potential ligands for 

targeting Sn. Interestingly, it was shown that antibody binding to pSn activates signalling in PAM 

(Genini et al., 2008). However, little is known about the effect of ligand binding to Sn on macrophage 

effector functions. 

 

In the present study, the effect of antibody binding to pSn on macrophage viability, sialoadhesin cell 

surface expression and macrophage effector functions was studied in resident PAM in in vitro assays. 

Our observations indicate that antibody binding to pSn does not have an effect on macrophage 

viability, since no dose-, or time-dependent cytotoxic effect of the pSn-specific mAb 41D3 treatment 

was observed. 

 

Previous studies have shown that antibody binding to pSn results in clathrin-mediated endocytosis of 

this receptor (Delputte et al., 2011; Revilla et al., 2009; Vanderheijden et al., 2003). Interestingly, this 

internalization is only partial, as the receptor is still detected at the cell surface, and was found to be 

at its maximum 90 min after adding the antibody (Delputte et al., 2011). Our results confirmed the 

partial internalization of Sn. In addition, our results show that this internalization is dose-dependent 

and reaches a maximum when 1.5 µg/ml of mAb is added, after which the Sn expression at the cell 

surface remains constant. However, a continuous reduction of Sn expression at the cell surface was 

observed up to 12 h post start of the antibody treatment, after which only a slight further reduction 

was seen. These data further indicate that antibody binding to pSn results in receptor internalization, 

observed as a downregulation of Sn expression at the cell surface. 

 

The production of microbicidal molecules, such as reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), is an essential macrophage effector function as part of the host defence 

against pathogens. Our results demonstrate that antibody binding to pSn does not alter the ROS 

production capacity of PAM. We did notice a general decrease in ROS production of mAb 41D3 treated 

macrophages compared to the isotype control over time; however, no difference in ROS production 

was observed compared to the baseline, when no antibody was added. It could be that ROS 

production is induced by binding of both mAbs to Fc receptors (García-García and Rosales, 2005), and 
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that the sialoadhesin-specific treatment has a downregulating effect on ROS production by PAM, 

however, this needs to be confirmed. Treatment of PAM with the Sn-specific mAb 41D3 did not induce 

any nitric oxide production, as assessed with the Griess assay (data not shown). This is in agreement 

with previous studies, which show that RNS production is not a vital innate immune response in the 

pig, and that porcine PAM are unable to produce nitric oxide (Pampusch et al., 1998; Zelnickova et al., 

2008). 

 

Phagocytosis by macrophages is an essential step in innate immunity for protection against foreign 

particles, pathogens and apoptotic cells by clearing them from their environment (Jutras and 

Desjardins, 2005). Moreover, phagocytosis is at the crossroads with the adaptive immune response. 

Upon encounter, macrophages efficiently internalize these particles into phagosomes, where 

proteolytic processing of antigens produces antigenic peptides, that are subsequently presented by 

class II major histocompatibility complex (MHC-II) molecules or cross-presented by class I major 

histocompatibility complex (MHC-I) molecules (Ramachandra et al., 2009). This led us to investigate 

the effect of antibody binding to pSn on phagocytosis of beads, soluble antigen uptake and 

processing, and MHC I and MHC II cell surface expression, all important factors associated with the 

antigen-presenting capacity of a macrophage. 

 

Our results show that antibody binding to pSn causes a significant reduction in phagocytic capacity of 

PAM compared to control groups, as assayed by flow cytometry and confocal microscopy. With 

increasing dose of the pSn-specific mAb 41D3, the percentage of macrophages phagocytosing beads 

decreased markedly. It was observed that antibody binding to pSn at the highest dose caused a 

decrease, which was maintained over time, in the percentage of macrophages phagocytosing beads 

and the number of beads that were phagocytosed per cell, whether antibody binding to pSn was 

allowed for 1 h or continuously. Yet, using confocal microscopy, it was established that the binding of 

beads to the surface of macrophages was not affected and that phagocytosis was not entirely blocked 

upon mAb 41D3 treatment. When comparing the effect of the Sn-specific mAb treatment on the 

surface expression of Sn (Figure 3A&B) with the effect on phagocytosis of beads (Figure 7A1&B1), the 

highest reduction in cell surface expression and phagocytosis is observed at the same concentration of 

mAb (1.5 µg/ml) and in both cases the reduction is maintained over time. 

 

The reasons for the decreased phagocytic capacity upon antibody binding to pSn are not clear at this 

point. The mechanism through which antibody binding to pSn downregulates phagocytosis of beads 

might be diverse. Direct engagement of Sn to mediate phagocytosis of beads or to tether beads and 

then utilize accessory receptors to deliver the phagocytic signal seems unlikely (Munday et al., 1999). 

It has not been established that Sn is a phagocytic receptor, yet it is known to specifically bind 

sialylated ligands (Crocker et al., 1991) and a mechanism has been proposed in which Sn might act as 

a phagocytic receptor of sialylated pathogens (Crocker et al., 2007). However, the beads that were 

used in our study are unsialylated. In addition, Sn remains present at the cell surface at all times, 
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available for interaction with beads, as it is only partially internalized. Therefore, it seems unlikely that 

this mechanism occurs. Most likely, antibody binding to Sn activates specific molecular networks and 

results in the downregulation of pathways involved in phagocytosis. In support of this, it was recently 

shown that antibody binding to pSn on PAM induces alterations in MAPK (mitogen-activated protein 

kinase) signalling and in pathways important for the regulation of the actin cytoskeleton known to be 

involved in phagocytosis (Genini et al., 2008; Luo et al., 2010; May and Machesky, 2001). Altered 

signalling or regulation of these pathways upon antibody binding to pSn could thus be a possible 

explanation for the observed downregulation of phagocytosis. 

 

Two other siglecs, Siglec-5 and Siglec-11, were previously described to be implicated in (impaired) 

phagocytosis. Siglec-5 was shown to directly bind apoptotic bodies and to assist with their uptake 

(Rapoport et al., 2005). However, impaired phagocytosis of apoptotic bodies in macrophages isolated 

from the blood of patients with breast cancer was observed, and it was suggested to be due to the 

increased expression of Siglec-5. Yet, the mechanism behind this was not elucidated. In the case of 

Siglec-11, it was demonstrated that Siglec-11-expressing microglia have an impaired capacity to 

phagocytose apoptotic neuronal material compared to microglia that do not express this receptor 

(Wang and Neumann, 2010). Even though the mechanism behind this was not elucidated, it was 

suggested that signalling through Siglec-11 might antagonize phagocytosis-associated signalling 

pathways via its immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (Ziegenfuss et al., 2008). 

Since Sn does not contain any ITIMs, the mechanism behind the observed downregulation of 

phagocytosis upon antibody binding to Sn must be different, but may work analogously through 

adaptor molecules containing signalling motifs. 

 

Although this needs to be confirmed, the observed downregulation of phagocytosis of beads by PAM 

suggests that triggering Sn results in a block in the phagocytic capacity of other large particles, such 

as opsonised beads, bacteria or apoptotic cells. This finding is of importance, since the main function 

of PAM is the removal of particulate antigens and microorganisms from the alveolar space 

(Schneberger et al., 2011). Therefore, further studies exploring the effect on phagocytosis of other 

particles will be performed. In addition, our observations may suggest that binding of pathogens 

known to interact with Sn (Heikema et al., 2010; Jones et al., 2003; Monteiro et al., 2005; Rempel et 

al., 2008; Seyerl et al., 2010; Van Breedam et al., 2010), could result in significantly decreased 

phagocytic capacities of macrophages. As a consequence, pathogens that would otherwise be cleared 

from the alveolar space could then cause severe secondary infections. Porcine reproductive and 

respiratory syndrome virus (PRRSV) is a pathogen known to interact with Sn, for which severe 

secondary infections upon primary infection have been described (Brockmeier et al., 2002; 

Vanderheijden et al., 2003). It could thus be that the observed secondary infections are a result of the 

decreased phagocytic capacity of PAM upon binding of PRRSV to Sn. Further experiments will follow 

that look at the effect on phagocytosis of binding of sialylated pathogens to Sn. 
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In contrast to our results, it was shown that binding of 2 PEGylated rat mAbs, SER-4 and 3D6, to Sn 

expressed on mouse peritoneal macrophages does not have an effect on the uptake of latex beads 

(Ducreux et al., 2009). The reasons for the discrepancy with our results are not clear at this point. It 

could be that signalling differs in different species (porcine versus murine) or even in different 

macrophage populations (alveolar versus peritoneal macrophages). Otherwise, there might also be a 

difference in the expression level of Sn on both macrophage populations, as the macrophages used in 

the latter study were induced to express Sn, whereas porcine PAM used in our study constitutively 

express Sn. In addition, it could also be due to the PEGylation of the mAbs used in their study, which 

might result in altered signalling upon binding. 

 

Macrophages are heterogeneous and different populations are described based on their anatomical 

localization and specialization of function (Gordon and Taylor, 2005; Schneberger et al., 2011; Varin 

and Gordon, 2009). Yet, phagocytosis is an important effector function in almost all macrophage 

populations (Aderem, 2003). It would be interesting to see whether Sn-mediated downregulation of 

phagocytosis can also be observed in other macrophage populations and in other species, as defective 

or inefficient phagocytosis may contribute to different pathologies dependent on the localization and 

functional specialization of the macrophage population under study (Krysko et al., 2010). For example, 

recently, it was demonstrated that Sn-positive macrophages can present lipid antigens to mediate 

early activation of invariant natural killer T (iNKT) cells in lymph nodes, indicating another key feature 

of Sn-positive macrophages in the initiation of host defence against bacterial infection (Barral et al., 

2010). Therefore, it would be of interest to know whether ligand binding to Sn might result in a 

decreased activation of iNKT cells during bacterial infection. To address these questions, further 

studies will be undertaken in Sn-positive macrophages of different species and populations. 

 

Using OVA-DQ, the effect of antibody binding to pSn on uptake and processing of soluble antigens 

was assessed. Our results show that PAM are able to take up and process soluble antigen efficiently, 

as described before (Bautista et al., 2002), and this ability was unaltered after antibody binding to 

pSn. The discrepancy between the effect of antibody binding to pSn on phagocytosis of beads and on 

soluble antigen uptake and processing is most likely due to different uptake mechanisms for both 

antigens. Whereas OVA-DQ is described to be taken up via the mannose receptor (Janicka et al., 

1994), beads are assumed to be taken up via aspecific phagocytosis dependent on particle size, 

charge and hydrophobicity (Ahsan et al., 2002). 

 

PAM showed expression of both MHC I and MHC II antigens on the cell surface, as was seen before 

(Basta et al., 2000), and antibody binding to pSn had no effect on cell surface expression of both 

molecules. Previously, it was reported that porcine PAM are poor accessory cells, even though they 

are capable of uptake, processing and presentation of antigens via MHC molecules and express other 

necessary costimulatory adhesion molecules (Basta et al., 2000). For that reason, we did not pursue T 

cell proliferation assays to determine PAM costimulatory capacity. However, several recent studies 



Antibody binding to sialoadhesin reduces macrophage phagocytosis⎥ Chapter 4 

	  
89	  

have pointed towards a role for Sn-positive macrophages in antigen presentation and T cell 

stimulatory capacity (Backer et al., 2010; Delputte et al., 2011; Kratzer et al., 2010; Revilla et al., 

2009). Thus, the effect of antibody binding to Sn, expressed on other types of macrophages, on 

antigen presentation to T or B cells remains to be elucidated. 

 

The effect of antibody binding to pSn on cytokine production was studied since the macrophages’ 

ability to produce cytokines and chemokines is of great importance in innate as well as adaptive 

immunity. The production of chemokines, such as IL-8, and pro-inflammatory cytokines, such as IL-

1β, IL-6, IL-12, IFN-γ and TNF-α by classically activated macrophages during inflammation are crucial 

events for triggering the progressive recruitment and activation of immune cells (Aderem and 

Ulevitch, 2000; Robbins and Swirski, 2010). Afterwards, alternatively activated macrophages control 

the inflammatory response and prevent excessive tissue damage by their anti-inflammatory 

properties, the production of anti-inflammatory cytokines such as IL-4 and IL-10 amongst others 

(Gordon, 2003; Zhang and Mosser, 2008). In our study, no effect of treatment with the pSn-specific 

mAb 41D3 was observed compared to the isotype-matched control. Remarkably, both IL-1β and IL-6 

were strongly induced by both treatments. Both cytokines are known to be induced upon crosslinking 

of Fc receptors (Krutmann et al., 1990; Marsh et al., 1994), which might explain the observed 

production of these cytokines, since native antibodies were used that can bind Fc receptors. It needs 

to be noted that mice mAbs were used on porcine macrophages, yet, it is reported that differences in 

the abilities of Fc receptors to bind mice or human IgG1 mAbs are not considered significant (Mestas 

and Hughes, 2004), which might also be the case in pigs. On the other hand, it can also not be 

excluded that their production is the result of residual endotoxins present in the mAb solutions 

(Takeda et al., 1999), since IL-1β and IL-6 were also induced by the negative control, containing no 

antibodies but similar levels of endotoxin (10 pg/ml) as in both mAb solutions. 

 

In conclusion, we demonstrate that antibody binding to pSn using mAb 41D3 decreases phagocytosis 

of beads by PAM significantly and consistently, but has no effect on other macrophage effector 

functions studied. This observation might explain some of the observed pathologies associated with 

Sn-positive macrophages, such as secondary bacterial infections observed after PRRSV infection. In 

addition, our results further indicate the possibility of using Sn as a therapeutic target, keeping in 

mind the downregulating effect of antibody binding to pSn on macrophage phagocytosis. The 

implications of this finding are twofold. Firstly, downregulation of phagocytosis upon antibody binding 

to Sn might be beneficial for diseases where uncontrolled or unwanted phagocytosis is involved in the 

pathology, e.g. in haemophagocytic lymphohistiocytosis and in cancer vaccination (Henry et al., 1999; 

Schmid and de Saint Basile, 2010), and could be considered as a possible treatment. Secondly, when 

considering targeting Sn in order to target antigens, drugs or other molecules to specifically activate 

or immunomodulate macrophages or to prevent ligand binding to Sn in a therapeutic setting, such as 

in autoimmune or inflammatory diseases, the downregulating effect of ligand binding to Sn on 
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phagocytosis needs to be considered carefully. Clearly, further research is required, since it has not 

yet been assessed whether ligand binding to Sn also causes a reduced phagocytic capacity of 

macrophages in other species, or in vivo. 
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Porcine reproductive and respiratory syndrome virus (PRRSV) is an arterivirus that shows a restricted 

in vivo tropism for subsets of porcine macrophages, with alveolar macrophages being major target 

cells. The virus is associated with respiratory problems in pigs of all ages and is commonly isolated on 

farms with porcine respiratory disease complex (PRDC). Due to virus-induced macrophage death early 

in infection, PRRSV hampers the innate defence against pathogens in the lungs. In addition, the virus 

might also directly affect the antimicrobial functions of macrophages. This study examined whether 

interaction of European genotype PRRSV with primary alveolar macrophages (PAM) affects their 

phagocytic capacity. Inoculation of macrophages with both subtype I PRRSV (LV) and subtype III 

PRRSV (Lena) showed that the virus inhibits PAM phagocytosis. Similar results were obtained using 

inactivated PRRSV (LV), showing that initial interaction of the virion with the cell is sufficient to reduce 

phagocytosis, and that no productive infection is required. When macrophages were incubated with 

sialoadhesin- (Sn) or CD163-specific antibodies, two entry mediators of the virus, only Sn-specific 

antibodies downregulated the phagocytic capacity of PAM, indicating that interaction with Sn, but not 

CD163, mediates the inhibitory effect of PRRSV on phagocytosis. In conclusion, this study shows that 

European genotype PRRSV inhibits PAM phagocytosis in vitro, through the interaction with its 

internalization receptor Sn. If similar events occur in vivo, this interaction may be important in the 

development of PRDC, as often seen in the field. 
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INTRODUCTION 

Porcine reproductive and respiratory syndrome virus (PRRSV) is the causative agent of porcine 

reproductive and respiratory syndrome (PRRS), which has become one of the most important diseases 

affecting swine industry worldwide. PRRS is characterized by reproductive failure in sows and gilts and 

respiratory problems in pigs of all ages (Collins et al., 1992; Wensvoort et al., 1991). The annual cost 

of this disease is estimated at 664 million dollars in the USA alone (Holtkamp, 2011), representing 

over one-third of the total losses in swine industry attributed to infectious diseases (Lewis et al., 

2007). PRRSV is a small, enveloped, positive-stranded RNA virus that belongs to the genus Arterivirus, 

which is classified within the family of the Arteriviridae, in the order Nidovirales (Cavanagh, 1997). 

Two distantly related genotypes exist: the European genotype (type I) and the North American 

genotype (type II) (Meng et al., 1995; Nelsen et al., 1999). Within each genotype a high degree of 

genetic variability has been described (Goldberg et al., 2003; Meng, 2000), which led to the recent 

proposal to subdivide the European genotype into different subtypes (Shi et al., 2010; Stadejek et al., 

2008). Different PRRSV isolates also display a remarkable antigenic and pathogenic variability. Their 

virulence ranges from apathogenic or moderately virulent, to highly pathogenic, like the recently 

emerging type II isolates described in China (Zhou and Yang, 2010) and the type I subtype III isolate 

PRRSV (Lena), originating from Belarus (Karniychuk et al., 2010). 

 

PRRSV shows a restricted in vivo host tropism, infecting pigs only, as well as a restricted cell tropism 

for cells of the monocyte/macrophage lineage. The latter is reflected by the specific infection of 

subsets of macrophages that are mainly present in lungs, lymphoid tissues and placenta (Duan et al., 

1997a, b), with alveolar macrophages being major target cells (Teifke et al., 2001). The extensive 

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

bystander cells (Choi and Chae, 2002; Labarque et al., 2003; Sirinarumitr et al., 1998; Sur et al., 

1998). In previous studies (Labarque et al., 2000; Van Gucht et al., 2005), a decrease in the number 

of alveolar macrophages was found up to 9 days post infection (d.p.i.), with a maximum decrease of 

35 – 40%, followed by a marked increase up to 52 d.p.i., resulting from replacement of these cells by 

infiltrating monocytes, which are known to differentiate into macrophages. Since alveolar 

macrophages are the predominant cells involved in the innate defence in the lungs (Schneberger et 

al., 2011), PRRSV infection impacts the respiratory immune system of the pig early in infection. The 

virus is associated with respiratory problems in pigs of all ages, is known to predispose pigs to 

secondary infections, and is commonly isolated on farms with porcine respiratory disease complex 

(PRDC) (Brockmeier et al., 2002). 

 

PRRSV shows a tropism for specific subsets of differentiated macrophages (Duan et al., 1997b), which 

is conferred by the presence of certain entry mediators. As reviewed by Van Breedam and co-workers 

(2010), three entry mediators are known to be involved in the entry pathway of PRRSV in 

macrophages: 1) heparan sulphate glycosaminoglycans serve as PRRSV attachment factors involved in 
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the initial binding and concentration of the virus on the macrophage surface; 2) the siglec sialoadhesin 

(Sn) interacts with sialic acids present on the virus, which leads to a more stable binding, and results 

in internalization of the virus together with its receptor; 3) scavenger receptor CD163 is implicated in 

virus uncoating and genome release. It is established that Sn functions as a clathrin-dependent 

endocytic receptor that can be targeted by Sn-specific immunotoxins to kill macrophages and by Sn-

specific antigen immunoconjugates as a vaccination strategy improving antibody responses (Delputte 

et al., 2011). Also, in a recent study it was shown that antibody binding to porcine Sn causes a 

decrease in phagocytic capacity of primary alveolar macrophages (PAM) (De Baere et al., 2011). It 

was suggested that the interaction of other ligands with Sn might also result in an impaired 

phagocytic capacity of PAM. Considering the reported increase in secondary bacterial infections 

following PRRSV infection, the downregulating effect of antibody binding to Sn on macrophage 

phagocytosis and the fact that PRRSV interacts with Sn, we wondered whether PRRSV binding to Sn 

might likewise result in a decreased phagocytic capacity of PAM. Therefore, this study aimed to assess 

whether the interaction of European genotype PRRSV with PAM affects their phagocytic capacity, and 

whether interaction with its entry mediators Sn and/or CD163 mediates the inhibitory effect of PRRSV 

on PAM phagocytosis. 
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MATERIALS AND METHODS 

Cells 

PAM were obtained from 4- to 6-week-old conventional Belgian Landrace pigs from a PRRSV-negative 

herd as previously described (Wensvoort et al., 1991). PAM and MARC-145 cells were cultivated as 

described by Van Gorp et al. (Van Gorp et al., 2008). 

 

 

Viruses 

MARC-145-grown virus: a 4th passage was used for the following PRRSV strains: 1) genotype I, 

subtype I prototype PRRSV strain, Lelystad virus (LV), that was first passaged on macrophages for 12 

passages (Wensvoort et al., 1991); 2) genotype I, subtype III prototype PRRSV strain Lena, that was 

adapted on MARC-145 cells as described (Karniychuk et al., 2010). For concentration and inactivation, 

a 5th passage of PRRSV (LV), that was first passaged on macrophages for 12 passages, was used. 

Macrophage-grown virus: a 13th passage of PRRSV (LV) and a 4th passage of PRRSV (Lena) was used. 

For concentration, a 14th passage of PRRSV (LV) and a 4th passage of PRRSV (Lena), were used. Virus 

titrations and calculations of the virus titres (TCID50 values) were performed as described before (Van 

Gorp et al., 2008). For each experiment, virus titrations were performed on macrophages from the 

same batch as the batch used in the respective experiment. Virus was concentrated from the 

supernatant after filtration through a 0.45 µm filter as previously described (Vanhee et al., 2009). 

Virus inactivation through treatment with binary ethylenimine (BEI) or with ultraviolet (UV) radiation 

was performed and verified as described before (Vanhee et al., 2009), always confirming complete 

inactivation. 

 

 

Antibodies 

The IgG1 porcine Sn-specific mouse monoclonal antibody (mAb) 41D3 was used as a ligand to bind Sn 

(Duan et al., 1998; Vanderheijden et al., 2003). The IgG1 porcine CD163-specific mouse mAb 2A10 

(AbD Serotec; MCA2311) or a human CD163-specific goat polyclonal antibody (pAb) (R&D Systems), 

which is known to cross-react with porcine Sn, were used as ligands to bind CD163 (Bullido et al., 

1997; Sanchez et al., 1999; Van Gorp et al., 2008). Isotype-matched irrelevant mAb 13D12, directed 

against pseudorabies virus glycoprotein gD (Nauwynck and Pensaert, 1995), and purified goat 

antibodies were used as controls. MAb 41D3 and 13D12 were purified using protein G column 

chromatography (GE Healthcare) following the manufacturer’s instructions. PRRSV virions were 

visualized via the nucleocapsid protein-specific mAb 13E2 (Van Breedam et al., 2011). 

 

 

 



Interaction of type I PRRSV with sialoadhesin inhibits macrophage phagocytosis⎥  Chapter 5	  

	  
101	  

Phagocytosis assay 

To assess the effect of PRRSV or Sn- and CD163-specific antibodies on PAM phagocytosis, 

macrophages were inoculated with PRRSV or antibodies 24 h post seeding and further incubated for 1 

h, after which a phagocytosis assay was performed. In a first experiment PAM were inoculated with 

macrophage- or MARC-145-grown virus at a multiplicity of infection (m.o.i.) of 0.3, 1, 3, or 5 for 

PRRSV (LV) or an m.o.i. of 0.3, 1, 3, 5, 10 or 30 for PRRSV (Lena). The m.o.i. was calculated as the 

ratio between the TCID50 value and the number of cells. As a control, PAM were mock-infected with 

macrophage- or MARC-145-supernatant of cells that were cultured for 5 days. In a second 

experiment, PAM were inoculated with an m.o.i. of 0.1, 0.3, 1, 3, 10 or 30 of concentrated MARC-145-

grown PRRSV (LV) or equal amounts of concentrated and inactivated MARC-145-grown PRRSV (LV). 

As a control, PAM were mock-infected with RPMI containing 10% PBS, which is the medium in which 

the concentrated virus is dissolved (and inactivated). As a control for the effect of the BEI-treatment 

of the virus on PAM phagocytosis, cells were mock-infected with BEI-treated RPMI containing 10% 

PBS, showing no effect on phagocytosis. In a third experiment, PAM were inoculated with 0.15, 0.5, 

1.5, 5, 15, 50 µg/ml mAb 41D3, 2A10 or 13D12 or the CD163-specific pAb. As a control, PAM were 

inoculated with PBS in the absence of mAbs. Also, for every experiment a phagocytosis assay was 

performed at 4 °C, following mock-infection, to determine the number of beads bound to the cell 

surface. Phagocytosis assays using fluorescent beads were performed in suspension and were 

analyzed by flow cytometry following a propidium iodide live-dead staining as described before (De 

Baere et al., 2011). Data were gated on FSC and SSC to remove debris from the analysis and on FL-2 

to exclude non-viable cells from the analysis. The percentage of cells that had beads bound to their 

surface and/or had internalized beads was determined. As a measure for the number of beads 

associated (bound and/or internalized) per cell, the MFI of all macrophages associated with beads was 

used. The phagocytic ratio of macrophages associated with beads was determined as follows: the 

percentage of cells that had more than three beads associated was divided by the percentage of cells 

that had one bead associated. An increasing phagocytic ratio therefore corresponds to an increase in 

percentage of cells that have more than three beads associated or a decrease in the percentage of 

cells that have one bead associated. Thus, an increasing phagocytic ratio corresponds to a higher 

phagocytic capacity of analyzed cells, a decreasing phagocytic ratio corresponds to a lowered 

phagocytic capacity. Confocal microscopical pictures were generated as described before (De Baere et 

al., 2011), including a staining for PRRSV particles using 13E2 as primary antibody, followed by goat-

anti-mouse-FITC. 

 

 

Analysis of virus internalization in PAM 

Adherent cells were washed once with RPMI 24 h post seeding, followed by inoculation with different 

PRRSV strains at an m.o.i. of 1. Inoculated cells were incubated for 1h at 37 °C in the presence of the 

virus. After virus removal, cells were washed 3 times to remove unbound virions and an 
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immunofluorescence staining was performed as described before (Delputte et al., 2004; Vanhee et al., 

2009). The amount of internalized viral particles in PAM was determined with a Leica TCS SP2 laser-

scanning spectral confocal system (Leica Microsystems, Groot Bijgaarden, Belgium), as previously 

described (Delputte et al., 2004; Vanhee et al., 2009). At least 20 randomly selected cells were 

analyzed for each experimental condition. Z-sections were taken throughout each cell and the total 

amount of fluorescently labelled dots present on the surface and the interior of each cell was 

determined. 

 

 

Statistical analysis 

For each experiment, PAM and virus from the same batch were used and each experiment was 

independently performed at least three times. Results are expressed as mean ± error of the mean 

(SEM). Statistical data analysis was performed using the GraphPad PRISM software package (v 5.0; La 

Jolla, CA, USA) using an unpaired t-test (analysis of the number of virions for macrophage- and 

MARC-145-grown PRRSV strains) or a paired t-test for all other analyses. p values < 0.05 were 

considered significant (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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RESULTS 

European genotype PRRSV downregulates the phagocytic capacity of PAM 

To study whether European genotype PRRSV has an impact on phagocytosis by PAM, cells were 

inoculated with PRRSV (LV) and PRRSV (Lena) at various m.o.i. and further incubated at 37 °C for 1 

h, after which a phagocytosis assay was performed. Only viable macrophages were included in the 

flow cytometric analysis. Interaction of both PRRSV strains with PAM causes a reduction in 

phagocytosis by PAM (Figure 1). For PRRSV (LV) this inhibition is observed, even though not 

statistically significant (p = 0.11 for macrophage-grown and p = 0.06 for MARC-145-grown PRRSV 

(LV) at an m.o.i. of 5). The analysis shows that both the percentage of macrophages phagocytosing 

beads (Figure 1A) and the number of beads phagocytosed per macrophage, expressed as MFI (Figure 

1B) and the phagocytic ratio (Figure 1C), are downregulated. This observation is independent from 

the cell type on which the virus is grown, since both MARC-145- and macrophage-grown PRRSV 

strains are able to inhibit the phagocytic capacity of PAM. 

 

 

The amount of internalized PRRSV virions corresponds with the degree of European 

genotype PRRSV inhibition of PAM phagocytic capacity 

Since the European genotype PRRSV inoculums used in the previous experiment contain both 

infectious and non-infectious virions and since the multiplicity of infection, which was calculated as the 

ratio between the TCID50 value and the number of cells, does not take into account the absolute 

number of virions entering a cell, we wondered whether a difference in the number of internalized 

virions corresponds with a difference in inhibition of PAM phagocytosis. To investigate this, an 

internalization experiment was performed (Figure 2). Internalized or surface bound virions were never 

observed after mock infection. Interestingly, a higher number of bound and internalized virions 

corresponds with a higher reduction in phagocytosis for macrophage- and MARC-145-grown PRRSV 

(LV) and PRRSV (Lena) (Figure 1). For macrophage-grown strains, PRRSV (LV) has a lower number of 

bound and internalized virions compared to PRRSV (Lena). This results in an inhibition of phagocytosis 

only starting from an m.o.i. of 5, whereas PRRSV (Lena) inhibits phagocytosis starting from an m.o.i. 

of 1. On the other hand, for MARC-145-grown strains, PRRSV (LV) has a higher number of bound and 

internalized virions compared to PRRSV (Lena) and inhibits phagocytosis starting from an m.o.i. of 3, 

compared to an m.o.i. of 10 for PRRSV (Lena). 
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Figure 1. European genotype PRRSV downregulates PAM phagocytic capacity. 

Flow cytometric analysis of the effect of European genotype PRRSV entry on PAM phagocytosis for MARC-145- and 
macrophage-grown PRRSV (LV) (black symbols) or PRRSV (Lena) (grey symbols). (A – B) The effect of both PRRSV strains on 
phagocytosis of beads by viable macrophages, expressed as the percentage of viable cells that have beads associated with 
them (A), the MFI per viable cell (B), which is a measure for the amount of beads per cell, or the phagocytic ratio (C). PAM 
were inoculated with both PRRSV strains at different m.o.i. as indicated and infection was allowed for 1 h, after which a 
phagocytosis assay was performed. Mock infected cells were included as a positive control. In addition, a phagocytosis assay 
was performed at 4 °C (dotted line) after mock infection, to assess the percentage of macrophages that have beads bound to 
their surface and their MFI. Unstained macrophages (MFI 43.37 ± 16.55) are not shown. Data represent the mean ± SEM of 3 
independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 2. The downregulating effect of European genotype PRRSV on PAM phagocytosis depends on the number 
of internalized virions. 

Confocal microscopical analysis of the number of internalized PRRSV virions per PAM for MARC-145- and macrophage-grown 
PRRSV (LV) (black bars) or PRRSV (Lena) (grey bars). PAM were inoculated with both PRRSV strains (m.o.i.= 1) and further 
incubated for 1 h, after which the number of virions per PAM was determined by an immunofluorescence staining. At least 20 
cells were analyzed per sample. Data represent the mean ± SEM of 1 representative experiment. * p < 0.05; ** p < 0.01; *** 
p < 0.001. 
 

 

As a control, to assess whether administering higher numbers of virions leads to a higher reduction in 

phagocytosis, macrophage-grown PRRSV (LV) and PRRSV (Lena) were concentrated. PAM were 

inoculated with concentrated macrophage-grown PRRSV (LV) (m.o.i. = 10) or PRRSV (Lena) (m.o.i. = 

100) and further incubated at 37 °C for 1 h, after which a phagocytosis assay was performed. Indeed, 

phagocytosis of PAM infected with PRRSV (LV) (m.o.i. = 10) was further reduced down to 42%, 

compared to 68.3% for mock-infected PAM. Phagocytosis of PAM infected with PRRSV (Lena) (m.o.i. 

= 100) was reduced down to 9.4%, which equals the percentage observed when the assay was 

performed at 4 °C (10%), when active intracellular uptake is blocked, yet passive surface adsorption 

of beads proceeds normally. Therefore, it can be speculated that phagocytosis of PAM is completely 

blocked when PAM are infected with an m.o.i. of 100 of macrophage-grown PRRSV (Lena). 

 

From these experiments we conclude that the effect of European genotype PRRSV on phagocytosis is 

determined by the total number of internalized virions. We suggest that both infectious and non-

infectious virions contribute to the effect of European genotype PRRSV on phagocytosis, since at the 

same m.o.i., the amount of internalized virions seems to determine the reduction in phagocytosis. 

 

 

European genotype PRRSV does not need to be infectious to downregulate PAM 

phagocytic capacity 

Since the number of internalized virions appears to correlate with reduction in phagocytosis, it was 

investigated whether infectious PRRSV virions are needed for the inhibitory effect of European 

genotype PRRSV on PAM phagocytosis. Concentrated MARC-145-propagated PRRSV (LV) was BEI-
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inactivated, obtaining PRRSV virions that are able to bind and enter PAM similar to non-inactivated 

virions (Vanhee et al., 2009), without causing a productive infection. PAM were inoculated with either 

infectious or BEI-inactivated virus at different m.o.i. and further incubated at 37 °C for 1 h, after 

which the effect on phagocytosis was studied. A representative histogram is given in Figure 3. From 

our results, it is clear that BEI-inactivated PRRSV (LV) caused a similar reduction in phagocytosis as 

non-inactivated, infectious PRRSV (LV). In both cases, the percentage PAM phagocytosing beads 

(Figure 4A) and the number of beads phagocytosed per PAM (Figure 4B&C) was reduced starting from 

an m.o.i. of 3 and was further reduced when higher m.o.i. were administered. At an m.o.i. of 30, the 

percentage PAM phagocytosing beads was reduced down to the percentage observed when the assay 

was performed at 4 °C (27.9 ± 0.6%), when active intracellular uptake is blocked, yet passive surface 

adsorption of beads proceeds normally. At this point, the number of beads per PAM was a little higher 

than at 4 °C, as observed by MFI. This suggests that the phagocytic capacity of PAM is completely 

blocked at this point, even though more beads are bound at the cell surface. Similar results were 

obtained when UV-inactivated virus was used (data not shown). Hence, these findings show that the 

virus does not need to be infectious to cause a reduction in phagocytic capacity of PAM and it can 

therefore be assumed that binding and internalization of European genotype PRRSV virions into PAM 

is sufficient to reduce phagocytosis, without the need for viral replication. Figure 5 shows 

representative images which visualize that when a higher m.o.i. is administered, more viral particles 

have entered the cells and phagocytosis decreases. 

 

 
Figure 3. European genotype PRRSV does not need to be infectious to downregulate PAM phagocytic capacity. 

Flow cytometric analysis of the role of PRRSV infectivity in the inhibitory effect of European genotype PRRSV on macrophage 
phagocytosis: the effect of MARC-145-grown infectious (blue) and BEI-inactivated (green) concentrated PRRSV (LV) on 
phagocytosis of beads by viable macrophages. PAM were inoculated with infectious or inactivated PRRSV (LV) at an m.o.i. of 30 
and further incubated at 37 °C for 1 h, after which a phagocytosis assay was performed. Mock infected cells (orange) and mock 
infected BEI-treated cells (red) were included as a control. Unstained macrophages (grey) are also given. Data represent 1 
independent experiment. 
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Figure 4. European genotype PRRSV does not need to be infectious to downregulate PAM phagocytic capacity. 

(A – C) Flow cytometric analysis of the role of PRRSV infectivity in the inhibitory effect of European genotype PRRSV on 
macrophage phagocytosis: the effect of MARC-145-grown infectious (black symbols) and BEI-inactivated (grey symbols) 
concentrated PRRSV (LV) on phagocytosis of beads by viable macrophages, expressed as the percentage of viable cells that 
have beads associated with them (A), the MFI per viable cell (B), which is a measure for the amount of beads per cell, or the 
phagocytic ratio (C). PAM were inoculated with infectious or inactivated PRRSV (LV) at different m.o.i. as indicated and further 
incubated at 37 °C for 1 h, after which a phagocytosis assay was performed. Mock infected cells were included as a control. 
Also, a phagocytosis assay was performed at 4 °C (dotted line) after mock infection, to assess the percentage of macrophages 
that have beads bound to their surface and their MFI. Unstained macrophages (MFI 32.33 ± 9.96) are not shown. Data 
represent the mean ± SEM of 4 independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. 
 

 



 

	  

 

 

 

 
Figure 5. European genotype PRRSV downregulates the phagocytic capacity of PAM, depending on the number of internalized virions. 

Confocal microscopical representation of the inhibitory effect of European genotype PRRSV on macrophage phagocytosis. PAM were inoculated with infectious, MARC-145-grown, concentrated 
PRRSV (LV) at different m.o.i. as indicated and further incubated at 37 °C for 1 h, after which a phagocytosis assay was performed. Mock infected cells were included as a control and a phagocytosis 
assay was also performed at 4 °C following mock infection, to assess the percentage of macrophages that have beads bound to their surface. An immunofluorescence staining was performed 
following the phagocytosis assay. For each m.o.i., 4 single confocal z-sections throughout the middle of the cell are given, representative of each situation. Yellow-green fluorescent beads were 
used, nuclei are stained with Hoechst 33342 (blue), PRRSV virions are shown in green and cortical actin is visualized using TexasRed-X phalloidin. Upper panel: PAM phagocytosis of beads; Lower 
panel: internalized PRRSV particles. 
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Ligand binding to sialoadhesin, but not CD163, downregulates phagocytosis 

Since inactivated virus also downregulates phagocytosis, the process causing this downregulation is 

not a replicative viral process, and probably results from a cellular process initiated upon interaction of 

the virus with the cell. Therefore we investigated whether the downregulation of phagocytosis could 

be explained by the interaction of the virus with its entry mediators Sn and/or CD163. To do so, 

another phagocytosis assay was performed. PAM were incubated with different concentrations of an 

Sn-specific mAb, a CD163-specific mAb or an isotype-matched control mAb for 1 h, after which the 

effect on phagocytosis was studied. A representative histogram is given in Figure 6. Incubation of 

PAM with the Sn-specific mAb caused a downregulation of phagocytosis, starting from the lowest dose 

tested, affecting both the percentage of macrophages phagocytosing beads (Figure 7A) and the 

number of beads taken up per PAM (Figure 7B&C). PAM phagocytic capacity was further reduced 

when higher doses of the Sn-specific mAb were administered, up to 1.5 µg/ml. At this point 

phagocytosis was reduced down to the level observed when the assay was performed at 4 °C, for 

both the percentage of PAM phagocytosing beads and the number of beads taken up per PAM. 

Further increasing the antibody dose did not further reduce the phagocytic capacity of PAM. This 

suggests that the phagocytic capacity of PAM is completely blocked when 1.5 µg/ml of the Sn-specific 

mAb is administered. Interestingly, the CD163-specific mAb 2A10 had no effect on phagocytosis, even 

at concentrations 30 times higher than the dose at which the Sn-specific mAb showed a maximum 

effect on phagocytosis. Similarly, experiments performed with a polyclonal antibody against CD163 

also showed no effect on PAM phagocytosis (data not shown). In both cases, the effect of the CD163-

specific antibodies was comparable to the effect of the isotype-matched control mAb treated or non-

treated cells. Our data show that binding of the Sn-specific mAb to its receptor Sn leads to a similar 

inhibitory effect on PAM phagocytosis as observed after PAM inoculation with European genotype 

PRRSV, which suggests the involvement of Sn in the previously observed downregulation of 

phagocytosis by European genotype PRRSV. Our findings indicate that the observed downregulation of 

phagocytosis upon European genotype PRRSV inoculation is due to the interaction of the virus with its 

receptor Sn, but not CD163. 
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Figure 6. Antibody binding to sialoadhesin, but not CD163, downregulates phagocytosis. 

Flow cytometric analysis of the effect of Sn- or CD163-specific antibodies on macrophage phagocytosis. The effect of the Sn-
specific mAb 41D3 (red), the CD163-specific mAb 2A10 (blue) or an isotype-matched control mAb 13D12 (green) on 
phagocytosis of beads by viable macrophages. PAM were incubated with 50 µg/ml mAb for 1 h, after which a phagocytosis 
assay was performed. Unstained macrophages (grey) are also given. Data represent 1 independent experiment. 
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Figure 7. Antibody binding to sialoadhesin, but not CD163, downregulates phagocytosis. 

Flow cytometric analysis of the effect of Sn- or CD163-specific antibodies on macrophage phagocytosis. The effect of the Sn-
specific mAb 41D3 (black symbols), the CD163-specific mAb 2A10 (dark grey symbols) or an isotype-matched control mAb 
13D12 (light grey symbols) on phagocytosis of beads by viable macrophages, expressed as the percentage of viable cells that 
have beads associated with them (A), the MFI per viable cell (B), which is a measure for the amount of beads per cell, or the 
phagocytic ratio (C). PAM were incubated with the indicated amount of mAb for 1 h, after which a phagocytosis assay was 
performed. As a control, non-treated PAM were included in the study. In addition, a phagocytosis assay was performed at 4 °C 
(dotted line) with non-treated cells, to assess the percentage of macrophages that have beads bound to their surface and their 
MFI. Unstained macrophages (MFI 51.65 ± 11.38) are not shown. Data represent the mean ± SEM of 3 independent 
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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DISCUSSION 

The present study shows that interaction of European genotype PRRSV with macrophages causes a 

clear reduction in macrophage phagocytic capacity, reducing both the number of macrophages 

phagocytosing beads and the number of beads taken up per cell. Using inactivated PRRSV (LV), we 

show that the observed downregulation of phagocytosis results from binding of PRRSV virions and 

their subsequent internalization, without the need for viral replication. This is supported by the fact 

that a higher number of internalized virions corresponds to a higher decrease in phagocytic capacity, 

both for MARC-145-grown and macrophage-grown virus. Finally, we suggest that the extracellular 

interaction of European genotype PRRSV with its receptor Sn, but not CD163, inhibits primary alveolar 

macrophage phagocytosis at the early stage of virus entry. 

 

The fact that phagocytosis is inhibited 1 h after virus inoculation further supports our reasoning that 

the reduced phagocytic capacity is not merely due to virus-induced macrophage death, as often 

stated, and that the interaction of the PRRSV virion with its target cell is sufficient to reduce PAM 

phagocytosis. From previous research it is know that PRRSV has a replication cycle of approximately 

12 h, after which the virus is released from the cell, thereby killing its target cell (Costers et al., 2008). 

Moreover, it was shown that early in infection, PRRSV promotes anti-apoptotic pathways in PAM, up to 

8 hours post infection (h.p.i.). Thus, at 1 h.p.i., no virus-induced cell death occurs and therefore the 

decrease in phagocytosis cannot be explained by virus-induced cell-death. 

 

It is known that 1 h.p.i., internalized virions can still be observed, whereas 5 h.p.i., virions can no 

longer be detected (Misinzo et al., 2008), which indicates that all virions are uncoated. Starting from 6 

h.p.i., newly synthesized structural proteins can be detected (Costers et al., 2006). Consequently, this 

supports our finding that entry of the virus into the cell, but not production of progeny virus, causes 

the inhibition of phagocytosis. 

 

Our study shows that a 1 h incubation of PAM with an Sn-specific mAb results in a decreased 

phagocytic capacity of PAM, whereas incubation with a CD163-specific mAb or pAb has no effect. Both 

Sn and CD163 are present at the cell surface and therefore available for antibody-binding. In addition, 

it was previously shown that incubation of PAM with any of these antibodies blocks infection of 

PRRSV, indicating that they can prevent interaction of the virus with their respective receptors ((Duan 

et al., 1998; Van Gorp et al., 2008); H. Van Gorp, unpublished data). Moreover, at the highest 

administered dose, still no effect on PAM phagocytic capacity of the CD163-specific antibodies was 

observed. This concentration was 33 times higher than the dose at which phagocytosis was 

completely blocked with the Sn-specific mAb. Therefore, we conclude that the interaction of European 

genotype PRRSV with its receptor Sn, but not CD163, inhibits primary alveolar macrophage 

phagocytosis. 
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Recent studies investigating the functional role of porcine Sn (pSn) have demonstrated that pSn is an 

endocytic receptor that mediates endocytosis of PRRSV or antibodies upon binding (Delputte et al., 

2011; Vanderheijden et al., 2003). pSn was also shown to induce signalling (Genini et al., 2008) and 

reduce phagocytosis (De Baere et al., 2011) in PAM upon antibody binding. Therefore, it was 

suggested that antibody binding to pSn activates certain molecular networks, which results in the 

downregulation of pathways involved in phagocytosis. This might also explain how the extracellular 

interaction of European genotype PRRSV with Sn downregulates phagocytosis. The results obtained in 

our study indicate that a certain number of virions need to interact with Sn before a certain ligand-

receptor signalling threshold is reached and PAM get activated. In this scenario, the interaction of the 

virion with Sn serves as a trigger for further signalling, leading to a downregulation of PAM phagocytic 

capacity. Once this threshold is reached, administering higher m.o.i., and therefore higher numbers of 

virions, results in a further downregulation of phagocytosis. Ligand-receptor signalling thresholds have 

been described for different viral ligand-receptor interactions, e.g. the interaction of human 

immunodeficiency virus (HIV) envelope glycoprotein (Env) with coreceptor CXCR4 (Melar et al., 2007) 

and of viral RNA with TLR7 (2006), which must be reached to trigger sufficient activation of a receptor 

and subsequent signalling. Moreover, our results show that the phagocytic capacity of PAM can be 

blocked completely when a sufficiently high antibody dose or number of European genotype PRRSV 

particles (an m.o.i. of 30 of MARC-145-grown PRRSV (LV) or an m.o.i. of 100 of macrophage-grown 

PRRSV (Lena)) is administered. This suggests that once Sn is triggered sufficiently through ligand 

binding, whether it is an antibody or European genotype PRRSV virions, phagocytosis is maximally 

inhibited. 

 

Both for human and mouse Sn it is suggested that alternative splicing of the Sn gene produces a 

transcript variant encoding an isoform that is soluble rather than membrane-bound (Crocker et al., 

1994). It can be argued that these variants have no significant role in the downregulation of 

phagocytosis, since these variants are either excreted or present intracellularly in a non-membrane 

bound form, whereas surface-expressed Sn is needed to internalize PRRSV (Vanderheijden et al., 

2003), subsequently downregulating phagocytosis. Moreover, no porcine splice variants have been 

reported, and no soluble Sn variants have so far been observed in vivo. 

 

Interestingly, at an m.o.i. of 1, all macrophages have internalized several PRRSV virions, indicating 

that many non-infectious virions are present. This can be due to storage and thawing of the virus, but 

it can also be a direct result from the high mutation frequency reported for PRRSV (Hanada et al., 

2005; Jenkins et al., 2002). If these mutations occur at crucial sites in the genome, the progeny virus 

will still be able to enter its target cell, but will have lost its ability to replicate upon uncoating and 

genome release. This observation is of importance if the observed inhibition of phagocytosis upon 

European genotype PRRSV infection also occurs in vivo, since non-infectious progeny virus is also 

present in the lungs of pigs, and can contribute to the downregulation of PAM phagocytic capacity. 
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Several other viruses have been shown to affect phagocytosis. Respiratory syncytial virus and 

secondary dengue virus infections have been shown to increase macrophage phagocytosis (Guerrero-

Plata et al., 2001; Honda et al., 2009). On the other hand, HIV, pseudorabies virus and influenza virus 

(Astry and Jakab, 1984; Iglesias et al., 1989; Pugliese et al., 2005) infections are known to suppress 

phagocytosis, and in all cases this suppression is linked to an increased incidence of secondary 

infections. The way in which these viruses downregulate phagocytosis differs for each virus. For HIV 

for instance, one of the mechanisms causing the decreased phagocytosis in neutrophils and 

monocytes/macrophages is through the interaction of the cell with certain viral proteins, such as gp 

120, p24 and Nef. It is difficult to comment on the relative m.o.i. at which phagocytosis is affected in 

these studies versus the m.o.i. at which European genotype PRRSV downregulates PAM phagocytosis. 

This is either due to different definitions of m.o.i. used in each study, such as egg infectious dose 

(EID50) or plaque forming units (PFU), or because persistently infected cells or cells isolated from 

infected individuals or animals were used and no m.o.i. was determined. It could be argued that the 

observed downregulation of PAM phagocytosis in our study occurs at relatively high m.o.i., however, it 

is difficult to assess which m.o.i. are reached in the lungs of pigs in vivo. For PRRSV (Lena), titers of 

up to 107.8 have been reported in BAL (bronchoalveolar lavage) fluids (Karniychuk et al., 2010), 

corresponding to an m.o.i. of 63, and it can be argued that the effective titers in the lungs will be 

even higher, due to freeze/thawing and storage procedures. 

 

PRRSV is a major player in porcine respiratory disease complex (PRDC) (reviewed by (Brockmeier et 

al., 2002; Opriessnig et al., 2011)). Field reports and clinical evidence demonstrate an increased 

incidence and severity of secondary infections associated with primary PRRSV infections. Strikingly, 

the direct effect of the virus on macrophage phagocytosis during the early stages of infection is poorly 

studied. Whereas some authors report that PRRSV infection has no effect on the uptake of 

Staphylococcus aureus (Thanawongnuwech et al., 1997) and Escherichia coli (Oleksiewicz and 

Nielsen, 1999), other authors report an impaired phagocytic capacity against Candida albicans (Chiou 

et al., 2000), Salmonella typhimurium (Riber et al., 2004), and Haemophilus parasuis (1998), which 

supports our findings. Importantly, all of these studies showed, like we did, that virus-induced cell 

death was not involved. One of the factors influencing the outcome of these experiments is the 

secondary pathogen, and specific isolate, used. Each pathogen interacts with PAM in a different way 

and each secondary infection might have an additional immunomodulatory effect on PAM. Therefore, 

in our study, polystyrene beads were used as a reproducible, inert model to study the effect of 

European genotype PRRSV on PAM phagocytosis. Additionally, different PRRSV isolates might 

influence the outcome of each experiment, which was not the case for the two isolates used in this 

study. Yet, preliminary results indicate possible divergent effects of North American genotype PRRSV 

isolates on PAM phagocytosis (data not shown), which we are investigating in an ongoing study. 

 

In a previous study, Van Gucht et al. (2003) showed that infection with PRRSV sensitizes the lungs for 

production of proinflammatory cytokines upon exposure to lipopolysaccharides (LPS) and 
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demonstrated that overproduction of these cytokines led to respiratory disease. If the observed 

inhibition of phagocytosis upon European genotype PRRSV infection also occurs in vivo, higher 

amounts of LPS will be present in the lungs after infection, since removal of secondary or 

opportunistic bacteria, and thus bacterial endotoxins, from the alveolar space will be affected. This 

could lead to a further exacerbation of cytokine production and more severe respiratory disease. This 

might also explain why an uncomplicated PRRSV infection often fails to induce overt respiratory 

disease (Van Reeth et al., 1999), although PRRSV is a primary agent in PRDC. 

 

To our knowledge, the present study is the first to show a direct effect of European genotype PRRSV 

on PAM phagocytic capacity in vitro, linking it to the interaction of the virus with its target cell, and 

more specific with its attachment and internalization receptor Sn. If similar events occur in vivo, this 

contributes to the reported increase and severity of secondary bacterial infections following European 

genotype PRRSV infection and the prevalence of European genotype PRRSV in porcine respiratory 

disease complex (PRDC). 
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6.1 OUTLINE 

Over the three decades that have passed since sialoadhesin was first described, significant advances 

have been made in our knowledge on its structure and function. This macrophage-restricted receptor 

is now established as an endocytic receptor involved in cell-cell, cell-matrix and cell-pathogen 

interactions, and has also been implied in signalling. However, the role of the receptor in the immune 

system is not well understood. Data obtained from several disease models imply a role for 

sialoadhesin-positive cells in the onset and/or progression of inflammatory diseases, viral infections 

and cancer, where the receptor appears to have a role in the fine-tuning of T cell responses, through 

modulation of T cell function and T cell activation during immune responses. The work presented in 

this thesis advances our understanding of the physiological role of sialoadhesin, focussing on the 

effects of ligand binding to sialoadhesin on macrophage functions, particularly phagocytosis.  

 

The first section of the general discussion begins with summarizing the results obtained in Chapter 4. 

Next, it is argued that extrapolation to other macrophages, other species and other models of 

phagocytosis should be made cautiously. Current sialoadhesin-targeted therapies are discussed and 

the discrepancy of a safety study with PEGylated sialoadhesin-specific antibodies in mice with our 

results is discussed. An overview of possible carriers used in sialoadhesin-targeted therapies is also 

given. Finally, the possible implications of sialoadhesin-mediated downregulation of phagocytosis on 

sialoadhesin-directed therapies is discussed, and how these findings may lead to the development of 

new therapies.  

 

In the second section of this discussion, the data generated in Chapter 5 are recapitulated and it is 

discussed how other viruses modulate phagocytosis and which viral or host factors are involved. 

Subsequently, it is argued how European genotype PRRSV may benefit from these findings. It is also 

reviewed how these results may explain the increased incidence of secondary infections following 

PRRSV infection and the involvement of PRRSV in PRDC. 

 

In the third and final section of this discussion, the possible mechanisms underlying the observed 

downregulation of phagocytosis upon ligation of sialoadhesin are discussed and it is argued that 

sialoadhesin probably impairs phagocytosis through functioning as a signalling molecule interfering 

with signalling pathways controlling phagocytosis. The likely presence of critical amino acid residues 

involved in endocytosis and signalling in the cytoplasmic tail of sialoadhesin, motif that have so far not 

been discovered, is also discussed. Next, other inhibitory receptors controlling phagocytosis are 

reviewed and it is hypothesized how pathogens may benefit from their interaction with sialoadhesin, if 

it indeed functions as an inhibitory receptor regulating phagocytosis. 

 

Lastly, the general discussion ends with a conclusive remark.  
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6.2 EFFECTS OF LIGATION OF SIALOADHESIN ON MACROPHAGE 
FUNCTIONS: IMPLICATIONS FOR SIALOADHESIN-TARGETED 
MACROPHAGE-DIRECTED THERAPY 

Currently, a lot of effort is being made to develop macrophage-directed therapies, including receptor-

specific targeting of a cargo, using a ligand of the receptor as a carrier and targeting molecule. 

Depending on the cargo, e.g. a drug or toxin, which is coupled to the carrier, macrophages can be 

specifically activated, modulated or eliminated. Likewise, macrophages can also be used as delivery 

vehicles for the cargo that is bound to the carrier, or they can be targeted as a vaccination strategy, 

to improve vaccine efficacy against a specific antigen, the cargo. Interestingly, the identification of the 

macrophage-specific lectin sialoadhesin as an attachment and internalization receptor for PRRSV 

triggered interest in this molecule as a target (Vanderheijden et al., 2003). Several studies indicate 

that sialoadhesin indeed is a promising candidate (Backer et al., 2010; Delputte et al., 2011; Ducreux 

et al., 2009; Ducreux et al., 2008; Kawasaki et al., 2011; Kratzer et al., 2010; Poderoso et al., 2011; 

Revilla et al., 2009; Taylor et al., 2004). However, few of these studies focus on the effects of 

sialoadhesin-directed targeting on macrophage effector functions, which is of importance in evaluating 

the safety of a certain therapy. 

 

 

6.2.1 EFFECT OF ANTIBODY-MEDIATED LIAGTION OF SIALOADHESIN ON MACROPHAGE FUNCTIONS 

The experiments presented in this thesis show that antibody-mediated ligation of sialoadhesin has no 

effect on macrophage viability, soluble antigen uptake and processing, MHC I and MHC II cell surface 

expression and cytokine production. It was observed that ROS production is slightly downregulated 

when compared to the isotype-matched control treatment, but not compared to the negative control. 

It could thus be that ROS production is induced by binding of both mAbs to Fc receptors (García-

García and Rosales, 2005), and that the sialoadhesin-specific treatment has a downregulating effect 

on ROS production by PAM, however, this needs to be confirmed. In contrast, phagocytosis of 

particulate antigens is severely affected up until 72 hours post treatment. Both a decrease in the 

number of macrophages that phagocytose beads and in the number of beads taken up per cell is 

observed. Importantly, the decreased phagocytic capacity is already observed one hour after 

administration of the antibody, and is observed up until 72 hours post treatment, even if the antibody 

is no longer present. This shows that the effect of antibody binding is not restored within this time 

frame and suggests that the downregulation of phagocytosis may continue over time. 

 

Often, phagocytosis induces secondary activity in macrophages, such as an increased anti-microbial 

response and production of chemokines and inflammatory cytokines (García-García and Rosales, 

2005). Therefore, it may be possible that ligation of sialoadhesin not only downregulates 

phagocytosis, but also influences the anti-microbial response and chemokine and cytokine production 

once phagocytosis is triggered. In addition, it may be that these effects will not be observed using 
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inert polystyrene beads as phagocytic particles, as the nature of the antigen that is phagocytosed and 

the phagocytic receptor that is engaged may influence which macrophage functions will be affected 

(García-García and Rosales, 2005). Thus, it could be that the slight suppression of ROS production 

observed in comparison to the isotype-matched control treatment might be more pronounced when 

macrophages are engaged in phagocytosis, yet, this remains to be determined. 

 

In line with previous studies, it was shown that antibody binding to sialoadhesin induces 

internalization of this receptor (Delputte et al., 2011; Vanderheijden et al., 2003). Though, 

internalization of sialoadhesin was shown to be partial, since the receptor always remained available 

at the cell surface, as previously observed (Delputte et al., 2011). Maturation of macrophages was 

observed over time and manifested itself in increased expression of sialoadhesin, increased phagocytic 

capacity and increased capacity to take up and process soluble antigen. In macrophages treated with 

the sialoadhesin-specific antibody, the only sign of maturation was the increased capacity to take up 

and process soluble antigen over time, as phagocytosis and sialoadhesin-expression were 

downregulated due to the treatment. In this thesis, the effect of antibody-mediated ligation of 

sialoadhesin on the capacity of macrophages to participate in the initiation of antigen-specific cellular 

and humoral responses was not investigated. However, several recent studies have indicated that 

targeting antigens to sialoadhesin results in activation of T cells (Backer et al., 2010; Kawasaki et al., 

2011; Kratzer et al., 2010; Poderoso et al., 2011; Revilla et al., 2009), natural killer T (NKT) cells 

(Kawasaki et al., 2011), and induction of humoral responses (Delputte et al., 2011; Poderoso et al., 

2011), further increasing the interest in using sialoadhesin as a cellular target for macrophage-

directed therapies.  

 

 

6.2.2 EXTRAPOLATION TO OTHER MACROPHAGE POPULATIONS, OTHER SPECIES AND OTHER MODELS OF 
PHAGOCYTOSIS 

The results presented in this thesis indicate that the use of sialoadhesin as a targeting molecule in 

macrophage-directed therapies may cause altered functioning of macrophages. Clearly, further 

research is required, since it has not yet been assessed whether ligand binding to sialoadhesin also 

causes a reduced phagocytic capacity of macrophages in other macrophage populations, in other 

species, or in vivo. Extrapolation is not evident, since macrophages are heterogeneous and different 

populations are described, based on their anatomical localization and specialization of function 

(Gordon and Taylor, 2005; Schneberger et al., 2011; Varin and Gordon, 2009). The observed 

downregulation of phagocytosis of beads by porcine alveolar macrophages also suggests that 

triggering sialoadhesin blocks the phagocytic capacity of other large particles, such as opsonised 

beads, bacteria or apoptotic cells. Therefore, further studies exploring other phagocytosis models will 

be crucial in assessing which specific forms of phagocytosis (Fc or complement receptor mediated 

phagocytosis, phagocytosis of apoptotic cells,...) are affected, both in vitro and in vivo. In general, our 

results further indicate the possibility of using sialoadhesin as a therapeutic target, since we show that 
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antibody-mediated ligation of sialoadhesin has no effect on viability, soluble antigen uptake and 

processing, MHC I and MHC II expression and cytokine production. However, the downregulation of 

phagocytosis and ROS production should be considered for each application. 

 

 

6.2.3 SIALOADHESIN-TARGETED THERAPIES 

Various applications of sialoadhesin-targeted therapies have been suggested. One of these 

applications is targeting antigens to sialoadhesin as a vaccination strategy. Several recent studies 

show the involvement of sialoadhesin-positive macrophages in antigen presentation to a broad range 

of cells, including T and B cells (as reviewed by Martinez-Pomares and Gordon (2012)). Therefore, 

sialoadhesin-targeted vaccination seems to be one of the most promising applications of sialoadhesin-

directed therapy. Indeed, recent studies show that targeting antigens to sialoadhesin results in the 

initiation of antigen-specific cellular and humoral responses (Delputte et al., 2011; Poderoso et al., 

2011; Revilla et al., 2009) and confirm the potential of targeting antigens to sialoadhesin as a 

vaccination strategy. Another goal of sialoadhesin-directed therapy could be elimination of 

sialoadhesin-positive cells in diseases where inflammatory, sialoadhesin-positive monocytes and 

macrophages are involved in the pathology (Jandus et al., 2011; O'Reilly and Paulson, 2009). So far, 

targeted delivery of toxins to alveolar macrophages was shown to result in specific killing of these 

cells in vitro (Delputte et al., 2011), but no in vivo studies have been performed. Besides elimination 

of macrophages, activation or immunomodulation of these cells is also considered as an application of 

sialoadhesin-targeted therapy. Both for infectious diseases in which sialoadhesin-positive 

macrophages serve as reservoirs for intracellular pathogens, and for diseases where inflammatory, 

sialoadhesin-positive monocytes and macrophages are thought to induce disease or promote disease 

progression, this strategy seems promising. Finally, ligation of sialoadhesin might be desired to 

prevent receptor-ligand interactions in immune or inflammatory diseases. To this end, the use of 

PEGylated sialoadhesin-specific antibodies has been proposed (Ducreux et al., 2009; Ducreux et al., 

2008). 

 

 

6.2.4 PEGYLATED SIALOADHESIN-SPECIFIC ANTIBODIES DO NOT AFFECT PHAGOCYTOSIS: 
DISCREPANCIES WITH OUR RESULTS 

In vitro, PEGylated sialoadhesin-specific antibodies prevented interactions between sialoadhesin and 

red blood cells to a greater extent than non-PEGylated antibodies (Ducreux et al., 2008), without 

affecting viability, membrane integrity and metabolic activity of thioglycollate-elicited peritoneal 

macrophages (TPM). Notably, they also had no effect on nonspecific adsorptive endocytosis of 

albumin, receptor-mediated endocytosis of transferrin, and phagocytosis of latex beads (Ducreux et 

al., 2009). Altogether, these results indicate that PEGylated antibodies can be used in sialoadhesin-

directed therapies without affecting macrophages functions. The observation that these PEGylated 
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antibodies do not affect phagocytosis in TPM contradicts the results discussed in this thesis, showing 

that antibody-binding to porcine sialoadhesin suppresses the phagocytic capacity of alveolar 

macrophages. Several reasons for the discrepancy with our results can be considered. It could be that 

signalling differs in different species (porcine versus murine), or even in different macrophage 

populations (alveolar versus peritoneal macrophages). Otherwise, there might also be a difference in 

the expression level of sialoadhesin on both macrophage populations, as the macrophages used in the 

studies by Ducreux et al (2009; 2008) were induced to express sialoadhesin, whereas porcine alveolar 

macrophages used in this thesis constitutively express sialoadhesin. In addition, it could also be due to 

the PEGylation of the antibodies used in their study, which might result in altered signalling upon 

binding. Yet, most importantly, the antibodies used in their study do not induce internalization upon 

binding. Therefore, it could be that internalization is needed to trigger a block in phagocytosis, an 

issue which deserves further attention in future research. 

 

 

6.2.5 POSSIBLE CARRIERS FOR SIALOADHESIN-TARGETED THERAPIES 

Up until now, sialoadhesin-directed targeting of macrophages is being explored using antibodies 

(Poderoso et al., 2011; Revilla et al., 2009), PEGylated antibodies (Ducreux et al., 2009; Ducreux et 

al., 2008), or immunoconjugates of antibodies linked to toxins (Delputte et al., 2011) or antigens 

(Backer et al., 2010; Delputte et al., 2011; Kratzer et al., 2010). The use of glycans as targeting 

molecules is also being explored. So far, only 9-N-thienochromenecarboxyl-NeuAcα2-3Galβ1-4GlcNAc 

(TCCNeuAc) is being investigated as a glycan ligand of sialoadhesin, serving as a carrier for liposomes 

containing ovalbumin or α-galactosylceramide (the cargo) (Kawasaki et al., 2011). The use of a 

chimeric protein containing the cysteine-rich domain (CR) of the mannose receptor, which is a ligand 

for sialoadhesin (Martinez-Pomares et al., 1999), fused to the Fc region of human IgG1 (CR-Fc) as a 

targeting molecule has also been suggested (Taylor et al., 2004), yet is not being pursued so far. In 

the near future, other sialoadhesin-specific ligands will certainly be explored as carriers, including 

other sialosides and engineered antibodies such as F(ab’)2 and Fab’ fragments and nanobodies. 

Whether these carriers also inhibit macrophage phagocytosis remains to be determined. 

 

 

6.2.6 IMPLICATIONS OF SIALOADHESIN-MEDIATED DOWNREGULATION OF PHAGOCYTOSIS ON 
SIALOADHESIN-DIRECTED THERAPIES 

As mentioned before, the effect of sialoadhesin-directed therapies on macrophage phagocytosis must 

be considered for each application. When sialoadhesin-directed therapies aim at preventing cell-cell or 

cell-matrix interactions, when targeting antigens to sialoadhesin as a vaccination strategy, or when 

sialoadhesin-directed therapies aim at activation or modulation of macrophages in infectious, 

autoimmune or inflammatory diseases, the possible downregulation of phagocytosis might be a 

drawback. Since phagocytosis is an important function in almost all macrophage populations (Aderem, 
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2003), the suppression of phagocytosis may contribute to different pathologies, depending on the 

localization and functional specialization of the affected macrophage population(s) (Krysko et al., 

2010). Interestingly, under certain circumstances downregulation of phagocytosis upon ligation of 

sialoadhesin might be beneficial. In diseases where uncontrolled or unwanted phagocytosis is involved 

in the pathology, sialoadhesin-directed therapy might be effective as a treatment. Examples of such 

diseases are haemophagocytic lymphohistiocytosis (Schmid and de Saint Basile, 2010), macrophage 

activation syndrome (Wulffraat, 2011), and virus-associated haemophagocytic syndrome (Kashiwagi et 

al., 2007). Sialoadhesin-directed therapy might likewise improve current cancer vaccination strategies, 

where phagocytosis of tumour-derived apoptotic bodies by macrophages reduces the effectiveness of 

the therapy (Henry et al., 1999). By downregulating the phagocytic capacity of macrophages, 

apoptotic bodies may instead be phagocytosed by DCs, resulting in a specific antitumoural T cell 

response and an enhanced effectiveness of the therapy. Noteworthy, by using sialoadhesin-specific 

targeting molecules that do not induce internalization, sialoadhesin-directed therapies aiming at 

preventing cell-cell or cell-matrix interactions could possibly be used without impairing phagocytosis of 

macrophages. Lastly, it is clear that in the case of elimination of macrophages, this possible side-

effect is irrelevant. Since the knowledge on sialoadhesin in several disease settings will expand over 

the next years, sialoadhesin-directed therapies for macrophage activation and modulation, as well as 

inhibition of ligand binding, will certainly also be explored. Through learning what phagocytic 

mechanisms are affected in what macrophage populations, crucial information will be gathered 

regarding the safety of specific sialoadhesin-targeted therapies. Moreover, new therapies for diseases 

in which phagocytosis is not wanted may result from these investigations.  



Chapter 6⎥ General Discussion 

	  
128	  

6.3 ROLE OF EUROPEAN GENOTYPE PRRSV–INDUCED IMPAIRMENT OF 
MACROPHAGE PHAGOCYTOSIS IN VIRAL PATHOGENESIS 

To protect themselves against infection by microorganisms, higher organisms have acquired physical 

barriers, as well as an effective immune system that has developed several antimicrobial mechanisms. 

The host’s innate immune system is meant to act as a first line of defence to prevent invasion and 

replication of pathogens, before more specific protection by the adaptive immune system is 

generated. Even though many pathogens causing infection are rapidly cleared, several 

microorganisms are able to escape the host’s immune system, often causing persistent infections. 

Viruses are obligate intracellular microorganisms that depend upon a host cell to express and replicate 

their genomes and to generate progeny virus. Evidently, infection of a cell deregulates cellular 

physiology and alters cellular functioning. Both general antimicrobial and specific antiviral defence 

mechanism prevent many viral infections of the host. However, these defence strategies cause 

selective pressure and viruses that can evade or counteract these mechanisms will have advantage, 

successfully causing infection (Flint et al., 2004). The ability of PRRSV to cause persistent infections in 

the host indicates that PRRSV is capable of evading immune detection and clearance by the host, as 

reviewed by Darwich et al. (2010), Sang et al. (2011), and Mateu and Diaz (2008). Besides killing its 

target cells, subsets of differentiated macrophages in the lungs and lymphoid tissues, PRRSV infection 

also alter their normal functioning (Chiou et al., 2000; Riber et al., 2004; Thanawongnuwech et al., 

1997), which is poorly investigated.  

 

The results described in this thesis show that the interaction of European genotype PRRSV with 

alveolar macrophages impairs their phagocytic capacity, causing a clear reduction in both the number 

of macrophages phagocytosing beads and the number of beads taken up per cell. Importantly, this 

downregulation of phagocytosis is induced both by infectious and by non-infectious virus. This may 

have important implications if it is also observed in vivo, since many non-infectious viral particles may 

be produced in the lungs during a PRRSV infection, which could all aid in downregulating the 

phagocytic capacity of alveolar macrophages and may result in exacerbated respiratory problems. The 

generation of non-infectious viral particles during a PRRSV infection can be explained by the high 

mutation frequency reported for PRRSV (Hanada et al., 2005; Jenkins et al., 2002). When these 

mutations occur at crucial sites in the PRRSV genome, for example at sites crucial for uncoating or 

RNA replication, the progeny virus will still be able to enter its target cell, but will have lost its ability 

to complete its replication cycle and thus no longer cause macrophage lysis or apoptosis. Yet, during 

the process of entering the macrophage, this non-infectious progeny virus may still contribute to the 

downregulation of macrophage phagocytic capacity and consequently also to respiratory problems. 

Whether PRRSV downregulates phagocytosis of bacteria, and whether this also occurs in vivo, will be 

the main focus of future research. It would also be of interest to assess whether North American 

genotype PRRSV also downregulates phagocytosis. Since the observed downregulation of 

phagocytosis is thought to be induced by binding of the virus to its entry mediator sialoadhesin, it may 
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be hypothesized that all PRRSV isolates that utilize this receptor as entry mediator, may suppress 

phagocytosis. Consequently, it can be argued that PRRSV isolates that enter macrophages via an 

alternative pathway may have no effect on phagocytosis. 

 

 

6.3.1 MECHANISMS IN WHICH OTHER VIRUSES MODULATE PHAGOCYTOSIS AND VIRAL OR HOST FACTORS 
INVOLVED 

Several other viruses affect phagocytosis by neutrophils, monocytes and/or macrophages. Whereas 

phagocytosis is upregulated during respiratory syncytial virus and secondary dengue virus infections 

(Guerrero-Plata et al., 2001; Honda et al., 2009), human immunodeficiency virus (Kedzierska et al., 

2003; Pugliese et al., 2005), pseudorabies virus (Iglesias et al., 1989), parainfluenza-3 virus (Slauson 

et al., 1987), murine cytomegalovirus (Shanley and Pesanti, 1980), bovine herpes virus (Forman and 

Babiuk, 1982), Microplitis demolitor bracovirus (Strand et al., 2006), hepatitis C virus (Landi et al., 

2011), and influenza virus infections (Astry and Jakab, 1984; van der Sluijs et al., 2010) suppress 

phagocytosis. 

 

Most often, the underlying mechanism of phagocytic impairment is unknown. Though, some viral 

factors have been identified that are involved in virus-induced downregulation of phagocytosis. It is 

established that during influenza virus infections, an intact viral neuraminidase is required for 

influenza virus-induced phagocytic impairment (Debets-Ossenkopp et al., 1982). Several HIV-1 

proteins are also known to be involved in the downregulation of phagocytosis, such as gp 120, p24 

and Nef (Pugliese et al., 2005). Besides viral factors, host factors can also contribute to 

downregulation of phagocytosis. IFN-γ is known to play a critical role in suppressing macrophage 

phagocytosis through downregulation of “macrophage receptor with collagenous structure” (MARCO) 

expression on alveolar macrophages (Arredouani et al., 2004), a scavenger receptor involved in the 

innate recognition and subsequent killing of bacteria. In chronically HIV-1-infected patients, decreased 

Fcγ receptor expression was shown to cause a decrease in antibody-dependent cellular phagocytosis 

(ADCP), contributing to a failure in viral clearance (Dugast et al., 2011). Microplitis demolitor 

bracovirus infection of haemocytes induces expression of a mucin-like cell surface protein, glc1.8, on 

these cells. It was suggested that glc1.8 is responsible for the downregulation of phagocytosis by 

preventing pathogens from binding their cognate receptors on these haemocytes, either through steric 

hindrance or by (cis-)interacting specifically with selected host surface factors that might otherwise 

serve as pathogen receptors (Strand et al., 2006). 

 

Altered signalling has also been described to control the downregulation of phagocytosis. In HIV-

infected monocyte-derived macrophages, a marked inhibition of phosphorylation of the tyrosine 

kinases Hck and Syk during Fcγ receptor-mediated phagocytosis seemed to cause suppression of their 

phagocytic capacity (Kedzierska et al., 2002). Also for complement receptor-mediated phagocytosis, 

HIV-1-induced dysfunction at an early stage in signalling events is suggested (Kedzierska et al., 
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2003). The mechanism controlling European genotype PRRSV-induced downregulation of phagocytosis 

is not clear so far, but our results suggest that the impaired phagocytosis is mediated by the 

interaction of the virus with sialoadhesin, that may serve as a signalling molecule controlling 

phagocytosis (discussed below, Chapter 6, section 1.3). Further research is required to confirm this 

hypothesis and to assess whether other viral or host factors are also involved. 

 

 

6.3.2 PRRSV-INDUCED DOWNREGULATION OF PHAGOCYTOSIS: POSSIBLE BENEFITS FOR THE VIRUS 

How viruses benefit from this virus-induced downregulation of phagocytosis is not always clear. For 

HIV-1, it was shown to enhance dissemination of the virus (Lima et al., 2002), to increase replication 

in macrophages (Lima et al., 2002), and to decrease ADCP, thereby contributing to failed viral 

clearance (Dugast et al., 2011). Several suggestions could be made on how European genotype 

PRRSV might benefit from the suppression of macrophage phagocytic capacity. PRRSV induces 

apoptosis in infected macrophages at the end of its replication cycle (Costers et al., 2008). 

Subsequently, apoptotic bodies are formed that contain newly formed PRRSV particles. Phagocytosis 

of these apoptotic bodies by macrophages, one of the main functions of alveolar macrophages in 

maintaining lung homeostasis, was suggested to transmit PRRSV to non-infected macrophages, upon 

which the virus may enter a new replication cycle (Costers, 2008). Therefore, it could be argued that 

the observed downregulation of phagocytosis prevents reinfection of macrophages, thereby 

disseminating European genotype PRRSV infection, as was observed for HIV-1 (Lima et al., 2002). 

Downregulation of complement or Fc receptor-mediated phagocytosis, on the other hand, might 

contribute to a decreased phagocytosis of European genotype PRRSV immune-complexes, which 

might result in an impaired viral clearance. Otherwise, it could be that downregulation of phagocytosis 

by European genotype PRRSV results in a decreased induction of the inflammatory response upon 

engagement of phagocytic receptors (Aderem, 2003; Aderem and Ulevitch, 2000; Jutras and 

Desjardins, 2005). Certain phagocytic pathways, such as Fc receptor-mediated phagocytosis, initiate 

potent antimicrobial responses (García-García, 2005). In this case, the virus would prevent the 

initiation of these responses, impairing subsequent activation of innate and adaptive immune system. 

Further research addressing European genotype PRRSV-induced downregulation of phagocytosis and 

the mechanism behind it will yield valuable information on how the virus may benefit from this. 

 

 

6.3.3 CAN PRRSV-INDUCED DOWNREGULATION OF PHAGOCYTOSIS EXPLAIN THE INCREASE IN 
SECONDARY INFECTIONS AFTER PRIMARY PRRSV INFECTION? 

Most viral infections causing impaired phagocytosis by phagocytes are linked to an increased incidence 

of secondary infections (Beadling and Slifka, 2004; Floret, 1997; Peltola and McCullers, 2004; van der 

Sluijs et al., 2010), as is the case for PRRSV (Brockmeier et al., 2002). Moreover, acquired non-

infectious disorders in which phagocytic activity of macrophages and neutrophils is affected, such as 
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traumatic, dysmetabolic, and autoimmune disorders, can predispose an organism to secondary 

microbial infections (Engelich et al., 2001). Since impaired phagocytosis seems to be correlated to the 

incidence of secondary infections, the results obtained in this thesis explain, at least in part, the 

reported increase and severity of secondary bacterial infections following European genotype PRRSV 

infection, and the prevalence of European genotype PRRSV in porcine respiratory disease complex 

(PRDC). Often, this decrease in phagocytosis is not the only factor involved, and disruption of physical 

barriers preventing cell adherence and colonization (Plotkowski et al., 1986), as well as modulation of 

phagocyte and other innate immune cell functions are reported, including exacerbated cytokine 

production (Okamoto et al., 2003) and impaired chemotaxis. Besides the decreased phagocytic 

capacity of alveolar macrophages reported in this thesis, PRRSV infection was also shown to impair 

their capacity at performing oxidative burst (Chiou et al., 2000; Riber et al., 2004). Also, a study by 

Van Gucht et al. (2003) showed that infection with PRRSV primes the lungs for production of 

proinflammatory cytokines upon exposure to LPS, and demonstrated that overproduction of these 

cytokines led to respiratory disease. If the observed decrease in phagocytosis also occurs in vivo, 

pathogenic or opportunistic bacteria may no longer be cleared from the respiratory tract during a 

PRRSV infection, which would result in higher amounts of LPS in the lungs. Thus, downregulation of 

phagocytosis might lead to an increased cytokine production and more severe respiratory disease, 

even though this remains to be proven. All of these effects of PRRSV infection, together with PRRSV-

induced macrophage death, may explain why PRRSV, that often fails to induce overt respiratory 

disease on its own (Van Reeth et al., 1999), becomes a major player in PRDC when secondary 

pathogens complicate primary PRRSV infection (Brockmeier et al., 2002). Therefore, the results 

obtained in this thesis support the current view that the best prevention of severe bacterial disease 

upon primary PRRSV infection is through viral immunization, thus encouraging the development of 

PRRSV vaccines and immunization campaigns. 
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6.4 SIALOADHESIN AS A DOWNREGULATOR OF PHAGOCYTOSIS 

6.4.1 POSSIBLE MECHANISMS IN WHICH SIALOADHESIN MAY DOWNREGULATE PHAGOCYTOSIS 

The mechanism responsible for the downregulation of macrophage phagocytosis upon ligation of 

sialoadhesin is unknown so far. Three possible mechanisms can be put forward (Figure 1). Firstly, 

sialoadhesin might serve as a phagocytic receptor that binds the phagocytic particle directly and 

mediates its uptake (Figure 1A). Secondly, sialoadhesin might serve as a receptor that tethers 

phagocytic particles and then utilizes accessory receptors to deliver the phagocytic signal (Figure 1B). 

Lastly, sialoadhesin might impair phagocytosis through functioning as a signalling molecule interfering 

with mechanisms controlling phagocytosis (Figure 1C). 

 

 

Sialoadhesin as a phagocytic receptor or as a receptor that tethers phagocytic particles 

and then utilizes accessory receptors to deliver the phagocytic signal 

When assuming the first or the second mechanism, the observed decrease in phagocytosis of beads 

(Chapter 4 and 5) can be explained as follows. When a ligand binds to sialoadhesin, it may block 

binding of beads, either directly or through steric hindrance. Consequently, this may result in the 

observed decrease in phagocytosis of beads, either because sialoadhesin can no longer mediate the 

uptake of beads directly (first model; Figure 1A), or because sialoadhesin no longer tethers beads that 

would be taken up after an accessory receptor delivers the phagocytic signal (second model; Figure 

1B). Both models can also explain the observation that with an increasing ligand dose, phagocytosis 

decreases correspondingly, since an increasing number of binding sites will be blocked. This may also 

explain why, at a certain ligand concentration, no further reduction in phagocytosis is observed, since 

all binding sites may be blocked at this point. The residual binding and phagocytosis of beads at this 

point could then be explained by other phagocytic receptors that mediate uptake of beads (Aderem 

and Underhill, 1999). Adding weight to these hypotheses is the observation that sialoadhesin is 

involved in the phagocytosis of Neisseria meningitides (Jones et al., 2003). Though, it was not 

established whether sialoadhesin directly mediates the uptake of these bacteria, serving as a 

phagocytic receptor, or whether it cooperates with other phagocytic receptors to mediate uptake of 

this bacteria. Still, a mechanism was proposed where sialoadhesin might act as a (secondary) 

phagocytic receptor of sialylated pathogens (Crocker et al., 2007; Munday et al., 1999). 

 

Despite these indications, direct engagement of sialoadhesin to mediate phagocytosis of beads directly 

or through accessory receptors seems unlikely. If antibody binding would downregulate uptake of 

beads by prevention of binding of beads to this receptor, a difference in binding of beads at the cell 

surface should be observed when looking at both antibody treated groups, with a significantly higher 

amount of beads bound in the isotype control treated group in comparison to the sialoadhesin-specific 

antibody-treated group, which is not the case (Chapter 4). Moreover, contrary to what was reported, 
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phagocytosis should also have been downregulated in the studies performed by Ducreux et al (2009; 

2008). Sialoadhesin is known to specifically bind sialylated ligands, with a preference for O-linked 

oligosaccharides carrying Neu5Ac (but not Neu5Gc or Neu5,9Ac2) in the α2,3 rather than the α2,6 and 

α2,8 linkage to subterminal sugars (Crocker et al., 1991; Nath et al., 1995). Since the beads used in 

our study are unsialylated, direct binding of beads to sialoadhesin seems improbable. It could be 

argued that the beads used in our study have a net negative charge and contain carboxyl-groups, 

features shared with sialic acids. Though, it is well documented that a net negative charge is not 

enough for a molecule to bind sialoadhesin (Crocker et al., 1991), and that sialoadhesin has a highly 

selective binding affinity determined by the conformation of the terminal sialic acid and its functional 

groups, including a carboxylgroup on C1, a hydroxylgroup on C9, and an aminoacetylgroup on C5 of 

the sialic acid, as well as the composition of the underlying glycan chain (Kelm et al., 1998; Varki and 

Angata, 2006). 

 

 

Sialoadhesin as a signalling molecule interfering with mechanisms controlling 

phagocytosis 

The last and most plausible model describing how sialoadhesin might impair phagocytosis is through 

functioning as a signalling molecule (Figure 1C). According to this mechanism, ligation of sialoadhesin 

activates certain molecular networks and results in the downregulation of pathways involved in 

phagocytosis. In this case, sialoadhesin functions as an inhibitory receptor of phagocytosis. This is 

supported by the finding that antibody binding to sialoadhesin on porcine alveolar macrophages is 

associated with subtle alterations of MAPK, adipocytokine and Wnt signalling and regulation of the 

actin cytoskeleton (Genini et al., 2008), suggesting that sialoadhesin is able to activate signalling 

pathways and thus serves as an intracellular signalling molecule. Interestingly, MAPK signalling 

cascades, including ERK and p38 signalling, are known to regulate phagocytosis (García-García and 

Rosales, 2005) and rearrangements of the actin cytoskeleton are tightly controlled during the entire 

process of phagocytosis (May and Machesky, 2001). Consequently, altered signalling or regulation of 

these pathways upon antibody binding to porcine sialoadhesin could be a possible explanation for the 

observed downregulation of phagocytosis. Despite these indications, it remains unknown which 

signalling may be induced upon ligand binding to sialoadhesin and how this may interfere with 

phagocytosis. Unravelling the underlying mechanism controlling the downregulation of phagocytosis 

upon ligation of sialoadhesin will contribute greatly to our understanding of the physiological role of 

sialoadhesin. 
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Figure 1. Schematic representation of the possible mechanisms responsible for the downregulation of 
macrophage phagocytosis upon ligation of sialoadhesin. 

Left side: no Sn-specific ligands are present. Right side: Sn-specific antibodies are present. A) Sn serves as a phagocytic 
receptor that binds the phagocytic particle directly and mediates its uptake. B) Sn tethers phagocytic particles and then utilizes 
an accessory receptor to deliver the phagocytic signal. C) Sn impairs phagocytosis through functioning as a signalling molecule 
interfering with mechanisms controlling phagocytosis. Abbreviations: Sn, sialoadhesin. Proportions in figure do not correspond 
to reality (Sn: +/- 40 nm; mAb: +/- 15nm; bead = 1 µm; macrophage: 15-20 µm). 
 

 

6.4.2 THE LACK OF SIGNALLING MOTIFS IN THE CYTOPLASMIC DOMAIN OF SIALOADHESIN 

It is well established that short sequence-based signalling motifs located in the cytoplasmic domain of 

transmembrane receptors are required for signalling and play important roles in mediating receptor 

internalization and sorting (Pandey, 2009), even when signalling and/or internalization is initiated 

upon interaction with secondary receptors or adaptor proteins. Most Siglecs contain combinations of 
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tyrosine motifs, including one or more ITIM(-like) domains, and/or an ITIM-like motif containing Grb2-

binding or Fyn kinase phosphorylation sites in their cytoplasmic domain (Varki and Angata, 2006). 

These motifs are involved in inhibitory signal transduction through recruitment of SHP-1 or SHP-2 

tyrosine phosphatases as well as other scr-homology 2 (SH2)-domain containing effector proteins 

(Ravetch and Lanier, 2000). In general, these Siglecs are implied in negative immunoregulation and 

endocytosis. Sialoadhesin, the newly described Siglec-14, -15 and -16 in humans, as well as Siglec-H 

in rodents, all lack ITIM or ITIM-like motifs. In contrast, Siglec-14, -15, -16 and -H possess positively 

charged amino acid residues in the transmembrane region, which enable association with intracellular 

ITAM-bearing adaptor proteins, e.g. DAP12, and subsequent cellular activation (Angata et al., 2006; 

Blasius et al., 2006). These Siglecs are both implicated in positive and negative immunoregulation 

(Crocker and Redelinghuys, 2008; Jandus et al., 2011). Intriguingly, so far, no signalling motifs or 

positively charged residues have been discovered in the cytoplasmic tail of sialoadhesin (Crocker et 

al., 1994; www.prosite.expasy.org), which is poorly conserved in between species and displays 

differences in size and amino acid sequence. The lack of signalling motifs and positively charged 

residues make this receptor unique among all Siglecs.  

 

Remarkably, deletion of the cytoplasmic tail of sialoadhesin abrogates clathrin-dependent endocytosis 

of PRRSV and antibodies (M.I. De Baere, P.L. Delputte, unpublished data), further supporting a role 

for sialoadhesin in signalling and endocytosis. So far, clathrin-mediated endocytosis is known to 

depend on tyrosine-based and dileucine-based sequence motifs, such as [D/E]XXXL[L/I]1, YXXQ2 and 

NPXY3 (Bonifacino and Traub, 2003; Pandey, 2009), which are absent in sialoadhesin. However, not 

all signalling depends on short peptide sequence motifs or positively charged residues. It was reported 

that trafficking and sorting determinants can be folded structures, in which case the critical amino acid 

residues are not necessarily collinear (Pandey, 2009). (Mono)ubiquitination of cytosolic lysine residues 

can also serve as a signal in receptor endocytosis and sorting at various stages of the endosomal-

lysosomal system (Acconcia et al., 2009; Bonifacino and Traub, 2003). Since porcine sialoadhesin 

contains three cytosolic lysines, two of which are conserved in human, mouse, rat and chimpanzee, 

ubiquitination of (one of) these lysines may result in internalization of this receptor. Moreover, new 

signalling motifs involved in receptor internalization and signalling remain to be discovered (Bonifacino 

and Traub, 2003; Crocker et al., 1994; Pandey, 2009), possibly including those involved in 

sialoadhesin signalling and endocytosis. To this end, high performance algorithms for the identification 

of short sequences might provide useful tools to search through genome databases for new signalling 

motifs involved in the internalization and trafficking of membrane receptors and proteins (Rajasekaran 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 [D/E]XXXL[L/I]: dileucine-based sequence motif regulating clathrin-mediated endocytosis. The motif consists of an aspartic 

acid (D) or a glutamic acid (E), followed by any two amino acids, a leucine (L) and another leucine or an isoleucine (I). 
2,3 YXXQ and NPXY: tyrosine-based sequence motifs regulating clathrin-mediated endocytosis. The motifs consists of: 2 YXXQ: a 

tyrosine (Y) followed by two random amino acids (X) and a glutamine (Q); 3 NPXY: an asparagine (N) followed by a proline (P), 

any other amino acid (X) and a tyrosine (Y). 
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et al., 2005). Determining which cytoplasmic motifs or amino acid residues are involved in ligand-

induced endocytosis certainly deserves further investigation. 

 

 

6.4.3 INHIBITORY RECEPTORS CONTROLLING PHAGOCYTOSIS 

Upon recognition of micro-organisms, macrophages become activated and phagocytose and eliminate 

invading pathogens. Simultaneously, they are triggered to produce cytokines and antimicrobial 

molecules, which aid in host defence and the generation of an adaptive immune response (Aderem, 

2003; Jutras and Desjardins, 2005). On the other hand, these molecules are also capable of causing 

severe damage to the host, directly or indirectly (Gordon, 2003; Steevels and Meyaard, 2011). To 

prevent this, several regulatory mechanisms exist that control the inflammatory response by 

prevention of inappropriate activation, or by timely termination of the inflammatory response. In 

general, these mechanisms are controlled by inhibitory receptors that control several signalling 

pathways and result in the prevention of excessive tissue damage and the hyperproduction of 

inflammatory cytokines, which might otherwise lead to chronic inflammatory diseases or septic shock, 

among others. Phagocytosis is one of the processes which can be controlled by inhibitory receptors 

(Steevels and Meyaard, 2011). Signal regulatory protein-α (SIRPα) is an example of an inhibitory 

receptor suppressing phagocytosis. It was shown that phagocytosis of myelin by microglia and 

macrophages is downregulated upon binding of CD47, expressed on myelin, to SIRPα, expressed on 

these phagocytes. CD47 is thought to function as a marker of "self" that helps protect intact myelin 

and myelin-forming oligodendrocytes and Schwann cells from activated microglia and macrophages 

(Gitik et al., 2011). Downregulation of CD47 on apoptotic or infected myelin-forming cells, on the 

other hand, was shown to result in an increased uptake of these cells. Yet, leukemic cells use this to 

their advantage and upregulate CD47 expression to evade immune detection and subsequent 

elimination (Jaiswal et al., 2009). Besides SIRPα, Siglec-5, Siglec-9 and FcγRIIb are known inhibitory 

receptors of phagocytosis (Carlin et al., 2009a; Carlin et al., 2009b; Tridandapana and Anderson, 

2005). Our observations indicate that sialoadhesin might also be an inhibitory receptor of 

phagocytosis. 

 

Noteworthy, an inhibitory role for sialoadhesin has been suggested before (Kirchberger et al., 2005; 

Seyerl et al., 2010). Sialoadhesin expression was shown to be induced on human monocyte-derived 

dendritic cells upon infection with rhinoviruses. Remarkably, this coincided with the suppression of 

CD4+ and CD8+ T cell responses and the induction of IL-35 production by Treg, which was not 

observed for DCs that did not express sialoadhesin. Similar to SIRPα, sialoadhesin might function as a 

receptor that distinguishes “self” from “non-self” (Klaas and Crocker, 2012), as was suggested for 

several other Siglecs (Paulson et al., 2012). Further studies are however needed to confirm these 

hypotheses. Certainly, our knowledge on the physiological role of sialoadhesin will be further 

expanded in the future, as it will be the main focus of several research groups. 
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6.4.4 SIALOADHESIN AS AN INHIBITORY RECEPTOR OF PHAGOCYTOSIS: IMPLICATIONS FOR PATHOGENS 
INTERACTING WITH SIALOADHESIN 

Pathogens are known to misuse inhibitory receptors as attachment or internalization receptors by 

expressing ligands for these receptors. Since ligation of these inhibitory receptors may result in 

suppression of cellular effector functions such as phagocytosis, ROS and cytokine production, binding 

to these receptors enhances their chances of a productive infection. Bacterially encoded ligands have 

been found for Siglec-5, Siglec-9 and CEACAM1 (Carlin et al., 2009a; Carlin et al., 2009b; Khatua et 

al., 2012; Slevogt et al., 2008). For example, the group B Streptococcus (GBS) cell wall-anchored β 

protein specifically binds Siglec-5, and it was shown that Siglec-5 activation through β protein results 

in reduced phagocytosis, oxidative burst, formation of neutrophil extracellular traps (NETs) and IL-8 

production in neutrophils (Carlin et al., 2009a). If sialoadhesin indeed functions as an inhibitory 

receptor, pathogens binding sialoadhesin may have evolved and use this to their benefit. The work 

presented in this thesis shows that PRRSV downregulates macrophage phagocytosis (Chapter 5), and 

it could be that the interaction of PRRSV with sialoadhesin results in the downregulation of 

phagocytosis through inhibitory signalling. However, further research is needed to confirm this 

hypothesis. Other pathogens that engage sialoadhesin have been described (Heikema et al., 2010; 

Jones et al., 2003; Monteiro et al., 2005; Rempel et al., 2006), but it remains to be assessed whether 

binding of these pathogens to sialoadhesin can induce inhibitory signalling resulting in a reduction of 

phagocytosis.  
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6.5 CONCLUSIVE REMARK 

The work described in this thesis has advanced our understanding of the physiological role of 

sialoadhesin, which may have important implications when considering sialoadhesin as a target for 

macrophage-directed therapies. Moreover, new insight were created in the pathogenesis of European 

genotype PRRSV infections. Still, further research is needed to answer the questions that are still 

remaining or have risen from this work. Determining the mechanism underlying the downregulation of 

phagocytosis upon ligation of sialoadhesin will provide crucial insights in the physiological role of 

sialoadhesin. Certainly, this information will prove valuable for sialoadhesin-targeted macrophage-

directed therapies, indicating possible side effects of these therapies, as well as aid in the 

development of new therapies in which phagocytosis is not wanted. Moreover, it may result in novel 

insights in the pathogenesis of microorganisms binding sialoadhesin. With respect to PRRSV, further 

research addressing PRRSV-induced downregulation of phagocytosis may yield valuable information 

on PRRSV-induced respiratory disease and its involvement in PRDC, as well as possible 

immunoevasion strategies.  
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Ik herinner me nog goed mijn eerste keer dat ik op de faculteit kwam en de hoogbouw binnenging, de 
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toe eens mocht langskomen als ’t moeilijk ging! En natuurlijk ook bedankt voor je hulp met m’n 

figuren! Marijke (ISS), jou wil ik bedanken voor het proper houden van onzen bureau en het labo, ook 

al maakten we er soms onmiddellijk weer een boeltje van. Bovendien waren de babbels met jou op de 

gang vaak reden tot hilariteit en echt ontspannend. In je sappig Gents accent heb je mij vaak 

gemotiveerd! 

 

Toen ik toekwam op het labo was ik een beetje het targeting-aanhangsel van de PRRSV groep, maar 

ondertussen is er een heuse targeting groep! Hanne, Karen, Inge en Bauke, ik wens jullie nog veel 

succes met het project. Meer en meer lijkt het allemaal op z’n pootjes te vallen, hopelijk kunnen jullie 

de vruchten plukken van al jullie werk! Hanne, bedankt voor al je uitleg en hulp, steun, motivatie, 

aanmoediging en het feit dat je al m’n vragen steeds beantwoordde zonder mij beu te worden, het 

waren er véél. Je bent door de jaren een beetje m’n houvast geweest, en ik ben je enorm dankbaar. 

Zeker ook het feit dat je dit jaar, terwijl je in Amerika zat, er steeds voor mij geweest bent en m’n 

vragen “in no time” hebt beantwoord!! Daarnaast was je ook een slachtoffer van al m’n getetter op ’t 

labo en op de fiets! J Je hebt nogal afgezien met mij! :D Ik wens je het allerbeste op het labo en in 

je verdere carrière, maar zeker en vast ook erbuiten! Karen, het was super je buur te zijn in den 

bureau. Je enthousiasme en je lach werken aanstekelijk, en je bent een goede tetterpartner :D. Zeker 

het laatste jaar heb je me enorm gesteund en gemotiveerd! En in ruil heb ik jou bestookt met vragen. 

Sorry daarvoor, en bedankt :D Ik wens je het allerbeste met je doctoraat! Blijven gaan en dan komt 

die dag die zo veraf lijkt er zeker en vast!!! Kijk maar naar mij! Daarnaast wens ik je op ’t thuisfront 

het allerbeste! De dag dat jullie huis af is en je doctoraat afgelegd is, die verdien je héél hard! Inge, 

bedankt voor de hulp bij m’n eerste artikel en je bemoedigende woorden op moeilijke momenten. Ik 

wil jou en Bauke allebei veel plezier wensen met jullie gezin, het is grappig als de mama’s in jullie 

bovenkomen! J 

 

Ook de PRRSV groep wil ik bedanken voor al de input en hulp die ik heb gekregen. Wander, Merijn en 

Sarah C., jullie werklust, plezier bij het onderzoek en het bediscussiëren van resultaten en artikels 

heeft een grote indruk op mij gemaakt. En samen hebben jullie vaak de sfeer in het labo bepaald, wat 

alleen maar aan te moedigen viel! Wander, bedankt voor je hulp over de jaren, de input die je me 

gegeven hebt, maar zeker en vast al het werk dat je in het lezen van m’n thesis hebt gestoken!!! 

Sarah C., jij hebt enorm bijgedragen aan de sfeer in ’t labo (hier mag ook David niet vergeten worden 

:D), aan ’t iedereen welkom heten, Belg of “Buitenlander”, en ondertussen toch veel werk te verzetten 
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en wetenschappelijk heel sterk te staan. Ik heb dit vaak in je bewonderd. Bedankt dat ik ook toen je 

al weg was op de Viro nog bij je terecht kon! Bovendien heb ik me ook buiten het labo veel met je 

geamuseerd, en ik zal die ene avond in de Charlatan nooit vergeten. In elk geval geef ik nooit meer 

“de pot” aan jou. :D. Marc, vanaf dag één in ’t labo tot op de laatste moment was jij altijd “aanwezig”. 

Je hebt enorm bijgedragen aan de leute op ’t werk, ook al omdat je er ontelbare uren was. Je bent 

waarschijnlijk de persoon die me ’t meest uit m’n kot heeft gelokt, maar je hebt me ook vaak doen 

lachen! Zowel op als buiten het werk! Bedankt ook voor alle steun en alle aanmoedigingen! Maar 

vooral voor het zorgen voor de broodnodige ontspanning (als organisator of vaste waarde)! Daarnaast 

wil ik je nog veel succes wensen met je doctoraat! Je verdient het, dus ga ervoor en ik ben er zeker 

van dat het je gaat lukken! Gerald, I would like to thank you for making me feel welcome in the lab 

from day one. I also very much enjoyed your enthousiasm and the jokes you were making all the 

time! Mieke en Isaura, bedankt voor de fijne babbels! Uladzimir, good luck with finishing your PhD! I 

am sure you’ll do great! Iris, jij bent al een tijdje weg op ’t labo. Toch wil ik je veel succes wensen 

met je verdere carrière en je gezin. Angela, Ilias and Ivan, good luck with finishing your PhD! Angela, 

thanks for the motivational talks! Ilias, maybe I’ll see you around in a bar in Ghent?! I’ll be there to 

show you the way out! :D 

 

Sinds we samen in onzen bureau zitten ben ik ook beginnen inzien wat er allemaal bij komt kijken, bij 

lid zijn van de FIP- en FIV-groep. De vele telefoons, de katten verzorgen en bloed trekken,… Toch lijkt 

het mij dat jullie een superhechte groep zijn, en ik ben ervan overtuigd dat jullie allemaal een 

schitterend doctoraat gaan afleggen. Ik wil Dominique, Annelike, Lowiese, Ben, Sebastiaan, Leslie, 

Sabine, Evelien, Hannah en Inge allemaal bedanken voor de steun en motivatie. Het is leuk in zo’n 

toffe sfeer te werken. Dominique en Annelike, geloof in jezelf en ga ervoor! Jullie gaan dat supergoed 

doen! Lowiese, ik bewonder hoe jij zo sterk in je schoenen staat! Ben, bedankt voor de vele fijne 

gesprekken en zeker en vast voor je hulp bij het maken van de histogrammen. Van een life-saver 

gesproken! Ook Sebastiaan en Inge wil ik veel succes wensen met hun doctoraat. En Sebastiaan, ook 

hoop ik dat je steeds je goedlachse zelve kunt blijven! Leslie, ook al vond ik jou een beloftevolle 

doctoraatsstudent, het is leuk te zien dat je je draai gevonden hebt! Ik wens je nog alle succes in je 

verdere carrière en daarbuiten! Sabine, thank you for your support and motivation. I wish you all the 

best with your family and in your carrier. Hannah, bedankt om op al m’n vragen te antwoorden, zowel 

wetenschappelijk als qua layout en prutsen met figuren! Ik heb je wetenschappelijke kennis vaak 

bewonderd! Ook bedankt om me aan te moedigen! Veel succes nog in je carrière en met je gezin! Els, 

ook jou wens ik het beste toe! 

 

Een groep die ik zeker en vast niet wil vergeten is “den immuno”: Céline, Nina, Thary, Maria, Korneel, 

Jochen, Matthias D., An D. en Nick. Bedankt voor de toffe momenten, de fijne gesprekken en de 

aanmoedigingen. En ook wel alle zoetigheid en jullie goedlachsheid! J Céline, bedankt voor alle 

advies van het laatste jaar, de vele babbels op de fiets en alle plezier van de voorbije jaren. Matthias 

D., de enige vent die me ooit meekreeg naar het voetbal, ik ga het nooit vergeten :D An D., nu snap 
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ik wat je zei over stress op het einde van het doctoraat. En dat terwijl jij dan nog eens met een bolle 

buik rondliep! Herman, bedankt dat ik bij jou terecht kon voor vragen en voor het nalezen van m’n 

eerste artikel! Ik wens jullie allemaal veel succes bij het afleggen van jullie doctoraat en/of verdere 

carrière, en veel geluk ernaast! 

 

Sjouke, de straffe madam van de Influenza. Ik heb vaak je inzet en wetenschappelijke kennis 

bewonderd! Het is super hoe jij je belangeloos voor iedereen inzet! Ik wens je nog veel succes bij het 

afwerken van je doctoraat. Je bent er bijna en gaat dat zeker en vast schitterend doen! Bedankt ook 

voor alle fijne momenten buiten het werk!!! ZhongFang and Kalina, thank you for all the talks and fun 

moments. I wish both of you the best of luck! Filip, Debby en Annebel, jullie zijn al even weg, toch wil 

ik ook jullie het beste wensen! Karl and Yu, good luck with your PhD! 

 

Lennert, Annick, Annelies en Sarah G., bedankt voor jullie hulp en motiverende woorden! Lennert, 

bedankt voor de vele leuke gesprekken en momenten, op en naast het werk. Ook jij was één van de 

vaste waarden om op vrijdag leute te gaan maken J Veel succes nog bij het afwerken van je 

doctoraat en alle geluk in jullie huisje!! Sarah G., het laatste jaar heb je me veel gemotiveerd, bedankt 

daarvoor! Ik wens jullie allemaal het beste op en naast het werk! Sabrina, thank you for being such a 

wonderful person. Always something to tell or do when you’re around! I wish you all the best, good 

luck in finishing your PhD. I admire your strenght! Take care! I also want to wish you all the best with 

your daughter! Amy, thank you for the nice talks we had! Good luck with your research and in 

finishing your PhD! I am sure you’ll be fine! Kathlyn, new in the lab but it seems to me you’re made 

for research! Good luck with your PhD! 

 

Which brings me to the shrimp-group! Joao and Mathias C., I wish both of you best of luck in finishing 

your PhD. I am sure both of you will do great! Thank you also for your interest in my work over the 

years! Tu, I would like to thank you for our conversations and the times you invited me to your place! 

I greatly appreciated your friendship and wish you all the best! Joao and Dries, I would like to thank 

both of you for the drinks in the evening and the atmosphere both of you brought to the lab! I also 

would like to thank Joao, Dries, Uladzimir and Mathias for al the fun moments outside the lab, and all 

Friday evenings on which I had so much fun. I will never forget that evening you came to Deinze and 

when we went to Bar Deco J Joao, I would never have been to this many bars in Ghent if it wasn’t 

for you. And especially Joao and Mathias, what a story tellers you are! Dries, you are also an 

important part of the athmosphere in the lab! Thank you for all fun times! 

 

Ook op andere labo’s wens ik een aantal mensen te bedanken: Jella, Koen, Bram, Dieter, Donna, 

Kristel & professor Eveline Meyer: bedankt voor jullie hulp bij mijn flow cytometer-experimenten, het 

plezier en vooral voor Kristel & professor Eveline Meyer: bedankt voor jullie interesse in m’n werk en 

alle aanmoedigingen! Bram, Elin en Alexander van “de bacterio”: bedankt voor al jullie hulp! 
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Bovendien wil ik nog al mijn chauffeurs bedanken: Lieve, Dries, Karen, Leslie & Wander, Mathias C., 

Nina, Marc, Inge, Dominique, Sabine, Evelien, Céline, Annebel, Maria, Lennert, Annick, Sarah G., 

Sabrina, Mathias C., Joao. Jullie hebben me allemaal één keer of heel vaak gebracht waar ik ook 

moest zijn! J Heel erg bedankt hiervoor, het was een plezier om jullie passagier te zijn!! 

 

Mijn vrienden en familie wil ik bedanken voor de interesse die ze in m’n werk vertoonden, de 

aanmoedigingen tijdens moeilijke momenten, maar zeker en vast ook voor al het plezier die we 

gemaakt hebben, de broodnodige ontspanning en verstrooiing na het werk.  

 

Om te beginnen wil ik alle Erasmussers bedanken die nu en dan m’n pad kruisen, wat steeds 

leidt tot geanimeerde gesprekken, motiverende speeches, leuke etentjes en brunches,... Het is leuk 10 

jaar (!!) na afstuderen zoveel vrienden over te houden! Nicolas & Broes, hoog tijd voor Gent Jazz?! En 

Broes, voor wanneer is die BBQ? :D Peter & Krishna, jullie beiden wil ik veel succes wensen met jullie 

doctoraat! Krishna, ondanks dat we elkaar niet zo veel zien is het steeds super om elkaar weer te zien 

(’t zijn dan ook steeds blijde gebeurtenissen) en hopelijk lukt dit in de toekomst nog vaker! Het is 

alleszins leuk te zien hoe je het getroffen hebt met Dieter & jullie spruit Joachim. Ik wens jullie het 

allerbeste! 

Ook mijn scoutsvrienden wens ik te bedanken voor de vele leuke momenten. Julie, ook al zien 

we elkaar niet zo vaak, dank je voor de steun! Tim, bedankt voor de vele fijne momenten, van 

etentjes over feestjes over picknicks, festivals, en what not! Ik heb chance met zo’n scoutspeter J ! 

Stijntje en Bart VL, bedankt voor de interesse in m’n doctoraat, de toekomst-babbels, de 

aanmoedigingen en de leuke momenten. Jana, jij behoort zeker en vast in dit rijtje! Ik wil je bedanken 

voor je steun en alle leuke momenten die we samen gehad hebben. En dan zijn er nog Véro & Ann-

Sophie: meiden, dank je voor alles. De eindeloze babbels, de vele etentjes, café-bezoeken en leuke 

momenten, en vooral met Véro de vele nachten die we al dansend hebben doorgebracht! Van 

onschatbare waarde voor mijn humeur & motivatie!!!! Bedankt om zo’n goeie vriendinnen te zijn!!! En 

Ann-Sophie: bedankt voor Corsica!!! Die reis kwam als geroepen en was super!  

Ook Freija & Lien wil ik bedanken voor de maandelijkse portie tetteren en lachen! Ik ben 

superblij dat we bij het begin van m’n doctoraat, na elkaar enkele jaren “niet te horen”, terug 

beginnen afspreken zijn. Onze maandelijkse afspraak is er een om naar uit te kijken! Altijd veel te 

vertellen en te lachen, maar ook veel steun en motivatie krijgen. Héél erg bedankt hiervoor!  

In mijn vriendenkring is er één iemand die me steeds doet lachen en energie bezorgt voor 

tien. Bart VN, bedankt om mij in jouw wondere muziekwereld mee te nemen en mij alles te doen 

vergeten, leute te maken en te laten dansen tot een kot in de nacht. De gemiste uren de dag erna 

neem ik er met plezier bij ;) Binnenkort zal je mij weer meer zien, nu de stress ervan af is… Ik wil je 

ook bedanken voor alle fijne momenten naast de dansvloer, altijd fijn afspreken met een mede-

discussiëerder en eigenzinnige! J Bedankt! 
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Geert & Ann wens ik te bedanken voor hun steun & motivatie, maar vooral voor het jaarlijkse 

feestweekend dat Werchter is! Ik kijk uit naar morgen :D, om met jullie te vieren! Bedankt! 

Vijf jaar na ons afscheid van “het boerenkot” zijn we nog steeds met een ganse “bio-

ingenieursbende” die elkaar “regelmatig” ziet en ik ben blij dat we nog steeds zo goed overeenkomen. 

Ik wil jullie (en alle wederhelften :D) allemaal bedanken voor de vele leuke momenten, de interesse 

die jullie vertonen in m’n werk en de motivatie die jullie me geven. Hopelijk volgen er nog veel 

trouws, babyborrels, housewarmings, weekends en feestjes allerhande. Alvast héél erg bedankt om er 

te zijn voor mij! Dirk, Eric, Elke, Jason en Pieter wil ik bedanken voor de vele fijne avonden/nachten 

op café en op de dansvloer in Gent. Qua ontspanning en batterijen-opladen kon dit steeds tellen! Elke, 

jouw enthousiasme werkt zo aanstekelijk, ik hoop dat dit nooit verandert! Aan de ski-crew: jullie 

hebben me ongelofelijk veel plezier bezorgd! Hopelijk gaan we daar in de toekomst weer mee door!!! 

Dirk en Nathalie, veel succes nog bij de laatste loodjes van jullie doctoraat. Jullie gaan dit zonder 

twijfel met verve doen! Blijven gaan! Dirk, Eric en Karel, jullie zijn er over de jaren zo vaak voor mij 

geweest, interesse getoond en mij gemotiveerd om te blijven gaan! Héél erg bedankt hiervoor! Dirk in 

het bijzonder, bedankt voor de vele babbels over mijn en jouw werk en alles wat ons doctoraat met 

zich meebracht! Ook Ivy, mag in dit lijstje zeker niet ontbreken. Bedankt voor je luisterend oor, het is 

fijn dat ik bij jou terecht kan, gelijk wanneer! Ik hoop voor jou dat er rap iets uit de bus komt en dat 

we alle twee snel weten welke richting we hierna gaan inslaan. Karel & Ivy, bedankt om me mee te 

nemen naar de salsa en voor mijn wekelijkse uren ontspanning te zorgen toen ik er zoveel nood aan 

had! Karel & Eric, mede-koolkappers, jullie zijn vrienden door dik en dun, bedankt voor alles! Op nog 

vele reünies! Bovendien is er ondertussen een tweede Martello, mijn huisgenoot Laurie, die ik wil 

bedanken voor de vele fijne babbels en alles wat je voor mij hebt gedaan het afgelopen jaar. De 

keren dat ik je ’s nachts heb wakker gemaakt, de keren dat ik overstresst was, dat ik m’n sleutels 

vergeten was,… Bedankt om steeds klaar te staan, zonder iets terug te vragen! Je bent hebt een 

gouden hart! Veel plezier in je nieuwe woonst! Ik kijk ernaar uit om je te komen bezoeken! Karel, na 

al die jaren samen op school, den unief en bezig aan het doctoraat gaan we nu effectief elk onze 

eigen weg. Maar ik ben ervan overtuigd dat die wegen vaak zullen kruisen! Bedankt voor je steun, 

aanmoediging en liefde voor Chinees :D En dan zijn er nog “the ladies”: Naomi, Maartje, Marjan, 

Tanja & Nina VO. Lieverds, ik hoop dat we nog jaren doorgaan met onze maandelijkse 

vrouwenavonden. Het is genieten, lachen, ontspannen en jullie zijn één voor één schatten van 

mensen. Naomi, ’t is fijn elke keer het je lukt erbij te zijn. En ik geniet steeds van je straffe verhalen! 

J Maartje, ik denk dat het begin van dit doctoraat een beetje het begin was van onze vriendschap, 

samen met het starten van de ladies-nights. Ben ik daar blij om! Dank je voor je steun, je 

zachtaardigheid en luisterend oor! Ik wil je ook veel succes wensen met je doctoraat! Go Maartje!!! Je 

gaat dat super doen! Marjan & Tanja, jullie eeuwig optimisme en goedlachsheid is zo leuk en 

aanstekelijk, ik ben er vaak van opgekikkerd! Jullie zijn zo’n warme mensen, bedankt dat ik steeds 

welkom was bij jullie en gewoon mocht binnenspringen op den bots! (Wat natuurlijk ook geldt voor 

Jason & Steven! J ) Ik heb vaak m’n hartje gelucht of gewoon komen genieten van de compagnie, 

superzalig! Tanja & Cynthia, jullie wil ik bedanken voor alle festivalmomenten! Totale ontspanning, 
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superveel plezier en het nodige vals zingen en “wildedansen” :D Hopelijk lukt dit in de toekomst af en 

toe nog eens…? Jullie weten me wonen, desnoods voor “het verslag ter plaatse”. J Nina & Tanja, 

bedankt voor de zalige reis naar Mexico. Ook al was er “de decompressie” in het begin, het was een 

onvergetelijke reis. Blij dat ik op het laatste nippertje ben meegegaan!! En dan is er Nina (welke Nina? 

(hé mama!) Nina VO). Ik herinner me nog m’n eerste weken op het labo, toen ik noodgedwongen bij 

jou tussen je zetel en TV kampeerde. Wat was het leuk dat jij ook op de viro (den immuno!) zat. Ik 

heb me ongelooflijk geamuseerd met jou, en ben je enorm dankbaar voor alles wat je voor mij hebt 

gedaan. Ik denk aan al het rondrijden, al de peptalk, alle steun en motivatie, ik kan me niet één 

moment bedenken dat ik niet bij je welkom was. Maar ik denk ook aan alle feestjes, bals, after-works, 

het getetter, Grey’s Anatomy, winkelen, Londen & U2,... Bovendien wil ik je héél erg bedanken voor je 

steun de laatste maanden. Niet meer samenwonen, niet meer samen werken, en toch steeds op het 

juiste moment je aanmoedigingen! Het was vaak dat zetje dat ik nodig had (“iemand moet het doen 

hé J”) en dat ik vandaag verdedig is zeker en vast ook dankzij jou! Ik ben zeer blij te zien hoe 

gelukkig je bent het laatste jaar, zelfs tijdens de eindspurt naar je doctoraat! Je hebt met Guillaume je 

maatje gevonden en ik wens jullie alle geluk samen! Je hebt ’t meer dan verdiend en ik wens je ’t 

allerbeste, ook met je post-doc! Lieve Jason, wat ben ik blij dat wij ergens in 2e kan maatjes zijn 

geworden! Ik wil je bedanken voor alle leute. Onze “dates” zijn zonder uitzondering plezaaant en om 

naar uit te kijken! Het is ook superleuk dat ik altijd bij jou & Marjan terecht kan! Bedankt voor alle 

steun! Ik wens jullie alle twee veel geluk in Blankenberge! Ik ben ervan overtuigd dat we elkaar nog 

veel zullen zien, in Gent en aan zee! Bovendien ben ik superblij dat jij & Nina (welke Nina? Nina VdD) 

ondertussen ook zo goed overeenkomen. Een avond met ons drieën kan gewoonweg niet stuk! Ik wil 

jullie beiden bedanken voor de vele fijne avonden! Ik kijk uit naar de komende “Duvel-avonden” en de 

“Gentsche Fieste”, zonder jullie zou ’t niet ’t zelfde zijn! Bovendien wil ik jullie bedanken voor jullie 

“Miet-is-de-max”-lijstje! Een serieuze duw in de rug op een zwak moment! Bedankt lieverds! Nina 

(welke Nina? Nina VdD), bedankt voor alles! Ik ben blij dat we na 16 jaar nog steeds zo’n goede 

vriendinnen zijn! ’T Is altijd heerlijk af te spreken (letterlijk en figuurlijk), of het nu is om stoom af te 

laten, m’n hart te luchten, of plezier te maken. Je kan me kalmeren en motiveren als geen ander, 

maar ook doen lachen en plezier maken. Ik hoop dat we dit nog lang blijven doen! Ik wens je het 

allerbeste toe!! Bovendien wens ik je nog veel succes met je doctoraat, ik blijf erbij dat je dat 

supergoed gaat doen! 

 

Als laatsten wens ik mijn familie te bedanken. Tante Inge & nonkel Tom, tante Kathy en nonkel Jo, 

nonkel Max & tante Nicole, meme & oma. Jullie interesse in m’n doctoraat en jullie blijvende 

aanmoedigingen hebben me vaak gemotiveerd en moed gegeven. Het is fijn te weten dat jullie achter 

me staan! Meme, jouw moed en optimisme zijn een super voorbeeld. “Blijven doordoen”, “niet 

opgeven” en vooral “altijd vooruit”, ik heb er soms op gevloekt maar veel uit geleerd! Ik hoop dat je 

trots bent! En dan zijn er mijn broer en zussie, Miel & Fien, en natuurlijk Lloyd. Ik wil jullie héél erg 

bedanken voor al het plezier van de afgelopen jaren, het op café gaan, aperitieven, het samen (gaan) 

eten, het samen feesten,... Ik hoop dat ’t er vanaf nu weer wat meer van komt! Daarnaast wil ik jullie 
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nog meer bedanken voor het over-en-weer rijden, het luisteren en steunen, motiveren en ook wel het 

negeren van mijn mindere momenten! Bedankt, jullie hebben geen idee! Lloyd, bedankt voor de 

computer-hulp! Mijn trage “biestje” zou anders gewoon stilgevallen zijn, denk ik! En Miel, bedankt dat 

ik me een maand in je huis heb mogen opsluiten om te schrijven. Ik denk niet dat dit boekje er nu al 

zou zijn, moest dat niet gekund hebben! Merci!!! En dan rest me enkel nog mama & papa te 

bedanken. Mama, bedankt voor de vele uren aan de telefoon en alle babbels thuis en op ’t 

appartement!!! Ik vrees dat jij het grootste “slachtoffer” bent van het tettergat in mij J Daarnaast wil 

ik je bedanken voor alles wat je gedaan hebt voor mij, het is onvoorstelbaar hoe jij voor ons 

klaarstaat. Bedankt voor alles! Papa, bedankt om me te laten doen zonder er iets over te zeggen, ook 

al zou jij ’t soms anders hebben aangepakt! Bedankt ook voor je interesse in waar ik mee bezig ben, 

al was het niet gemakkelijk om al je vragen “verstaanbaar” te beantwoorden. Ik ben dankbaar voor 

alle kansen die ik van jullie heb gekregen, de vrijheid om m’n eigen keuzes te maken en jullie steun 

die ik hierbij steeds gekregen heb. Het lijkt vaak vanzelfsprekend, maar dat is het niet. Onze warme 

thuis is voor mij een bron van kracht en een plek om tot rust te komen. Hopelijk zijn jullie vandaag 

fier op het resultaat! 

 

 

 

So, here we are. 

That’s pretty far, 

Considering where we started… 

Choices to make, 

New paths to take, 

Wondering where we’ll go, along the way… 

 

Miet 
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