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 Introduction Chapter 1

1.1 Streptococcus (S.) suis 

 General features, epidemiology and ecology of S. suis 1.1.1

Streptococcus suis is a Gram-positive, facultative anaerobic coccus which occurs as 

a single organism, in pairs or chains. It shows an α-hemolysis on sheep blood agar 

and a β-hemolysis on horse blood agar after cultivation (Staats et al., 1997). Based 

on its capsular polysaccharides, more than 30 different serotypes have been 

described. There is still ongoing discussion about the exact number of serotypes 

(Gottschalk et al., 2010; Gottschalk, 2012; Hill et al., 2005; Liu et al., 2013b; Nomoto 

et al., 2014; Okura et al., 2014). Serotype 2 is most frequently detectable in infected 

tissues of pigs in Europe and Asia (Wisselink et al., 2000), but geographical 

differences have been recorded. In Canada and the US less than 20 % of the 

isolated strains from diseased piglets belong to serotype 2 (Gottschalk et al., 2010). 

A study analyzing samples from veterinary laboratories in Quebec (Canada) revealed 

that most isolates belonged to serotype 2, 3 and ½ during the last 15 years (Messier 

et al., 2008). It is suggested that North American serotype 2 strains are less virulent 

than European and Asian serotype 2 strains in accordance with a lack of the 

virulence markers muramidase-released protein (MRP),  extracellular factor (EF) and 

suilysin (SLY) (Gottschalk et al., 2007; Messier et al., 2008). In seven European 

countries serotype 2, 9 and 1 were most frequently isolated. In the Netherlands, 

Belgium as well as in Germany serotype 9 is emerging. Serotype 7 was described to 

be associated with pneumonia in Germany and Denmark (Silva et al., 2006; Tian et 

al., 2004). 

 

 S. suis infections in pigs 1.1.2

S. suis is one of the most important porcine pathogens causing severe diseases in 

swine such as meningitis, septicemia, arthritis, peritonitis, endocarditis and 

bronchopneumonia (reviewed in Gottschalk et al., 2010; Reams et al., 1994; 

reviewed in Staats et al., 1997). One major characteristic of S. suis infections are 

fibrinosuppurative lesions (Baums and Valentin-Weigand, 2009; Beineke et al., 2008; 

Reams et al., 1994).  
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S. suis colonizes mucosal surfaces, in particular the upper respiratory tract, but it is 

also found in the genital and alimentary tracts (Gottschalk et al., 2010; Gottschalk, 

2012). The carrier rate in pigs is nearly 100% (Gottschalk et al., 2010). Due to 

antibiotic treatment the incidence rate is in general not higher than 5 %, but without 

treatment the mortality rate can increase up to 20 % (Gottschalk et al., 2010). Pigs 

are not the only species affected by S. suis infections. The bacterium was isolated 

from cats, dogs, ruminants, horses and deer (Staats et al., 1997). S. suis is 

transmitted in most cases orally or nasally directly between piglets (Staats et al., 

1997), but also airborne-transmission was shown by Berthelot-Herault et al. (2001). 

Beside horizontal transmissions, vertical transmission during birth is described 

(Robertson et al., 1991; Robertson and Blackmore, 1989). Further putative sources 

of infections are a contaminated environment, houseflies and mice which were 

described to be carriers of S. suis (Enright et al., 1987; reviewed in Staats et al., 

1997; Williams et al., 1988). S. suis can be detected in pigs of all age groups (Luque 

et al., 2010; Wisselink et al., 2000). However, diseases occur often after weaning in 

growing piglets, when passively transferred maternal immunity decreases (Baums et 

al., 2010), piglets are mixed and carrier animals harboring S. suis in their tonsils or 

nasal cavities showing no clinical signs of disease are introduced into a new herd 

(Arends et al., 1984; Staats et al., 1997). Notably, in a study of Wisselink et al. (2000) 

92 % of S. suis isolates were found in diseased piglets with an age of less than 10 

weeks.  

A peracute course of disease can lead to death within hours without symptoms. 

Clinical signs of an acute disease are high fever (up to 42°C), depression, anorexia, 

lameness or central nervous system disorders. Chronically infected animals can 

suffer from recurrent lameness and residual central nervous system disorders (Staats 

et al., 1997). Several environmental factors are thought to contribute to the 

development of disease: overcrowding, poor ventilation, excessive temperature 

fluctuations, high relative humidity and an age spread of more than 2 weeks between 

piglets in one room (Dee et al., 1993; reviewed in Gottschalk, 2012). Furthermore, 

viral infections predispose piglets for S. suis infections. Accordingly, an outbreak of 

the “porcine high fever syndrome” in China was associated with two pathogens, 

S. suis serotype 7 and the porcine reproductive and respiratory syndrome virus 

(PRRSV) (Xu et al., 2010). In vivo experiments demonstrated that an infection of 

weaning/growing piglets with a highly pathogenic PRRSV strain enhanced 
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susceptibility to an experimental S. suis serotype 7 infection. A simultaneous 

infection with both pathogens increased the pathogenicity of S. suis (Xu et al., 2010). 

In addition, preinfection of porcine tracheal epithelial cells with swine influenza H1N1 

elevated the adhesion and invasion of S. suis serotype 2 by 100-fold (Wang et al., 

2013). Sialic acid present in the capsule of a serotype 2 strain was shown to be 

crucial for the binding to virus-infected cells. Moreover, the induction of 

proinflammatory cytokines was increased in co-infected cells. The authors discussed 

that propagating inflammation in vivo might be beneficial for both pathogens (Wang 

et al., 2013). 

 

 S. suis infections in humans 1.1.3

Infections in humans are considered to be sporadic. Most people infected had close 

contact to pigs or unprocessed pork such as pig farmers, abattoir workers, butchers, 

meat inspectors, veterinarians and persons transporting pork (reviewed in Gottschalk 

et al., 2007). A case control study in Vietnam revealed that the main source of S. suis 

infections is the consumption of “high risk” food (undercooked pig products) followed 

by occupational exposure to pigs or pig products and processing pork in the 

presence of skin injuries (Nghia et al., 2011). Entry of S. suis occurs most probably 

through lesions in the skin or by crossing the epithelial barrier in the nasopharynx or 

the gut (Gottschalk et al., 2007). After dissemination of the bacterium meningitis is a 

common clinical manifestation in humans (Arends and Zanen, 1988; Huang et al., 

2005; Huong et al., 2014). Noteworthy, meningitis is associated with a very high rate 

of deafness compared to other meningeal pathogens, which occurs in approximately 

50% of the cases (Gottschalk et al., 2007).  

A human outbreak in China in 2005 received substantial scientific attention. In total 

215 cases with 39 death were reported. The leading symptoms were sepsis, 

meningitis and streptococcal toxic shock-like syndrome (STSLS) with a high rate of 

systemic diseases and a proportionally low number of meningitis. The outbreak in the 

human population was associated with an outbreak of S. suis infections in the local 

swine production. Seven years earlier a smaller outbreak occurred in the Jiangsu 

Province with 25 diseased people and 14 reported deaths (Gottschalk et al., 2007; 

Gottschalk et al., 2010; Segura, 2009; Yu et al., 2006). Notably, the sequence type 7, 

a single locus variant of sequence type 1, was associated with the human outbreaks 
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in China (Ye et al., 2006). It was found that this specific sequence type harbors a 89 

kb pathogenicity island probably contributing to the virulence of sequence type 7 in 

humans (Chen et al., 2007; Zhao et al., 2011). In general, most human S. suis 

infections were reported in the Asian area with 36% cases in Thailand followed by 

Vietnam (30%) and China (22%) (Huong et al., 2014). It was recently shown that 

S. suis is the most important cause of adult meningitis in Vietnam (Mai et al., 2008) 

and the third leading cause of community-acquired bacterial meningitis in humans in 

Hong Kong (Hui et al., 2005). By far, serotype 2 was detected in most patients 

(86.5%), but infections caused by serotype 14 (2.3%) and serotype 1 (0.6%) were 

also reported (Huong et al., 2014). 

 

 Pathogenesis of S. suis infections 1.1.4

The pathogenesis of S. suis infections is only partially understood (Fittipaldi et al., 

2012). To cause disease S. suis might breach the mucosal barrier of the respiratory 

tract, reach the blood stream and disseminate in the host to finally cross the blood 

brain barrier (BBB) or the blood cerebrospinal fluid barrier (BCB) and enter the 

central nervous system (CNS) (Fittipaldi et al., 2012; Gottschalk et al., 2010). For 

initial adhesion to host cells molecules of the extracellular matrix such as fibronectin, 

collagen type I, III, and V, fibrin, vitronectin and laminin are bound by different 

bacterial proteins (Esgleas et al., 2005; Fittipaldi et al., 2012). One example is the 

fibronectin and fibrinogen binding protein of S. suis (FBPS), which interacts with 

fibronectin and fibrinogen in vitro (de Greeff et al., 2002b). Experimental infections of 

piglets with a fbps-mutant revealed that the protein is not required for colonization of 

the tonsils but needed for colonization of specific organs (de Greeff et al., 2002b). 

Moreover, the enolase of S. suis binds to plasminogen as well as to fibronectin 

(Esgleas et al., 2008). Other factors shown or proposed to be involved in the initial 

attachment are the cell wall component lipoteichoic acid (LTA) (Vanier et al., 2007), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Brassard et al., 2004), di-

peptidyl peptidase IV (DPP IV) (Ge et al., 2009), sortase A (Vanier et al., 2008) and 

α-glucan degrading enzyme (ApuA) (Ferrando et al., 2010) (summarized in Baums 

and Valentin-Weigand, 2009; summarized in Fittipaldi et al., 2012). In addition, the 

recently identified IgA1 protease contributes to survival in pigs and might support 
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colonization of the host (Zhang et al., 2010; Zhang et al., 2011) as immunoglobulin 

(Ig) A is the main immunoglobulin found on mucous surfaces (Kaetzel, 2005).  

After initial attachment S. suis can cross the epithelial barrier (Gottschalk and 

Segura, 2000). Suilysin, the hemolysin of S. suis, damages epithelial cells by its 

cytolytic activity (Lalonde et al., 2000; Norton et al., 1999; Seitz et al., 2013). This 

might contribute to an invasive phenotype of strains expressing suilysin. How strains 

which do not secrete suilysin breach the mucosal barrier is not well understood. In 

another scenario the streptococci bind to monocytes to invade the host (see the 

Trojan and modified Trojan horse theory) (Gottschalk and Segura, 2000). 

Furthermore, it is proposed that encapsulation is down regulated during colonization 

and increased in the bloodstream (Gottschalk and Segura, 2000; Willenborg et al., 

2011). Experiments of Lalonde et al. (2000) revealed that the adhesion to different 

epithelial cell lines is decreased in the presence of the capsule. Similar results for 

epithelial HEp-2 cells were shown by Benga et al. (2005). In addition, Charland et al. 

(1996) demonstrated that the capsule (CPS) is thicker in bacteria grown in diffusion 

chambers in the peritoneal cavity of pigs compared to in vitro cultured S. suis.  

After breaching mucosal barriers bacteria can disseminate in the bloodstream. 

Different factors involved in immune evasion of S. suis are described in the literature 

such as two factor H binding proteins, which protect bacteria against complement 

deposition through the alternative complement pathway (Pian et al., 2012; 

Vaillancourt et al., 2013). As inflammations caused by S. suis are characterized by 

an influx of neutrophils the bacterium has to evade phagocytosis and killing by these 

immune cells to survive in the host (Beineke et al., 2008; Salles et al., 2002; Williams 

and Blakemore, 1990). CPS was one of the first described factors protecting S. suis 

against phagocytosis by neutrophils (Chabot-Roy et al., 2006), macrophages 

(Charland et al., 1998; Smith et al., 1999) and monocytes (Charland et al., 1998; 

reviewed in Baums and Valentin-Weigand, 2009). Of note, CPS was demonstrated to 

be an essential virulence factor of S. suis as a cps-mutant was completely avirulent 

in a pig infection model (Smith et al., 1999). Furthermore, the formation of neutrophil 

extracellular traps (NETs) as an antimicrobial mechanism of the host is abrogated by 

a DNAse of S. suis (S. suis secreted nuclease A, SsnA) (de Buhr et al., 2014). 

Mutant strains deficient in e.g. deacetylation of the peptidoglycan (Fittipaldi et al., 

2008a) or D-alanylation of the lipoteichoic acid (Fittipaldi et al., 2008b) showed a 

decreased survival in the presence of neutrophils as well as in animal infection 
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models demonstrating that both modifications of the cell wall are necessary for 

survival of S. suis in vivo. Production of S. suis-specific antibodies is a crucial host 

defense mechanism as S. suis cannot survive in the presence of opsonizing 

antibodies (Baums et al., 2009), but so far cleavage of IgG or IgM is not described.  

To cause meningitis S. suis has to cross the BBB or BCB. It is controversially 

discussed if bacteria are taken up by monocytes (“Trojan horse theory”) or travel 

attached to monocytes (“modified Trojan horse theory”) in the blood stream to enter 

finally the CNS (Fittipaldi et al., 2012; Gottschalk and Segura, 2000). However, under 

physiological conditions only low numbers of leukocytes cross the BBB (Liu et al., 

2013a; Miller, 1999). Another theory proposes that S. suis directly interacts with cells 

of the BBB or the BCB and induces increased permeability of these barrier cells 

through the cytotoxic effects of suilysin or through induction of proinflammatory 

cytokines (Fittipaldi et al., 2012). Tenenbaum et al. (2009) demonstrated in an in vitro 

cell culture model that S. suis can invade porcine choroid plexus epithelial cells 

(PCPEC, cells of the BCB) and is translocated across the PCPEC layer from the 

basolateral to the apical side. A loss of the barrier function of the PCPEC layer was 

not observed. These results suggest that also in vivo a translocation of S. suis across 

the BCB could be an important mechanism to enter the CNS. Moreover, S. suis 

adheres to human and porcine brain microvascular endothelial cells (BMEC), the 

main cell type of the BBB, (Benga et al., 2005; Charland et al., 2000) and invade 

these cells (Vanier et al., 2004; Vanier et al., 2007). In addition, it is known that 

S. suis induces a proinflammatory cytokine release in vitro (Segura et al., 1999; 

Segura et al., 2002) and in a mice infection model in vivo (Dominguez-Punaro et al., 

2007). In general proinflammatory mediators increase BBB permeability (van Furth et 

al., 1996). An elevated BBB permeability and leukocyte transmigration might facilitate 

translocation of S. suis across the BBB (Gottschalk and Segura, 2000). 
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 Immunogenicities and protective efficacies of vaccines against S. suis 1.1.5

infections 

S. suis is one of the most important porcine pathogens and leads to high economical 

losses worldwide in the swine producing industry, but so far no licensed vaccine is 

commercially available in Europe. Autologous bacterins are commonly used in the 

field in Europe for prophylaxis (Haesebrouck et al., 2004). Notably, bacterins elicit 

protection against the homologous but not the heterologous serotype (Baums et al., 

2009). In general, passive maternal immunity might protect piglets until 6 weeks of 

age (Baums et al., 2010). Opsonizing antibodies which were shown to be associated 

with protection (Baums et al., 2009) were significantly increased in bacterin-

vaccinated sows and their suckling piglets. Most probably due to interference with 

maternal immunity vaccination of suckling piglets did not elicit protective immunity. 

However, successful priming of young piglets at an age of 2-3 weeks would be highly 

appreciated in the field (Baums et al., 2010) as S. suis diseases occur most often 

between 6-10 weeks post partum (Gottschalk, 2012). 

Different vaccines including live attenuated (Kock et al., 2009) or avirulent bacteria 

(Busque et al., 1997), inactivated bacterins and purified proteins (Baums et al., 2009; 

reviewed in Baums and Valentin-Weigand, 2009) were tested in mice and/or pigs for 

their potential to induce protective immunity. Vaccination of mice with different 

proteins of S. suis conferred complete protection against mortality after a S. suis 

challenge (Feng et al., 2009; Jacobs et al., 1994; Li et al., 2011b; Li et al., 2007; 

Zhang et al., 2009). However, similar vaccines did not induce complete protection in 

piglets as shown for Sao (Li et al., 2007) or rSsPepO (Li et al., 2011b). Moreover, 

complete protection against mortality in piglets was only observed for a 38 kilodalton 

protein described by (Okwumabua and Chinnapapakkagari, 2005). Thus, 

development of a vaccine which protects growing piglets against infections caused 

by different S. suis serotypes is essentially needed (Baums et al., 2010; Baums and 

Valentin-Weigand, 2009). 

 

1.2 Immunoglobulin M (IgM) 

 Structure of IgM 1.2.1

IgM is the most ancient phylogenetic and most conserved class of immunoglobulins 

found in all vertebrates (Klimovich, 2011; Sun and Butler, 1997). It is the first 
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antibody produced during humoral immune responses and of particular importance 

for the defense against pathogens (Murphy et al., 2009b). The human IgM heavy 

chain (µ-chain) shows high homology to the heavy chain of the immunoglobulin E (ε-

chain) with 29 % identity and 89 % similarity. The µ-chain has a molecular weight of 

50-60 kDa, consists of 576 amino acids (aa) and is composed of a variable region 

(124 aa) and four constant domains (452 aa) (Klimovich, 2011). In contrast, other 

immunoglobulins (except IgE) are built up of only three constant domains 

(Czajkowsky and Shao, 2009). A proline or cysteine rich region similar to the hinge 

region of IgG is not described for IgM, but at the border between constant domain 1 

of the heavy chain (Cµ1) and Cµ2 several proline residues are found. It is discussed 

that the Cµ2 domain is unique for the IgM molecule and was either lost or 

transformed into the hinge region of IgG during evolution. The IgM monomer consists 

of two heavy and two light chains. The light chain is bound to Cµ1 via a disulfide 

bond (C140 in Cµ1). Both heavy chains are coupled by a further disulfide bond 

(C337) between the two Cµ2 domains. The IgM monomer is part of a polymeric 

structure, exists membrane-bound as the ligand-binding part of the antigen receptor 

on B cells and is found in low concentrations in normal human serum (Klimovich, 

2011; Nezlin, 1998). Cysteine residues of the Cµ3 domain (C414) and in the so 

called tail piece (C575) are involved in intermolecular disulfide bridges in polymeric 

IgM (Fazel et al., 1997; Klimovich, 2011). The four cysteine residues described for 

human IgM are also conserved in porcine IgM (Sun and Butler, 1997). In murine IgM 

the C414-C414 bridge is not necessary for the formation of pentameric IgM. It has 

been proposed that most or even all C414-C414 bonds are needed for the assembly 

of hexamers (Davis and Shulman, 1989). The tail piece, consisting of 18 amino 

acids, does not belong to the Cµ4 domain. It is only expressed in the secreted form 

and not found in monomeric membrane IgM (Sun and Butler, 1997). As the ligand-

binding part of the BCR, monomeric IgM is incorporated in the membrane of B cells 

via a polypeptide in the C-terminal region of the Cµ4 domain (Klimovich, 2011). Low 

concentration of monomeric IgM are found in normal human serum, but the prevalent 

form of this immunoglobulin is a pentamer consisting of five IgM monomers, 

containing 10 antigen-binding sites and a joining (J)-chain. Hexamers are found too, 

but a serum concentration of 5% of total IgM is in general not exceeded (Nezlin, 

1998). The joining chain (J-chain), a glycoprotein of 15 kDa (Wiersma et al., 1998) is 
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incorporated between the cysteine residues of the tailpiece of two IgM monomers in 

the IgM polymer (Klimovich, 2011). Cell culture experiments including murine B cell 

lymphoma cells revealed that the J-chain is involved in the assembly of IgM 

pentamers but not bound to hexamers (Randall et al., 1990). Experiments of 

Wiersma et al. (1998) demonstrated that the generation of pentameric IgM without J-

chain is possible in mouse hybridoma cell lines. In contrast to other results, the 

amount of pentameric and hexameric IgM did not depend on the presence of the J-

chain in this study (Wiersma et al., 1998). The J-chain has further functions in the 

transport of polymeric Ig across mucous membranes as only J-chain containing 

polymers have a high affinity to the polymeric immunoglobulin receptor (see 1.2.5) 

(Johansen et al., 2000) (for a review see Klimovich, 2011). 

 

  Function of IgM 1.2.2

One important function of IgM is the initiation of the classical complement activation 

pathway as IgM contains a C1q-binding motif (Klimovich, 2011). The C1q binding site 

is located in Cµ3 (Arya et al., 1994). The only other immunoglobulin capable of 

binding C1q is IgG (Klimovich, 2011). Monomeric IgM has no complement activating 

function. Hexameric IgM activates complement in comparison to pentameric IgM up 

to 10-fold more efficiently (Davis and Shulman, 1989; Randall et al., 1990). Binding of 

one polymeric IgM molecule to an erythrocyte is sufficient to induce lysis of this 

erythrocyte via complement activation, in contrast 1000 IgG molecules are needed 

(Klimovich, 2011). The relatively low affinity of IgM antibodies is compensated by an 

elevated avidity through 10 and 12 antigen binding sites in the pentameric and 

hexameric structure, respectively (Murphy et al., 2009e). IgM antibodies bind to a 

wide range of antigens causing aggregation of particles as well as neutralization of 

toxins and other molecules. The agglutination potential of IgM is 100-10000 times 

higher compared to IgG and is one function of particular importance (Edberg et al., 

1972; for a review see Klimovich, 2011).  

For a long time it was not known that antibodies present prior to an antigen contact, 

produced by B1a cells, called natural antibodies (NA), have an impact on the defense 

against pathogens (Ochsenbein et al., 1999). Most of these antibodies belong to the 

isotype M and are already present in human cord blood, in “antigen-free” mice (Boes, 

2000) or in fetal piglets (Butler et al., 2009b). Natural IgM are polyreactive and bind 
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different types of antigens, for example phylogenetically conserved structures like 

nucleic acids, carbohydrates, heat shock proteins or phospholipids. NA lack somatic 

mutation and show low affinities to antigens in comparison to specific 

immunoglobulins. Due to the pentameric structure of IgM, the low affinity of these 

antibodies is partially compensated (Boes, 2000). Noteworthy, mice lacking secretory 

IgM showed a significant higher mortality in a caecal ligation and puncture model 

than wild type mice. Mortality of the knockout mice decreased to wild type level when 

IgM purified from normal mouse serum was reconstituted (Boes et al., 1998). Thus, 

natural IgM play an important role in the defense against bacterial and viral infections 

(Boes, 2000; Ochsenbein et al., 1999).  

An important function of specific IgM is the enhancement of the thymus-dependent 

humoral immune response when injected directly before antigen administration. 

Mutant IgM lacking complement activating function and mice treated with cobra 

venom factor which depletes complement did not show the described enhanced 

immune response (Heyman et al., 1988). Ding et al. (2013) confirmed these results, 

injection of Cµ13 mutant IgM (deficient in complement activation) in mice directly 

prior antigen administration (sheep red blood cells or keyhole limpet hemocyanine) 

could poorly enhance immune responses (germinal center formation and antibody 

production) compared to wild type IgM. Recently, it was demonstrated that mice 

lacking the Fcµ receptor (FcµR) have an impaired germinal center formation, 

decreased numbers of antibody producing plasma cells and memory cells and a 

reduced antibody production against thymus-independet (TI) and thymus-dependent 

(TD) antigens. The phenotype of the FcµR-deficient mice was comparable to mice 

lacking secreted IgM (Ouchida et al., 2012). Thus, IgM itself, complement activation 

by IgM as well as FcµR mediate important functions during humoral immune 

responses.  

 

 IgM-producing cells 1.2.3

Immunoglobulins of the class M are found in blood, lymph fluid and to a lesser extent 

on mucous membranes (Murphy et al., 2009e). They are produced by B lymphocytes 

classified as B1 and B2 cells (Montecino-Rodriguez and Dorshkind, 2012). B1 cells 

are mostly found in the pleural and peritoneal cavities (Alugupalli and Gerstein, 2005; 

Martin et al., 2001), but they are also present in the spleen in low numbers (Roy et 
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al., 2009). B1 cells have a self-renewing potential (Martin and Kearney, 2002; 

Montecino-Rodriguez et al., 2006) and are characterized by IgMhigh, IgDlow and 

CD11b expression (Montecino-Rodriguez et al., 2006). In general, they are proposed 

to respond to TI (type 2) antigens, e.g. capsule polysaccharides of bacteria, 

characterized by repeating epitopes, high molecular weight and slow degradability 

without presentation of antigens by MHCII and T cell help (Haas et al., 2005). B1 

cells can be further separated into a population of B1a cells, which are positive for 

CD5 and B1b cells, which do not express this surface marker (Kantor and 

Herzenberg, 1993; Montecino-Rodriguez et al., 2006). B1a cells are mainly produced 

in the fetus (Roy et al., 2009) and secrete natural antibodies, which are important as 

the first line of defense against encapsulated bacteria and viruses (Alugupalli et al., 

2004; Ochsenbein et al., 1999; Ochsenbein and Zinkernagel, 2000) (see 1.2.3). B1b 

cells are mainly generated in neonates in the bone marrow and secrete specific IgM 

after antigenic stimulation (Roy et al., 2009). These cells are needed for a long-term 

immunity to pathogens like Streptococcus pneumoniae (Haas et al., 2005) and 

Borrelia hermsii (Alugupalli et al., 2004). Results of Roy et al. (2009) revealed that 

B1b cells perform somatic hypermutation and can switch from IgM to IgA production. 

Thus, B1b cells show characteristics of B1a and B2 cells (Klimovich, 2011).  

B2 cells migrate from bone marrow to spleen and develop into follicular (F) or 

marginal zone (MZ) B cells (reviewed in Eibel et al., 2014). F B cells are the major 

population of B2 cells. They recirculate in the blood and among the B cell rich 

lymphoid follicles in spleen and lymph nodes. These cells show IgMlow, IgDhigh, 

CD21intermediate, CD22high and CD23high, but no CD11b expression (reviewed in Martin 

and Kearney, 2002). For the activation of F B cells antigens have to be transported 

into B cell follicles of secondary lymphoid organs, where B cells present antigens to T 

helper cells and transform into rapidly dividing cells forming germinal centers. Cells in 

the germinal center can undergo class switch, perform somatic hypermutation and 

become memory cells by interacting with stroma cells and T helper cells of the 

germinal center (Eibel et al., 2014). 

MZ B cells rapidly respond via their BCR and an interaction with Toll-like receptors to 

blood-borne antigens by transforming into IgM secreting plasma cells (Eibel et al., 

2014). They interact primarily with T cell-independent antigens (Alugupalli et al., 

2004). MZ B cells are characterized by surface expression of IgMhigh, IgDlow, 

CD21high, CD22high, CD23low and CD11b-. Most of these cells are non-recirculating 
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and are found enriched in the marginal zone of the spleen (Martin and Kearney, 

2002). It is proposed that MZ B cells show a lower threshold for activation, 

proliferation as well as differentiation into antibody secreting cells (Martin and 

Kearney, 2002). Most studies analyzing B cells have been performed in mice or with 

murine cells. Even though human and murine B cells share many characteristics 

differences between species are described. In humans as well as in mice follicular B 

cells are the main B cell type, but MZ B cells seem to differ in their anatomical 

localization and properties. Human MZ B cells (also called memory B cells) can 

recirculate and harbor somatic mutations in their BCR in contrast to their murine 

counterpart. Furthermore, human IgM memory B cells show characteristics of murine 

B1a cells, e.g. the secretion of natural IgM (Weill et al., 2009). The existence of B1 

cells in humans was controversially discussed for a long time as CD5 is not a marker 

for human B1 cells (Montecino-Rodriguez and Dorshkind, 2012). Recently human B 

cells with the phenotype CD20+CD27+CD43+CD70- were described, which harbor 

characteristic of murine B1 cells including spontaneous IgM secretion, tonic 

intracellular signaling and the ability to stimulate T cells (Griffin et al., 2011). These 

cells can be further separated in CD11b+ and CD11b- cells differing in their function 

(Griffin and Rothstein, 2011) (for a review see Montecino-Rodriguez and Dorshkind, 

2012; Martin and Kearney, 2002 and Eibel et al., 2014). Differentiation of porcine B1 

and B2 cells by CD5 is also not possible (reviewed in Butler et al., 2009a). Although 

CD5+ and CD5- B cell populations are detectable they differ not in their IL-10 RNA 

expression, Ig isotype or VDJ rearrangement of the Ig heavy chain as described for 

murine B cells (Kantor et al., 1997; O'Garra et al., 1992; Wilson and Wilkie, 2007). A 

monoclonal antibody against IgD to distinguish B cell subtypes is so far not available 

(Butler and Wertz, 2012; Sinkora and Butler, 2009).  

 

 B cell receptor 1.2.4

Human B cells express two B cell receptor (BCR) isotypes on their surface: the 

membrane-bound form (m) of IgM and IgD. The BCR is necessary for activation, 

maturation, maintenance and silencing of peripheral B lymphocytes (reviewed in 

Geisberger et al., 2006). Pre B cells in the bone marrow express solely mIgM, 

expression of mIgD starts later when B cells leave the bone marrow to migrate to 

peripheral lymphoid organs, e.g. the lymph nodes, spleen or intestinal mucosal tissue 
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(Eibel et al., 2014; Geisberger et al., 2006). In pigs an antibody recognizing IgD is not 

available. On transcript level it was shown that IgD is first detected, when porcine 

cells arrive in the secondary lymphoid tissues. IgD RNA was rarely detected in bone 

marrow during gestation, in the thymus of newborn or 5-week old piglets or in 

peripheral blood B cells (PBB) of newborn piglets, but in PBB of 5-week old piglets 

and in mesenteric lymph nodes of both age groups (McAleer et al., 2005; Sinkora 

and Butler, 2009).  

Like secretory immunoglobulins, mIg consists of two heavy chains and two light 

chains, but instead of a hydrophobic tailpiece present in the secreted Ig, mIg 

expresses a transmembrane domain (Sun and Butler, 1997). Furthermore, the 

monomeric Ig as a part of the BCR is associated with two proteins CD79-a (Igα) and 

CD79-b (Igβ), which contain immunoreceptor tyrosine-based activation motifs (ITAM), 

have a signal transducing function and are needed for surface expression of the BCR 

(Eibel et al., 2014; Geisberger et al., 2006; Klimovich, 2011; Song et al., 2013). 

Experiments with transgenic mice revealed that the loss of one BCR isotype could be 

compensated by the other BCR isotype (Geisberger et al., 2006). Which 

requirements are needed to activate the BCR is controversially discussed. Different 

models are proposed for initializing signaling via the BCR summarized in Klasener et 

al. (2014); Packard and Cambier (2013) and Treanor (2012). The BCR can bind to 

different types of antigens, e.g. proteins, polysaccharides, whole virus particles or 

bacteria. After antigen binding a signal is transduced, following internalization of the 

receptor-antigen-complex, procession of the antigen into peptides and presentation 

of these antigen fragments on MHC-class-II molecules on the surface of the B cell. T 

helper cells specific for this antigen (e.g. primed before by dendritic cells) recognize 

the MHC-class-II peptide complex and activate B cells by cell-bound (e.g. CD40 

ligand) and secreted factors (e.g. cytokines) (Murphy et al., 2009c). B cells will then 

develop into antibody-secreting cells. These cells secrete antibodies exhibiting the 

same specificity as the membrane-bound form of the receptor. If T cells are involved 

in the activation of B cells, antigens are called TD antigens. But not always the help 

of T cells is needed, binding to several antigens, e.g. to bacterial polysaccharides, 

can induce activation of B cells resulting in antibody secretion. In this case, a second 

stimulus as crosslinking of several BCRs is needed. These antigens are classified as 

TI antigens (Murphy et al., 2009c; Murphy et al., 2009e). As mentioned before the 

BCR plays an important role apart from the antigen-dependent signaling mechanisms 
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in antigen-independent signaling needed for B cell development and homeostasis 

(Tolar and Pierce, 2010). 

 

 Receptors recognizing IgM 1.2.5

Three different IgM-binding receptors are described. They are of particular 

importance in the transport of polymeric Ig across the epithelium of mucous 

membranes and exocrine glands (Kaetzel, 2005), in the defense against pathogens 

and are involved in humoral immune responses (Ouchida et al., 2012; Shibuya et al., 

2000; reviewed in Klimovich, 2011). 

 

Polymeric immunoglobulin receptor (pIgR). pIgR is a glycoprotein with a 

molecular weight of approximately 100-120 kDa. The receptor is a member of the Ig 

superfamily and consists of five extracellular Ig-like domains. Domain 1, most distant 

from the membrane, is crucial for binding to polymeric IgM and IgA (Roe et al., 1999). 

pIgR is produced by epithelial cells lining mucous membranes and exocrine glands. It 

is present on the basolateral side of epithelial cells and binds there polymeric (p) IgM 

as well as pIgA. pIgM and pIgA are produced by plasma cells of the lamina propria, 

which underlies the epithelium. Both classes of immunoglobulins are transported via 

transcytosis across the epithelium to the apical surface of the cell (Kaetzel, 2005). On 

mucosal surfaces secretory IgA is the most abundant immunoglobulin (Kaetzel, 

2005; Longet et al., 2013; Woof and Mestecky, 2005). The extracellular part of the 

pIgR (named secretory component) is cleaved of at the apical surface and associates 

with polymeric Ig to form secretory IgA or IgM or is released as free secretory 

component. The secretory component harbors antimicrobial activities and participate 

with secretory Ig in innate and adaptive immunity on mucosal surfaces (reviewed in 

Kaetzel, 2005; reviewed in Klimovich, 2011; Longet et al., 2013).  

 

Fcα/µ receptor (Fcα/µR). Fcα/µR has a molecular weight of approximately 70 kDa 

and belongs to the Ig superfamily (Shibuya et al., 2000). Human Fcα/µR binds solely 

polymeric IgM and IgA with a tenfold higher affinity for IgM (Ghumra et al., 2009), 

whereas murine Fcα/µR binds IgM as well as monomeric and polymeric IgA (Shibuya 

et al., 2000). The receptor is expressed on the majority of B cells (including F and MZ 

B cells), follicular dendritic cells and macrophages, plasma cells as well as Paneth 
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cells, in the lamina propria of the intestine and the germinal centers of some 

lymphoid follicles, but was not found on T cells, NK cells or granulocytes (Honda et 

al., 2009; Shibuya et al., 2000; Wang et al., 2009). In addition, it was detected in 

different tissues including kidney, lymph node, small intestine, colon, appendix and 

rectum (reviewed in Klimovich, 2011; Sakamoto et al., 2001; Wang et al., 2009). 

Shibuya et al. (2000) showed that FITC-labelled Staphylococcus (S.) aureus coated 

with IgM were endocytosed by murine B220+ spleen cells expressing Fcα/µR. When 

cells were preincubated with an anti-Fcα/µR antibody endocytosis was not observed. 

These and other results suggested that Fcα/µR is involved in the defense against 

bacterial infections and could thereby support the cell to ingest particles following 

antigen procession and presentation of antigens to T cells in secondary lymphoid 

organs. Mice deficient in Fcα/µR showed after immunization with a TI antigen 

enhanced germinal center formation, affinity maturation, induction of memory cells 

and a prolonged retention of the antigen in MZ B cells. The authors proposed that 

Fcα/µR leads to a suppression of TI humoral immune responses (Honda et al., 

2009). Results of Kikuno et al. (2007) revealed a predominant expression of Fcα/µR 

on human follicular dendritic cells in germinal centers and suggested an involvement 

in antigen presentation and B cell selection in germinal centers. 

 

Fcµ receptor (FcµR). FcµR is a transmembrane sialoglycoprotein with a molecular 

weight of approximately 60 kDa. It contains an Ig-like domain homologue to the Ig-

binding domains of Fcα/µR and pIgR. In contrast to pIgR and Fcα/µR it exclusively 

binds the Fc-part of IgM. Binding of other immunoglobulins was not observed 

(Klimovich, 2011; Kubagawa et al., 2009; Shima et al., 2010). Cells of the adaptive 

immune system like B and T cells and to a lesser extent NK cells express FcµR in 

humans, whereas in mice FcµR was only found on B cells (Kubagawa et al., 2009; 

Shima et al., 2010). Mice deficient in FcµR showed an impaired germinal center 

formation with decreased numbers of antigen-specific plasma cells and memory B 

cells. In addition, TD or TI antigens induced less antibodies. However, an increase in 

IgG autoantibodies was observed over time. Thus, FcµR seems to be important for 

the tolerance to self-antigens (Ouchida et al., 2012). Ouchida et al. (2012) detected 

increased IgM titers in mice lacking FcµR and suggested a role for this receptor in B 
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cell homeostasis. Following BCR-crosslinking FcµR increased the survival and 

proliferation of B cells.  

In pigs the genes for Fcα/µR, FcµR and pIgR are located on chromosome 9 (Akula et 

al., 2014). Identification of the receptors Fcµ and Fcα/µ on protein level is so far not 

described, whereas pIgR was detected in the gastric glands of the lamina propria of 

pigs (Trevisi et al., 2013) (for a review of receptors recognizing IgM see Klimovich, 

2011). 

 

1.3 Complement system 

 Complement activation pathways 1.3.1

Complement is part of the innate immune system and is of particular importance for 

the recognition of pathogens. Immune complexes, surface structures of bacteria and 

fungi, the C-reactive protein as well as necrotic or apoptotic cells can initiate the 

activation of one or more of the three different pathways (Murphy et al., 2009a; 

Rooijakkers and van Strijp, 2007).  

The classical complement activation pathway (CP) modulates innate as well as 

adaptive immune responses. The first component of this pathway C1q can bind to 

several foreign as well as host structures such as i) surfaces of bacteria, e.g. to 

proteins of the bacterial cell wall or to lipoteichoic acids, ii) molecules belonging to 

the pentraxin family like the C-reactive protein (CRP) and serum amyloid P (SAP) 

and iii) to antibody-antigen-complexes (Bottazzi et al., 1997; summarized in Murphy 

et al., 2009a; Zipfel et al., 2013). Immunoglobulins of the class G or M produced 

during an adaptive immune response (Murphy et al., 2009e) as well as natural 

antibodies which belong mainly to the M type (Boes, 2000) contain a C1q-binding 

motif (Klimovich, 2011; Murphy et al., 2009e) (see 1.2). Thus, C1q links innate and 

adaptive immunity to finally activate the complement cascade (Murphy et al., 2009a). 

It is important to note that IgM is the immunoglobulin class which binds most 

efficiently to C1q (Klimovich, 2011). C1q forms with the zymogens C1r and C1s the 

C1 complex. After binding of more than one of the six globular heads of C1q, e.g. to 

a bacterium, the C1 complex undergoes a conformational change activating the 

autocatalytic C1r. This results in cleavage of C1s to the active serine protease. C1s 

cleaves the next two components of the cascade, C4 and C2, resulting in formation 

of the C3 convertase C4bC2a. The C3 convertase remains covalently bound to the 
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surface of the bacterium and degrades C3 into the soluble anaphylatoxin C3a and 

the membrane-bound opsonin C3b (summarized in Murphy et al., 2009a). C3b can 

be further cleaved to its inactive forms such as iC3b, C3d/C3dg, C3c and C3f. This 

degradation is mediated by factor I (Dinasarapu et al., 2012). 

The lectin complement activation pathway (LP) is initiated by proteins homologous to 

C1q, the mannose binding lectin (MBL) or the ficolins, which bind to specific 

carbohydrate patterns (Ricklin et al., 2010). MBL and the ficolins are assembled in a 

complex with two zymogens: MBL-associated serine protease (MASP) -1 and MASP-

2, which share characteristics with C1s/C1r. By binding of MBL or ficolin to a 

pathogenic surface, MASP-2 becomes active and cleaves C4 and C2 resulting in the 

same surface attached C3 convertase described for the classical complement 

activation pathway, C4bC2a (summarized in Murphy et al., 2009a; reviewed in 

Ricklin et al., 2010). 

The alternative complement activation pathway (AP) is initiated by spontaneous 

hydrolysis of C3 (also termed “tickover”) resulting in C3(H20). Factor B, a plasma 

protein of the AP, binds to C3(H20) and is subsequently cleaved by Factor D resulting 

in the C3(H20)Bb complex, the C3 convertase of the fluid phase (Murphy et al., 

2009a; Ricklin et al., 2010). Most of the C3b produced in the fluid phase becomes 

inactivated through hydrolysis, but some of the molecules can covalently bind to 

surfaces of pathogens. Through binding of factor B to surface-attached C3b and 

subsequent cleavage of factor B by factor D the surface-bound C3 convertase 

C3bBb of the AP is formed (summarized in Murphy et al., 2009a). Binding of 

properdin (P) to bacteria or cells can induce the formation of the C3 convertase of the 

AP as well. In a first step properdin attaches to a surface, in a second step C3b is 

recruited, following binding of factor B and cleavage of factor B by factor D resulting 

in C3bBbP formation (Kemper and Hourcade, 2008). 

All three pathways converge at the same step, the cleavage of the central molecule 

of the complement cascade, C3. C3b binds covalently to surfaces (or is inactivated 

through hydrolysis when no binding occurs). In a following step C3b attaches to the 

C3 convertase of the CP and LP forming the C5 convertase C4bC2aC3b or to the C3 

convertase of the AP resulting in C3bBbC3b (Murphy et al., 2009a). C5 binds to 

these complexes and is cleaved by the serine proteases C2b or Bb into C5a and 

C5b. In a next step the membrane attack complex (MAC) is formed. C5b attaches to 

C6 and subsequently to C7. A conformational change gives access to a hydrophobic 
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region in C7 which inserts into the lipid bilayer. C8 binds to C5b in this complex and 

induces the attachment of 10 to 16 C9 molecules forming a pore in the lipid bilayer. 

The pore has a diameter of 10 nm and allows in- and efflux of water and soluble 

components resulting in the breakdown of the cellular homeostasis and a destruction 

of the pathogen or cell (for a review see Murphy et al., 2009a and Ricklin et al., 

2010). 

 

 Regulatory proteins of the complement system 1.3.2

The complement system is tightly controlled to cause no harm to host tissue. 

Regulatory proteins present in the fluid phase or bound to the surface of somatic 

cells determine the extent of complement activation (Murphy et al., 2009a). The 

plasma protease factor I can cleave C3b into its inactive form iC3b. A cofactor which 

binds C3b such as the membrane cofactor protein (MCP) is involved in this process 

(Murphy et al., 2009a). The decay accelerating factor (DAF or CD55) competes with 

factor B for C3b on the surface of cells and can replace Bb in the C3 convertase 

(Murphy et al., 2009a). Factor H is a key fluid phase regulator of the AP which 

replaces Bb in the C3 convertase. Furthermore, it can act as a cofactor for factor I 

(Ricklin et al., 2010; Murphy et al., 2009a). The complement receptor of the Ig 

superfamiliy (CRIg) binds C3b, iC3b and C3c on macrophages thereby stimulating 

phagocytosis of particles. In addition, this receptor can inhibit the cleavage of C3 and 

C5 by the convertases of the AP (Wiesmann et al., 2006). Modulators of the LP are 

the small MBL-associated protein (sMAP) and the MBL/ficolin-associated protein-1 

(MAP-1), two non-proteolytic splice products of the MASP-1 and MASP-1/3 genes. 

They compete with MASP-1 and MASP-2 for binding to MBL and the ficolins (Ricklin 

et al., 2010). The C4b-binding protein (C4BP) exhibits a similar function in the CP 

and LP. It serves as a cofactor for factor I, prevents the assembly of the C3 

convertase of the LP and CP and accelerates its decay (Blom, 2002). A negative 

regulator of the terminal pathway is CD59. It is expressed on different cell types 

including leukocytes, endothelial as well as epithelial cells and blocks the formation 

of MAC by inhibiting the insertion of C9 molecules (Farkas et al., 2002). A positive 

regulator of the complement cascade is properdin. It stabilizes the C3 convertase of 

the alternative pathway (for a review see Murphy et al., 2009a and Ricklin et al., 

2010). 



 Introduction  

39 
 

 Anaphylatoxins 1.3.3

The cleavage products C3a, C4a and C5a are released during complement 

activation and formation of MAC. In particular C3a and C5a mediate inflammation 

(Klos et al., 2009). They represent potent chemoattractants, also known as 

anaphylatoxins or complement peptides. In contrast to C3a and C5a, C4a seems to 

have little or no effect in humans (Klos et al., 2013). The complement peptides 

regulate vasodilatation, induce contraction of smooth muscles and increase the 

vascular permeability. Moreover, the oxidative burst of macrophages, eosinophils 

and neutrophils is triggered. Basophils and mast cells produce histamin after contact 

with complement peptides. C3a was shown to influence Interleukin-6 (IL-6) and 

tumor necrosis factor-α (TNF-α) synthesis in monocytes and B cells (Klos et al., 

2009). C5a is the most potent chemoattractant and recruits neutrophils, 

macrophages, B and T cells, mast cells and basophils to the site of infection, 

whereas C3a exhibits a chemotactic activity for mast cells (Klos et al., 2009). Klos et 

al. (2013) proposed to use the term complement peptides instead of anaphylatoxins 

as these molecules exert many more functions, e.g. in tissue repair, angiogenesis, 

hemopoiesis, bone metabolism and brain development. In addition, complement 

peptides modulate adaptive immunity, e.g. locally produced complement peptides 

provide costimulatory and survival signals to CD4+ T cells (Strainic et al., 2008). 

Carboxypeptidases are able to cleave off an arginine residue at the C-terminus of 

these molecules resulting in C3a-desArg and C5a-desArg. C3a-desArg exerts no 

inflammatory activity, in contrast to C5a-desArg, which shows 1-10 % percent of the 

inflammatory activity of C5, can still bind to the C5a1 and C5a2 receptors (Klos et al., 

2009) and increases the expression of complement receptor (CR1) on neutrophils 

(Leslie, 2001). C3-desArg seems to have functions in adipose tissue (for a review 

see Klos et al., 2009; Klos et al., 2013).  

 

 Complement receptors 1.3.4

C3a and C5a bind to receptors belonging to the superfamily of G-protein-coupled 

receptors. The C3a receptor (C3aR) only recognizes C3a. C3a-desArg and C5a are 

not bound. C3aR is expressed on myeloid cells such as granulocytes, mast cells, 

monocytes, macrophages, dendritic cells and microglia as well as on non-myeloid 

cells like epithelial and endothelial cells, astrocytes from inflamed brain, activated T 
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cells and smooth muscle cells. Furthermore, mRNA of C3aR was detected in 

different tissues including lung, liver, kidney, brain, muscle, testis and heart (reviewed 

in Klos et al., 2009).  

The C5a1 receptor (C5a1R) binds C5a with high affinity and its desarginated form 

C5a-desArg with a lower affinity. C3a and C3a-desArg are not bound. C5a1R is 

expressed on different cell types, including granulocytes, monocytes, mast cells and 

dendritic cells as well as on endothelial cells, neurons, microglia, astrocytes and 

different tissues including spleen, liver, lung, intestine, kidney, skin and heart 

(reviewed in Klos et al., 2009). A second receptor binding C5a was discovered about 

15 years ago, the C5a receptor-like 2 (C5L2) (Ohno et al., 2000). Binding of C5a and 

C5a-desArg with high affinities was described, but the binding mechanisms by which 

the substrates are recognized, seem to be different. Binding of C3a and C4a as well 

as their desarginated forms is controversially discussed as well as its function as a 

proinflammatory, anti-inflammatory or decoy receptor (Klos et al., 2009; Klos et al., 

2013; Ricklin et al., 2010). The receptor is expressed on neutrophils, macrophages, 

adipocytes, skin fibroblasts, neurons, astroglia of the CNS and in different tissues 

such as thyroid, spinal cord, liver, heart, lung, kidney, ovary, testis and adrenal gland. 

Coexpression with C5a1R is observed in most tissues (for a review see Klos et al., 

2009 and Klos et al., 2013). 

 

One important function of the complement system is the opsonization of pathogens 

with C3b and its derivatives (and to a much lesser extent with C4b) (Murphy et al., 

2009a). Phagocytes express several complement receptors recognizing C3b and its 

inactive forms. Complement receptor (CR) 1 (CD35) is present on several cell types, 

including macrophages, monocytes, polymorphonuclear leukocytes, B cells, 

erythrocytes, NK cells, Kupffer cells and follicular dendritic cells (reviewed in Leslie, 

2001). It binds C3b, C4b and, with a lower affinity, inactive C3b (iC3b) and triggers 

together with other enhancing stimuli (e.g. C1q, MBL, formyl-methionyl-leucyl-

phenylalanine (fMLP)) phagocytosis. Moreover, CR1 promotes in cooperation with 

factor I the inactivation of C3b and C4b. Further functions of CR1 are reviewed in 

Leslie (2001). CR2 (CD21) binds iC3b and C3dg with high affinity and hydrolyzed C3 

as well as C3b with a lower affinity (Leslie, 2001). CR2 is located on the surface of B 

cells as a part of the coreceptor complex consisting of CD19, CD21 (CR2) and CD81. 

When an antigen, e.g. a bacterium, is covered with cleavage products of C3, 
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recognized by CR2 (binding of C3 cleavage products) and simultaneously by the 

BCR (binding of the antigen) a coligation of both receptors occurs. Signaling via 

CD19 increases B cell activation and stimulation of antibody production. The 

coreceptor complex amplifies the signal recognized via the BCR (Leslie, 2001; 

summarized in Murphy et al., 2009d; summarized in Murphy et al., 2009e). Hence, 

parts of the complement system act in this case as a molecular adjuvant in B cell 

response (Roozendaal and Carroll, 2007). In addition, CR2 is found on some T cells, 

follicular dendritic cells (FDCs), pharyngeal epithelial cells, platelets and astrocytes 

(reviewed in Leslie, 2001). Binding of iC3b to CR3 (Mac-1, CD11b/CD18) as well as 

CR4 (CD11c/CD18) stimulates phagocytosis, production of reactive oxygen species 

and in neutrophils the release of granula content. These receptors are expressed on 

macrophages, monocytes, polymorphonuclear leukocytes, NK cells, Kupffer cells, 

platelets and microglia cells (CR3 and CR4), on follicular dendritic cells (CR3) and 

dendritic cells (CR4) (reviewed in Leslie, 2001). A further receptor, CRIg, is found on 

tissue macrophages and binds C3b, iC3b and C3c. In addition, it inhibits the C3 and 

C5 convertases of the alternative pathway by interacting with C3b (Wiesmann et al., 

2006) (see 1.3.2). Expression of CRIg on Kupffer cells is required for clearance of 

C3-opsonized pathogens (He et al., 2008; Helmy et al., 2006).  

 

C1q is well known as the initiator of the CP. But this protein exhibits many further 

functions in host defense including stimulation of ROS production, enhancement of 

phagocytosis and antibody-mediated apoptosis (Tenner, 1998). Three different 

receptors binding or supposed to interact with C1q are described. C1qRp (CD93) is 

expressed on neutrophils, monocytes, endothelial cells, platelets and different 

myeloid cell lines, on microglia (Webster et al., 2000) and vascular endothelial cells 

(Fonseca et al., 2001) but the receptor could not be detected on cell lines of the 

lymphoid lineage (Nepomuceno and Tenner, 1998). Initial reports indicated that 

C1qRp is involved in phagocytosis by binding C1q, MBL (Tenner, 1998) and SAP 

(Nepomuceno et al., 1999). The function of this receptor is controversially discussed 

as it was not possible to show direct interaction of C1qRp with C1q under 

physiological conditions (Norsworthy et al., 2004). A function in intracellular adhesion 

was suggested by (McGreal et al., 2002) as well as a contribution to clearance of 

apoptotic cells in vivo (Norsworthy et al., 2004) and stimulation of angiogenesis in 

vivo (Kao et al., 2012). A further receptor cC1qR, also known as calreticulin, is 
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proposed to bind to the collagen tail of C1q and to MBL attached to apoptotic cells 

initiating the uptake of these cells by macrophages. Signaling of cC1qR seems to 

occur via CD91 (α2-macroglobulin receptor) (Ogden et al., 2001). The third receptor 

binding C1q is gC1qR, which shows affinity for the globular heads of C1q and binds 

several other ligands such as vitronectin and high molecular weight kininogen 

(Ghebrehiwet and Peerschke, 2004). Studies of Vegh et al. (2006) revealed that both 

receptors, cC1qR and gC1qR, mediate chemotaxis of immature dendritic cells. 

gC1qR and cC1qR are widely expressed in different cells and tissues, except for red 

blood cells (Ghebrehiwet and Peerschke, 1998). Both receptors were shown to be 

involved in inflammation and infection (Ghebrehiwet and Peerschke, 2004). 

 

1.4 Immune evasion strategies 

 Complement evasion mechanisms  1.4.1

Different strategies are described how bacteria can evade the detrimental effects of 

the complement system. Bacteria can i) acquire host proteins which regulate the 

activation of the complement system (e.g. proteins accelerating the decay of the C3-

convertase), ii) produce complement modulating proteins (e.g. proteins binding to 

complement factors) iii) secrete proteases which directly degrade or inactivate 

complement or iv) modulate complement receptors (for a review see Potempa and 

Potempa, 2012; Rooijakkers and van Strijp, 2007 and Zipfel et al., 2013).  

 

Acquisition of host proteins. A very effective mechanism to reduce the activity of 

complement activation on the bacterial surface is the binding of regulatory host 

proteins. One well described example is the binding of factor H (Dave et al., 2001; 

Quin et al., 2005). Factor H is the key fluid phase regulator of the AP. Factor H can 

directly bind to C3b or replace factor B in the C3 convertase of the AP thereby 

accelerating the decay of the convertase (see 1.3.2) (Murphy et al., 2009a). The 

pneumococcal surface protein C (PspC) binds factor H in vitro (Dave et al., 2001) as 

well as in vivo (Quin et al., 2005). Using a mouse model of systemic infection Quin et 

al. (2005) demonstrated binding of factor H to the surface of Streptococcus (S.) 

pneumoniae via PspC. A further function of PspC is the binding to the polymeric Ig 

receptor via the immunoglobulin-like domain, referred to as secretory component. 
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This results in adherence and internalization of S. pneumoniae to different epithelial 

cell lines (Elm et al., 2004; Zhang et al., 2000). 

 A protein homologous to pneumococcal PspC was identified in S. suis, named factor 

H-binding protein (Fhb). Factor H-binding was significantly decreased in a mutant 

strain lacking Fhb (∆Fhb). On the surface of ∆Fhb elevated amounts of C3b/iC3b 

were detected in comparison to the parental strain. The mutant ∆Fhb showed an 

impaired growth in human blood and in an opsonophagocytosis assay including 

human neutrophils and serum. Moreover, Fhb contributed to virulence in a pig 

infection model (Pian et al., 2012). Recently, a second factor H-binding protein of 

S. suis was identified (Vaillancourt et al., 2013). 

Binding of the plasma glycoprotein C4BP is a further mechanism of pathogens to 

reduce C3 deposition on their surfaces. C4BP is a regulator of the CP and LP (see 

1.3.2). It accelerates the decay of the C3 convertase by binding to C4b and acts as a 

cofactor for factor I-mediated C3b and C4b inactivation (Blom et al., 2004; 

Rooijakkers and van Strijp, 2007). Protein H of Streptococcus (S.) pyogenes AP1 

binds C4BP. Thereby it reduces the amount of surface-bound C3b and promotes 

adherence and invasion to endothelial cells (Ermert et al., 2013).  However, binding 

of C4BP to S. suis or identification of a C4BP-binding protein in this porcine pathogen 

has not been described. 

 

Complement-modulating factors. Proteins which directly inhibit the function of 

complement factors are described for several bacteria, e.g. Borrelia burgdorferi 

expressing a CD59-like protein, which prevents formation of MAC by interacting with 

C9 and to a lesser extent with C8 (Pausa et al., 2003).  

Staphylococcal complement inhibitor (SCIN) was demonstrated to bind to the C3 

convertases of the CP/LP and AP and thereby to interfere with the enzymatic activity 

of the convertases (C4bC2a and C3bBb) and C3b generation (Rooijakkers et al., 

2005). Accordingly, SCIN reduced phagocytosis and killing of S. aureus by human 

neutrophils (Rooijakkers et al., 2005). In a following study two further active members 

of the SCIN family were identified (SCIN-B and -C) and one inactive protein (SCIN-D 

or ORF-D) (Rooijakkers et al., 2007). Notably, SCIN was shown to induce 

dimerization of C3bBb which is not essential for inhibition of C3 conversion but 

blocks phagocytosis (Jongerius et al., 2010). Results of Jongerius et al. (2010) 
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revealed that the dimerization of convertases inhibited C3b recognition by 

complement receptors CRIg and CR1. 

Staphylococcal superantigen-like 7 (SSL7) was shown to bind to C5, which leads to 

inhibition of complement-mediated lysis, as determined in a hemolysis assay 

(Langley et al., 2005). Furthermore, SSL7 interacts with IgA and blocks binding of 

IgA to myeloid cells like monocytes and granulocytes via FcαR1 (CD89) (Langley et 

al., 2005). As the formation of the membrane attack complex cannot harm Gram-

positive bacteria due to their thick murein cell wall Bestebroer et al. (2010) 

investigated the effect of SSL7 on complement factor C5a. C5a is a chemoattractant 

which recruits phagocytes to the site of infection and activates different cell types 

(see 1.3.3). It was shown that SSL7 influences all three complement pathways by 

inhibiting the binding of C5 to the C5 convertases and thereby blocking the cleavage 

of C5 to C5a and C5b. Accordingly, the activity of SSL7 decreased C5a-dependent 

phagocytosis of S. aureus as well as the oxidative burst in a whole blood assay. 

Moreover, SSL7 strongly reduced the neutrophil influx in vivo in the peritoneum of 

mice in an immune complex peritonitis model (Bestebroer et al., 2010).  

 

Complement degradation by bacterial proteases. The direct degradation of 

complement factors is an effective way to abrogate the complement cascade 

(reviewed in Potempa and Potempa, 2012). Pathogens have evolved proteases 

which cleave the central molecule of the complement system, C3. One example for a 

C3 protease is aureolysin produced by S. aureus. This secreted metalloprotease 

degrades C3 to C3a and C3b. Interestingly, cleavage of C3 by aureolysin in serum 

leads to a further degradation of C3b caused by factor H and factor I (Laarman et al., 

2011). Importantly, aureolysin decreases the opsonization of S. aureus with C3b and 

the release of C5a. Addition of aureolysin to an opsonophagocytosis assay including 

serum and neutrophil granulocytes prevented complement-dependent killing of S. 

aureus (Laarman et al., 2011). Furthermore, aureolysin was shown to degrade the 

human bactericidal peptide LL-37 (Sieprawska-Lupa et al., 2004).  

The streptococcal pyrogenic exotoxin B (SpeB) of S. pyogenes, known to have a 

promiscuous protease activity, cleaves fibrin, fibronectin, vitronectin, other matrix 

proteoglycans (Rasmussen and Björck, 2002) and immunoglobulins (Collin and 

Olsen, 2001a). Furthermore, its activity leads to the release of biologically active 

factors from the surface of S. pyogenes, such as a fragment of the C5a peptidase 
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and M protein or protein H bound to IgG. In the fluid phase these complexes can 

activate and consume complement at sites distant from the bacterium (Berge et al., 

1997; Berge and Björck, 1995). Investigations by Terao et al. (2008) revealed that 

recombinant SpeB degrades purified human C3b as well as C3b present in serum. 

Results were confirmed using a wild type S. pyogenes strain isolated from a patient 

with streptococcal toxic shock syndrome (STSS). Mice infection experiments 

suggested that SpeB degrades C3b in vivo and that the activity of this protease 

promotes survival of S. pyogenes (Terao et al., 2008). Results obtained by Kuo et al. 

(2008) further indicated that SpeB impaires the activation of all three complement 

pathways. Preincubation of serum with SpeB, but not with its proteolysis-impaired 

mutant protein, reduced C3 deposition on the surface of S. pyogenes and reduced 

killing of this strain by human neutrophils. 

Several proteases are described which interfere with other complement components 

than C3. As an example, S. aureus produces a highly specific C5a peptidase (Cleary 

et al., 1992). Results obtained in a mouse air sac inflammation model indicated a role 

for the C5a peptidase in vivo as a mutant strain lacking this peptidase was more 

efficiently cleared from the site of infection compared to the wild type strain. 

Pseudomonas (P.) aeruginosa produces an elastase (PaE) and an alkaline protease 

(AprA or PaAP), two enzymes which degrade C1q and C3. It was shown by Hong 

and Ghebrehiwet (1992) that both proteins prevent hemolysis. Laarman et al. (2012) 

demonstrated that AprA cleaves efficiently C2 and blocks thereby the CP and LP, 

reduces C3b deposition on the surface of P. aeruginosa and inhibits partially the 

phagocytosis and killing of this bacterium. Noteworthy, this protease degrades further 

host proteins but C1q and C3 (Laarman et al., 2012). 

 

Modulation of complement receptors. Modulation of complement receptors can 

lead to an impaired immune response as well. The chemotaxis inhibitory protein of S. 

aureus (CHIPS) binds to the C5a receptor (see 1.3.4) and the formylated peptide 

receptor (FPR), thereby blocking binding of the physiological ligands (Postma et al., 

2004). Depending on the cell type, interaction of C5a with its receptors can lead to 

phagocytosis, degranulation, production of reactive oxygen species, release of 

granule content, delay or enhancement of apoptosis, production of chemokines and 

cytokines, and chemotaxis (Lee et al., 2008). Binding of formylated peptides to FPR 

can result in activation of the cell expressing FPR (polymorphonuclear and 
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mononuclear phagocytes) including morphological polarization, cell movement, 

production of reactive-oxygen species and release of proteolytic enzymes (Panaro et 

al., 2006; Prossnitz and Ye, 1997). CHIPS binds to monocytes and neutrophils but 

not to lymphocytes (de Haas et al., 2004). In an in vivo mouse peritonitis model 

intravenous injection of 10 µg CHIPS prior to an intraperitoneal application of human 

C5a inhibited the neutrophil influx by 65%.  

The immunoglobulin G-degrading enzyme of S. pyogenes (IdeS or Mac) shows 

homologies to the α-subunit of human Mac-1 (CD11b/CD18), a leukocyte β2-integrin 

receptor also known as CR3 (Lei et al., 2001). CR3 recognizes iC3b and is probably 

the most important receptor involved in phagocytosis of iC3b-opsonized bacteria 

(Rooijakkers and van Strijp, 2007). IdeS binds CD16 which is physically and 

functionally linked to Mac-1 (Lei et al., 2001). Results obtained by Lei et al. (2001) 

showed that recombinant (r) IdeS inhibited the production of reactive oxygen species 

(ROS) in polymorphonuclear leukocytes (PMNs) induced by serum-opsonized group 

A Streptococcus (GAS) and decreased significantly phagocytosis and killing of GAS. 

rIdeS blocked partially the binding of iC3b to the I-domain of CD11b but did not 

interact directly with CD11b. A monoclonal antibody directed against CD16 prevented 

binding of rIdeS to the surface of PMNs. The authors hypothesized that rIdeS 

sequesters the Fc-binding region of CD16 and associates with CD11b. This might 

block binding of iC3b to the receptor resulting in reduced activation of PMNs (Lei et 

al., 2001). The putative therapeutical potential of IdeS was tested in an 

experimentally induced glomerulonephritis model in mice (Yang et al., 2010). 

Treatment of mice with IdeS reduced C1q as well as C3 deposition in the glomeruli 

and influx of leukocytes into the glomeruli, indicating a decreased activation of the 

complement system in the presence of IdeS in vivo (Yang et al., 2010). Von Pawel-

Rammingen et al. (2002) demonstrated a further unique function of IdeS: specific 

cleavage of immunoglobulin G (see 1.4.2).  

 

The importance of complement evasion strategies for the survival of a pathogenic 

bacterium in the host is underlined by the fact that probably all pathogenic bacteria 

express several complement evasion proteins, some of them even with a similar 

function (Zipfel et al., 2013). S. pyogenes expresses three proteins binding factor H 

and factor H like protein-1 (FHL-1), namely M1 protein, Fba (fibronectin-binding 

protein of group A Streptococcus) and Scl1.6 (streptococcal collagen-like protein-1 of 
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M6-type group A Streptococcus). Furthermore, M protein and Fib bind C4BP. Some 

factors interfere at several steps of the complement cascade, e. g. the M-protein 

binds factor H, FHL-1, CFHR1 (complement factor H related protein-1) and C4BP 

(Zipfel et al., 2013).  

 

 Immunoglobulin proteases of bacteria 1.4.2

Pathogenic bacteria degrade immunoglobulins to circumvent the adaptive immune 

system of the host (Potempa and Potempa, 2012). Several bacterial proteins with Ig-

degrading activity have been identified.  

IdeS of S. pyogenes (see 1.4.1) is one of the best characterized Ig proteases. It is a 

35 kDa secreted protein and belongs to the papain superfamily of cysteine proteases 

(von Pawel-Rammingen et al., 2002; Wenig et al., 2004). IdeS is a highly specific IgG 

protease compared to other cysteine proteases, which have a broad substrate 

spectrum like papain or cathepsin (Wenig et al., 2004). Despite similar structural fold 

to other papain-like proteases members of the IdeS family form their own protease 

family (C66) in the MEROPS database (von Pawel-Rammingen, 2012; Rawlings et 

al., 2014). IgG from human, rabbit and monkey as well as IgG2a/c and IgG3 from 

mice is degraded by IdeS but not IgG from sheep and pig (Agniswamy et al., 2004; 

Nandakumar et al., 2007). IdeS cleaves the heavy chain of class G immunoglobulins 

in the lower hinge region between the glycine residues 236 and 237, generating two 

½ Fc and one F(ab`)2 fragment (Vincents et al., 2004). The cleavage of the IgG 

molecule occurs in two steps (Vindebro et al., 2013). Notably, single cleaved IgG has 

a decreased affinity for Fcγ receptors (FcγR) and shows loss of effector functions 

(Brezski et al., 2009). The disruption of IgG abrogates not only the recruitment of 

immune cells, but impairs probably also the recognition of the IgG molecule by Fc 

receptors and complement as the Fc-part is important for binding of both (Lei et al., 

2001; von Pawel-Rammingen, 2012). The ½ Fc fragments are known to prime 

PMNs. A priming stimulus increases not directly the oxidative activity in neutrophils 

but is responsible for an enhanced oxidative burst response after a second 

stimulation (Hallett and Lloyds, 1995). In in vitro assays Söderberg and von Pawel-

Rammingen (2008) demonstrated that the survival of S. pyogenes is affected when 

non-immune blood is preincubated with ½ Fc-fragments. PMNs primed with ½ Fc-

fragments exhibited an earlier peak as well as an elevated maximum of ROS 
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production in the presence of IgG-opsonized latex beads compared to non-primed 

samples. The authors discussed that the ½ Fc fragments can freely diffuse in vivo 

and activate PMNs at sites distant from the bacterium, damage host tissue and 

promote bacterial dissemination. Moreover, the oxidative burst response of 

neutrophils in proximity to the bacterium is proposed to be reduced in the presence of 

elevated IdeS concentrations (Söderberg and von Pawel-Rammingen, 2008). 

Noteworthy, this function was shown to be independent of the IgG-cleaving activity of 

IdeS (Söderberg et al., 2008). Specific F(ab`)2 fragments can still bind to the surface 

of the pathogen and protect bacteria against binding of specific uncleaved IgG. 

Importantly, Fc receptor-mediated phagocytosis and complement binding is 

abolished after IgG cleavage and release of Fc-fragments (Söderberg and von 

Pawel-Rammingen, 2008). Interestingly, specific IdeS-neutralizing antibodies were 

found to inhibit the enzymatic function of IdeS. These antibodies were present in 2/3 

of acute phase or convalescent sera of patients with tonsillitis, bacteremia or 

erysipelas (Akesson et al., 2006). 

Streptococcus (S.) equi ssp. equi and S. equi ssp. zooepidemicus express both two 

proteins homologous to IdeS. The proteins of each pathogen are encoded by two 

alleles and designated IdeE and IdeE2 (IgG-degrading enzyme of S. equi ssp. equi) 

in S. equi ssp. equi as well as IdeZ and IdeZ2 (IgG-degrading enzyme of S. equi ssp. 

zooepidemicus) in S. equi ssp. zooepidemicus (Hulting et al., 2009; Lannergard and 

Guss, 2006; reviewed in Pawel-Rammingen, 2012). All four proteins degrade IgG, 

but IdeE and IdeZ cleave more efficiently human and canine IgG than equine IgG. 

IdeE2 and IdeZ2 display a higher degree of substrate specificity compared to IdeE 

and IdeZ and cleave most efficiently equine IgG (Hulting et al., 2009). Intranasal 

immunization with IdeE and IdeE2 reduced nasal colonization (significant for IdeE2) 

and weight loss (significant for both proteins) after an intranasal challenge with S. 

equi ssp. equi (Hulting et al., 2009). 

Treponema denticola, a bacterium strongly associated with periodontal lesions, 

encodes a protein with homology to IdeS, termed IdeT. IdeT is processed during 

secretion, the N-terminus remains bound to the surface of the bacterium and the C-

terminus is released into the supernatant. The released part of the protein, termed 

dentipain, shows 25 % homology to IdeS but does not cleave IgG. Dentipain is 

proposed to be an oligopeptidase as the only known substrate of this protein is the β-

insulin chain (Ishihara et al., 2010). 
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Another well characterized factor of S. pyogenes proposed to cleave 

immunoglobulins is SpeB (see 1.4.1). By analyzing the crystal structure of the 40 kDa 

precursor of this protein it was shown that SpeB is a distant homologue of the papain 

superfamily (Kagawa et al., 2000). SpeB cleaves IgG in a papain-like manner (Collin 

and Olsen, 2001b), resulting in two Fab and one Fc fragment. Furthermore, 

investigations of Collin and Olsen (2001a) revealed that SpeB cleaves the heavy 

chains of IgA, IgM and IgD in a similar way and completely degrades the heavy chain 

of IgE. Interestingly, assays investigating the Ig-cleaving activity of SpeB were 

usually performed under reducing conditions, as dithiothreitol (DTT), β-

mercaptoethanol or L-cysteine was added. This was conducted because the catalytic 

activity of SpeB depends on the reduction of the catalytic site cysteine. However, the 

bacterial environment in inflamed tissue is probably more oxidative than reducing 

(Persson et al., 2013). Thus, Persson et al. (2013) investigated the Ig-cleaving 

function of SpeB under non-reducing conditions. Ig-cleaving activity of SpeB was not 

detectable under the chosen experimental conditions. It was shown that SpeB can 

only cleave reduced Ig, e.g. semimonomeric molecules which lack disulfide bonds. 

These results suggest that SpeB does not cleave Ig in vivo.  

Proteus mirabilis, involved in human (Senior et al., 1987) and canine (Cohn et al., 

2003) urinary tract infections, expresses a metalloprotease, ZapA, which degrades 

human IgA1 and IgA2 as well as IgG (Loomes et al., 1990). In a mouse model of 

ascending urinary tract infection a mutant strain not expressing ZapA was 

characterized by a decreased survival as significantly lower numbers of bacteria 

were recovered from urine of infected mice compared to mice infected with the wild 

type strain (Walker et al., 1999). 

IgG- and IgA-cleaving activity was also found in isolates of Pasteurella multocida 

from pulmonary and genital infections. During in vitro culturing the immunoglobulin-

cleaving activity was lost. IgM cleavage was not observed (Pouedras et al., 1992). 

Degradation of IgA is a common bacterial immune evasion mechanism. S. suis 

expresses a protease degrading IgA1 with homologies to the IgA1 protease of S. 

pneumoniae. The gene encoding the IgA1 protease was found more often in invasive 

than in non-invasive S. suis strains. Accordingly, a mutant lacking the IgA1 protease 

was attenuated in a pig infection model suggesting a role in S. suis virulence (Zhang 

et al., 2010; Zhang et al., 2011). Other IgA1 proteases are described for 

Haemophilus influenzae, S. pneumoniae, Neisseria gonorrhoeae, Neisseria 
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meningitidis, Ureaplasma urealyticum, Prevotella and Capnocytophaga species, 

Streptococcus sanguis, Streptococcus mitis biovar 1 and Streptococcus oralis. For 

most of the proteases a cleavage of human IgA1 in the hinge region between proline-

serine and proline-threonine peptide bonds was shown. The IgA1 proteases belong 

to families of metallo-, serine or cysteine proteases (Frandsen et al., 1997; reviewed 

in Mistry and Stockley, 2006; Poulsen et al., 1996; Spooner et al., 1992).  

Degradation of different human immunoglobulins by a serine protease (SP) of S. 

aureus (other names are SspA or V8 protease) was reported in 1991 by Prokesova 

et al. (1992). Incubation of SP with purified IgG, IgM and both subclasses of IgA 

resulted in a large fragment spectrum. Cleavage of the Fc-part of all three Ig classes 

and the light chain of IgM and IgA was proposed. SP was firstly purified in 1972 and 

shown to cleave proteins specifically at the carboxy-terminus of aspartic and glutamic 

acid and to degrade hemoglobin and casein (Drapeau et al., 1972). A further 

described function of SP is the modification of fibronectin-binding to S. aureus 

(McGavin et al., 1997).  

A specific IgM-degrading activity of a bacterial factor is so far not described. Notably, 

IgM-binding proteins are known from different bacteria, e.g. S. aureus (Protein A; 

binding via the Fab-part) (Graille et al., 2000), Peptostreptococcus magnus (Protein 

L; binding via the kappa-light-chain) (Akerstrom and Björck, 1989) or S. pyogenes 

(leucine zipper protein (Lzp); binding of the heavy chain) (Okamoto et al., 2008).  
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 Aims of the study Chapter 2

This study was designed to better understand the pathogenesis of S. suis infections 

in piglets during their early adaptive immune response. It focused on the role of IgM 

cleavage by S. suis in host-pathogen interaction, since IgM represents the major 

immunoglobulin class during the early adaptive immune response. Specific aims of 

this study were i) the identification of the factor of S. suis mediating IgM cleavage 

(IdeSsuis), ii) the functional characterization of IdeSsuis, iii) the investigation of the 

working hypothesis that IdeSsuis is involved in complement evasion and iv) the 

analysis of the immunogenicity and protective efficacy of an IdeSsuis vaccine. 
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Abstract 

Streptococcus (S.) suis serotype 2 is a highly invasive, extracellular pathogen in pigs 

with the capacity to cause severe infections in humans. This study was initiated by 

the finding that IgM degradation products are released after opsonization of S. suis. 

The objective of this work was to identify the bacterial factor responsible for IgM 

degradation. The results of this study showed that a member of the IdeS family, 

designated IdeSsuis (Immunoglobulin M-degrading enzyme of S. suis) is responsible 

and sufficient for IgM cleavage. Recombinant IdeSsuis was found to degrade only IgM 

and neither IgG or IgA. Interestingly, Western blot analysis revealed that IdeSsuis is 

host-specific as it exclusively cleaves porcine IgM but not IgM from six other species, 

including a closely related member of the Suidae family. As demonstrated by flow 

cytometry and immunofluorescence microscopy IdeSsuis modulates binding of IgM to 

the bacterial surface. IdeSsuis is the first prokaryotic IgM-specific protease described, 

indicating that this enzyme is involved in a so far unknown mechanism of host-

pathogen interaction at an early stage of the host immune response. Furthermore, 

cleavage of porcine IgM by IdeSsuis is the first identified phenotype reflecting 

functional adaptation of S. suis to pigs as the main host.  
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Abstract 

Streptococcus (S.) suis is one of the most important pathogens in pigs causing 

meningitis, arthritis, endocarditis and serositis. Furthermore, it is also an emerging 

zoonotic agent. In our previous work we identified a highly specific IgM protease in 

S. suis, designated IdeSsuis. The objective of this study was to characterize the 

function of IdeSsuis in the host-pathogen interaction. Edman-sequencing revealed that 

IdeSsuis cleaves the heavy chain of the IgM molecule between constant domain 2 and 

3. As the C1q binding motif is located in the C3 domain, we hypothesized that IdeSsuis 

is involved in complement evasion. Complement-mediated hemolysis induced by 

porcine hyperimmune sera containing erythrocyte-specific IgM was abrogated by 

treatment of these sera with recombinant IdeSsuis. Furthermore, expression of IdeSsuis 

reduced IgM-triggered complement deposition on the bacterial surface. An infection 

experiment of prime-vaccinated growing piglets suggested attenuation in the 

virulence of the mutant 10∆ideSsuis. Bactericidal assays confirmed a positive effect of 

IdeSsuis expression on bacterial survival in porcine blood in the presence of high titers 

of specific IgM. In conclusion, this study demonstrates that IdeSsuis is a novel 

complement evasion factor, which is important for bacterial survival in porcine blood 

during the early adaptive (IgM-dominated) immune response.  
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Abstract 

Streptococcus suis (S. suis) is a major porcine pathogen causing meningitis, arthritis 

and several other pathologies. Recently, we identified a highly specific 

Immunoglobulin M-degrading enzyme of S. suis, designated IdeSsuis, which is 

expressed by various serotypes. The objective of this work was to access the 

immunogenicity and protective efficacy of a recombinant vaccine including IdeSsuis. 

Vaccination with rIdeSsuis elicited antibodies efficiently neutralizing the IgM protease 

activity. Importantly, 18 piglets vaccinated with rIdeSsuis alone or in combination with 

bacterin priming were completely protected against mortality and severe morbidity 

after S. suis serotype 2 challenge. In contrast, 12 of the 17 piglets either treated with 

the placebo or primed with the bacterin only, succumbed to S. suis disease. Immunity 

against IdeSsuis was associated with increased killing of S. suis wt in porcine blood ex 

vivo leading to a tenfold difference in the bacterial survival factor in blood of placebo-

treated and rIdeSsuis-vaccinated piglets. In conclusion, the results of this study 

indicate that rIdeSsuis is a highly protective antigen in pigs. 
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 General discussion Chapter 6

This study describes for the first time the identification and functional characterization 

of a specific bacterial IgM protease. Detection of an IgM-cleaving activity in the 

supernatants of Streptococcus (S.) suis initiated this work. Results demonstrated that 

a protein homologous to the immunoglobulin G protease IdeS of Streptococcus (S.) 

pyogenes is necessary and sufficient for cleavage of IgM by S. suis. The protein was 

designated Immunoglobulin M-degrading enzyme of S. suis (IdeSsuis). All three parts 

of this thesis were designed to elucidate phenotypes of S. suis related to the IdeSsuis-

mediated IgM proteolysis. The first part (Seele et al., 2013) describes the 

identification of the IgM proteolysis itself and, in addition, the modulation of IgM 

binding to the bacterial surface. In the second part (Seele et al., 2015a) the 

hypothesis that IgM proteolysis is a novel complement evasion mechanism was 

investigated. Thus, IdeSsuis-determined phenotypes related to complement evasion 

were investigated. The last part (Seele et al., 2015b) revealed that survival of S. suis 

wild type (wt) in porcine blood was significantly reduced in the presence of IdeSsuis-

specific immunity. This phenotype depended on IdeSsuis expression and was most 

likely related to the high protective efficacy of the recombinant (r) IdeSsuis vaccine.  

The different phenotypes were mainly identified through comparative analysis of 

S. suis wt with the same isogenic in frame ideSsuis deletion mutant (10∆ideSsuis). 

Noteworthy, the design of all three studies focused on the main host of S. suis. 

Experiments were conducted either with pigs, porcine blood or purified porcine 

immunoglobulins as IdeSsuis was shown to be a species-specific IgM protease. 

Furthermore, host-pathogen interaction was investigated during early adaptive 

immunity in the different parts. 

Bacterial IgM cleavage seems to be a rare immune evasion mechanism, although 

IgM exhibits important effector functions. IgM is a potent initiator of the classical 

complement activation pathway (CP) which can result in opsonization and lysis of 

pathogens or cells (reviewed in Klimovich, 2011). Although IgG antibodies are 

present in higher concentrations in serum (IgG: 8-16 g/L; IgM: 0.5-2 g/L; (Walzog and 

Fandrey, 2010)) IgM is more efficient in activating complement and 

aggregating/neutralizing pathogens (reviewed in Klimovich, 2011). One IgM molecule 

is sufficient to lyse an erythrocyte compared to 1000 IgG molecules needed for the 

same effect. Furthermore, IgM enhances humoral immune responses (reviewed in 
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Klimovich, 2011). It was shown to constitute the main class of anti-capsule (CPS) 

antibodies produced after primary and secondary infection of mice and piglets with 

S. suis (Calzas et al., 2015). 

So far no other group has published experimental data on IdeSsuis. Thus, there are 

many open questions which need to be addressed in future studies. Major questions 

will be discussed below.  

 

6.1 Role of IdeSsuis in the pathogenesis of S. suis disease. 

In this study the impact of IdeSsuis in survival of S. suis in porcine blood ex vivo and in 

piglets with an early adaptive immune response was investigated. The role of IdeSsuis 

in the first step of pathogenesis and in infections of the central nervous system (CNS) 

remains to be elucidated. 

 

Is IdeSsuis involved in colonization of mucous surfaces? Beside its function as an 

activator of the CP and an enhancer of humoral immune responses (reviewed in 

Klimovich, 2011) IgM is involved in mucosal immunity and harbors important 

antimicrobial functions, as a first line of defense against invading pathogens 

(reviewed in Brandtzaeg, 2010). Degradation of IgM by IdeSsuis might contribute to 

colonization of mucous surfaces in pigs, but so far knowledge on mechanisms 

utilized by S. suis to colonize and invade the host is limited (Fittipaldi et al., 2012). 

Suilysin is proposed to aid S. suis to cross the epithelial barrier (Gottschalk and 

Segura, 2000). Neutralization of this toxin might impair S. suis virulence. Vaccination 

of mice with detoxified pneumolysin induced pneumolysin-neutralizing antibodies 

associated with protection in mice against lethal pneumococcal infections and 

contributing to protection against pneumolysin-induced lung damage. The study 

focused on the neutralizing function of IgG (Salha et al., 2012). Nevertheless, it is 

conceivable that degradation of IgM antibodies neutralizing suilysin might contribute 

to colonization and invasion of the host tissue by S. suis. In other studies IgM was 

shown to exhibit neutralizing activities, such as reducing LPS-induced leukocytic 

inflammation and microcirculatory dysfunction in Syrian hamsters (Hoffman et al., 

2008) or inhibition of specific streptococcal superantigens (Norrby-Teglund et al., 

2000) which have so far not been identified in S. suis (Feng et al., 2010; Gottschalk 

et al., 2010; Zhao et al., 2011).  
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A murine colonization model for intranasal S. suis infections was recently established 

in our institute (Seitz et al., 2012). However as IdeSsuis is a porcine-specific IgM 

protease and does not cleave IgM of other species (Seele et al., 2013) this model is 

not suitable. A porcine colonization model is so far not described. The use of S. suis 

free pigs is crucial in such a colonization model as all investigated S. suis strains 

released IdeSsuis into the supernatant (Seele et al., 2013). Unfortunately, it is 

extremely difficult to get S. suis free piglets as transmission of S. suis might already 

occur during birth (Robertson et al., 1991; Robertson and Blackmore, 1989) and, in 

addition, the rearing of cesarean-derived piglets without contact to the sow is 

challenging (Butler and Sinkora, 2007). In general it might be assumed that the 

impact of Ig proteases is larger on mucous surfaces as Ig concentrations are lower 

compared to blood Ig concentrations (MacKinnon and Jenkins, 1993; Walzog and 

Fandrey, 2010) and thus sufficient amounts of antibodies might be cleaved. Recently 

it was shown that IdeS of S. pyogenes does not contribute to virulence in a mouse 

infection model but a putative role of IdeS in colonization, transmission or local 

mucosal infections as impetigo or pharyngitis was proposed (Okumura et al., 2013). 

A mutant deficient in IdeS expression was not attenuated in human blood which 

might be a result of the high abundance of IgG (Okumura et al., 2013). In contrast to 

that, the ideSsuis mutant was attenuated in survival of S. suis in porcine blood with 

specific IgM (Seele et al., 2015a; Seele et al., 2013). Thus, it is proposed that IdeSsuis 

increases survival of S. suis during bacteremia. Moreover, it might be speculated that 

IdeSsuis contributes to colonization of the host by S. suis. 

 

Which impact does IdeSsuis have on infections of the CNS? In experimental 

infections of piglets as well as in natural occurring S. suis infections meningitis is a 

typical clinical manifestation (Gottschalk et al., 2010; Reams et al., 1994; Seele et al., 

2015b; Seele et al., 2015a; Staats et al., 1997). During inflammation Ig levels 

increase due to an intrathecal production of Ig or an impaired blood brain barrier 

function. Importantly, an immunoglobulin class switch is not observed in the brain. 

Thus, detection of IgM does not always correlate with an acute immune reaction 

(Kuhle et al., 2007; Reiber, 2005). Bacterial meningitis is characterized by a lack of a 

humoral immune response or the presence of one or more immunoglobulin classes, 

e.g. in neuroborreliosis IgG, IgA and IgM are detectable with a clear IgM dominance 

(Kuhle et al., 2007; Reiber, 2005). In contrast to that, bacterial meningitis caused by 
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streptococci, Haemophilus influenzae and Neisseria ssp. is characterized by a high 

number of cells with a dominance of neutrophils and no humoral immune response. If 

a humoral immune response occurs, Igs are detectable in most cases 3-4 days after 

the onset of clinical symptoms (Reiber, 2005). For S. suis meningitis it is not known 

whether antibodies are produced intrathecally and if so which immunoglobulin class 

dominates during inflammation, but we observed higher amounts of IgM in the 

cerebrospinal fluid (CSF) of piglets with S. suis meningitis compared to healthy 

piglets (Fig. 5; Seele et al. (2013)). Moreover, in the CSF of piglets with S. suis 

meningitis IgM cleavage products were detectable (unpublished results). In general 

concentrations of Igs are lower in CSF compared to serum concentrations (0.2 % of 

serum IgG and 0.03 % of serum IgM is detectable in CSF in humans) and smaller 

molecules like IgG can pass the blood cerebrospinal fluid barrier more easily than 

larger molecules like IgM (Kuhle et al., 2007; Reiber, 2006). Due to lower levels of 

IgM in CSF a complete cleavage by IdeSsuis is conceivable which might increase 

survival of S. suis in the CNS.  

 

6.2 Role of IdeSsuis in immune evasion of S. suis. 

In this study IdeSsuis was shown to be a novel immune evasion factor of S. suis. 

Nevertheless, more studies are needed to investigate the impact of IdeSsuis on 

complement evasion and to elucidate the influence of IgM cleavage on receptor-

mediated immune responses. 

 

Does the attenuated phenotype of 10∆ideSsuis in porcine blood ex vivo depend 

on complement? rIdeSsuis was shown to impair activation of the CP through 

cleavage of specific IgM in a complement hemolysis assay and to reduce significantly 

C3 deposition on the surface of an unencapsulated S. suis strain, but only slightly on 

an encapsulated strain. Furthermore, survival of a mutant lacking IdeSsuis was 

attenuated in a bactericidal assay with porcine blood containing high specific IgM 

titers (Seele et al., 2015a). The question if this phenotype of 10∆ideSsuis depends on 

effector functions of the complement system was not further investigated in this work. 

Specific inhibition of the complement system in the bactericidal assay should be 

conducted in the future to test the hypothesis of a complement-dependent phenotype 

for the ideSsuis mutant during the early adaptive immune response. Vaccinia virus 
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complement control protein (VCP) and Ornithodoros moubata complement inhibitor 

(OmCI) were used in other studies for targeted inhibition of the complement system 

(Barratt-Due et al., 2011; Thorgersen et al., 2007; Thorgersen et al., 2009). VCP 

binds to C3b and C4b thereby inhibiting the C3 convertase. Opsonization, production 

of anaphylatoxins and formation of the membrane attack complex (MAC) is blocked 

by VCP (Kotwal et al., 1990; McKenzie et al., 1992; Scott et al., 2003). OmCI acts on 

the C5 convertase of the CP and the alternative pathway (AP) by binding to C5. 

Generation of C5a and the formation of MAC are blocked, but opsonization of 

bacteria with C3 is still possible (Nunn et al., 2005; Rother et al., 2007). Both 

inhibitors are already tested in the porcine system (Barratt-Due et al., 2011; 

Thorgersen et al., 2007; Thorgersen et al., 2009). As differences in C3 deposition 

were only marginal between wt and 10∆ideSsuis further functions downstream of C3b, 

such as generation of C5a, might be influenced by IdeSsuis.  

In addition, modulation of receptor expression on phagocytes which recognize C3 

cleavage products influences clearance of bacteria. Suppressed expression of 

complement receptor 3 (CR3) on macrophages was shown to elevate survival of 

Escherichia coli in vitro (Mittal et al., 2010). In humans CR3 is formed by CD11b and 

CD18 (Thorgersen et al., 2009). Incubation of S. suis with porcine blood led to 

induction of wCD11R3 (unpublished results) which is homologous to human CD11b 

on the surface of neutrophils (Thorgersen et al., 2009). Furthermore, upregulation of 

wCD11R3 expression was shown to be complement-dependent (Thorgersen et al., 

2009). The influence of complement and IdeSsuis expression on induction of 

wCD11R3 by S. suis remains to be elucidated.  

In studies of Segura et al. (2006) S. suis was shown to induce the release of the 

cytokines Interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor-α (TNF-α) in 

porcine blood. The release of proinflammatory cytokines is not necessarily 

advantageous for the host as cytokines are involved in the pathophysiology of 

bacteria-induced meningitis (van Furth et al., 1996). In addition, cytokines are 

supposed to contribute to the streptococcal toxic shock-like syndrome (STSLS) 

observed in humans during the Chinese S. suis outbreak in 2005 (Ye et al., 2009). 

Interestingly, the presence of specific antibodies which reduce growth of S. suis in 

porcine blood also decreased production of proinflammatory cytokines. Thus, it is 

hypothesized that cleavage of specific S. suis IgM by IdeSsuis in porcine blood might 

increase the release of cytokines and support dissemination of S. suis in vivo. Whole 
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blood assays comparing wt and 10∆ideSsuis might be conducted to further evaluate 

the interaction of IgM cleavage, complement activation and cellular immunity during 

bacteremia. Cells affected by IgM cleavage might be identified by an altered cytokine 

profile in future studies.  

 

Do different glycosylation patterns of IgM influence the IgM-cleaving activity of 

IdeSsuis? IgM is a highly glycosylated protein (Klimovich, 2011) as the heavy chain of 

the IgM molecule contains 5 glycosylation sites. Asparagine residues at position 171, 

332, 395 are connected with complex glycans and at position 402 and 563 with 

oligomannose glycans (Arnold et al., 2005; Klimovich, 2011; Monica et al., 1995). For 

IgG antibodies it is described that glycosylation is variable and depends on, e.g. age, 

sex and health status (e.g. cancer, auto immune or infectious diseases). 

Glycosylation is proposed to influence pro- or anti-inflammatory properties of IgG and 

modulates activation of the CP. The impact of glycosylation on biological functions of 

other Ig classes is poorly understood (Zauner et al., 2013). A putative influence of 

IgM glycosylation on IdeSsuis activity was not investigated in this thesis. In accordance 

with the high substrate specificity of IdeSsuis, it might be speculated that certain 

glycosylated forms of IgM are preferentially cleaved. The resulting change of the 

glycosylation pattern of IgM might for itself influence the host’s immune response. 

 

Which function does IdeSsuis_C-terminus fulfill? Results of the complement 

hemolysis assay suggested that IdeSsuis exhibits further functions than IgM cleavage. 

IdeSsuis and its truncated derivatives including the C-terminal part lacking IgM 

protease activity impaired lysis of sheep red blood cells (SRBC) (Seele et al., 2015a). 

It might be speculated that parts of IdeSsuis, such as the C-terminus, bind Ig thereby 

reducing their biological activity. In bacteria binding of Ig is known as a mechanism to 

escape from the host immune system, such as binding of the Fc-part of IgG by 

streptococcal M-proteins (Nordenfelt et al., 2012). Furthermore, not only bacteria but 

also parasites interact with immunoglobulin M. Erythrocytes infected with 

Plasmodium falciparum express proteins of the PfEMP1 (Plasmodium falciparum 

erythrocyte membrane protein 1) family on their surfaces which bind the Fc-part of 

polymeric IgM to evade the immune system (Ghumra et al., 2008). The putative Ig-

binding function of IdeSsuis might be investigated in future studies by e.g. surface 

plasmon resonance (SPR)-based BIAcore analysis (Kang et al., 2013). Moreover, a 
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complement-modulating activity of IdeSsuis_C-terminus should be considered in future 

experiments. Degradation of complement components (see 1.4.1), might be analyzed 

in Western Blots or ELISAs using antibodies which detect different components of 

the complement cascade. A putative role of IdeSsuis_C-terminus is underlined by the 

phenotype of a partial deletion mutant lacking the homologous region (loss of IgM-

cleaving activity) but still expressing the C-terminus (10∆ideSsuis_homologue). This 

mutant exhibited a similar phenotype as wt in infection experiments resulting in 

higher morbidity and mortality in piglets during the early adaptive immune response 

compared to a putative attenuation of 10∆ideSsuis (Seele et al., 2015a). Furthermore, 

it should be investigated if IdeSsuis, and IdeSsuis_C-terminus in particular, affects other 

pathways than the CP. Complement-hemolysis assays using erythrocytes of rabbits 

are described to analyze the AP (Jessen et al., 1983) and might thus be used in the 

future to test the effect of IdeSsuis_C-terminus on this pathway. 

 

Does IdeSsuis cleave the B cell receptor (BCR) and thus impair the adaptive 

immune response? The BCR is necessary for activation, maturation, maintenance 

and silencing of peripheral B lymphocytes (reviewed in Geisberger et al., 2006). On 

human B cells the membrane-bound form of IgD and IgM is present, but on porcine 

cells only IgM is found on protein level. So far no antibody directed against porcine 

IgD is available and IgD was detected on transcript level first when cells arrive in the 

secondary lymphoid tissues (McAleer et al., 2005; Sinkora and Butler, 2009). Similar 

to secretory immunoglobulins, membrane-bound immunoglobulins (mIg) consist of 

two heavy chains and two light chains, but instead of a hydrophobic tailpiece present 

in the secreted Ig, mIg express a transmembrane domain (Eibel et al., 2014; 

Geisberger et al., 2006; Sun and Butler, 1997). An important open question regarding 

the function of IdeSsuis is whether this protease cleaves the BCR and if this putative 

cleavage has functional consequences for pathogenesis and/or colonization of 

mucosal surfaces. To address this question CD79-α should be used as a B cell 

marker, as it is the only known pan B cell marker in pigs (Butler et al., 2009a). A 

cleavage of the BCR might substantially impair adaptive immune responses and 

clearance of the pathogen. In addition, it might lead to an altered recognition of 

S. suis antigens resulting in decreased signaling via the BCR, reduced activation of 

the B cell and finally an impaired antibody production. 
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Does cleavage of IgM impair the adaptive immune response via the Fcµ 

receptor (FcµR)? Specific IgM receptors have been identified only recently. A role 

for FcµR in B cell homeostasis, survival and proliferation of B cells, tolerance to self-

antigens, formation of germinal centers and adequate antibody responses is 

proposed (Ouchida et al., 2012). FcµR is expressed on cells of the adaptive immune 

system like B and T cells and to a lesser extent on NK cells in humans; in mice only 

B cells were found to express FcµR (Kubagawa et al., 2009; reviewed in Klimovich, 

2011; Shima et al., 2010). It exclusively binds to the Fc-part of IgM (Kubagawa et al., 

2009; Shima et al., 2010). In pigs the gene for FcµR is located on chromosome 9 

(Akula et al., 2014), but identification of the porcine receptor on protein level is so far 

not described. Future studies should investigate whether IgM cleavage products bind 

and activate FcµR. In addition, as FcµR is involved in formation of germinal centers, 

IgM cleavage might influence humoral immune responses. Mice deficient in FcµR 

were affected in germinal center formation with decreased numbers of antigen-

specific plasma cells and memory B cells (Ouchida et al., 2012). It is hypothesized 

that IdeSsuis is of particular importance for survival of S. suis in piglets during the early 

adaptive immune response. After weaning maternal antibodies decline (Baums et al., 

2010) and an increase of specific IgM titers follows in association with an early 

adaptive immune response in growing piglets. These piglets are highly susceptible to 

S. suis infections as shown in prime-vaccinated (Seele et al., 2015a) and 

unvaccinated piglets (Seele et al., 2015b). Furthermore, S. suis diseases occur most 

often in growing piglets in the field (Gottschalk, 2012). Thus, it is of substantial 

importance to investigate in future studies the putative modulation of the adaptive 

immune response by S. suis through IgM cleavage, which might include FcµR-

mediated functions. 

 

6.3 Protective immunity elicited by IdeSsuis vaccination. 

A serotype cross-protective vaccine against S. suis infections is urgently needed, as 

so far only autologous bacterins are commonly used for prophylaxis (Haesebrouck et 

al., 2004). Vaccination with IdeSsuis was shown to induce protective immunity, but the 

molecular mechanism resulting in protection of growing piglets still needs to be 

elucidated. 
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Which mechanism underlies the protective efficacy of the IdeSsuis vaccine?  

We observed an induction of IdeSsuis-neutralizing antibodies after vaccination of 

piglets with rIdeSsuis (Seele et al., 2015b). As cleavage of IgM antibodies might impair 

efficacies of a S. suis bacterin, the question was raised if vaccination of piglets with 

rIdeSsuis improves the protective efficacy of bacterin priming by blocking the IgM-

cleaving activity of IdeSsuis during infection. Vaccination of growing piglets solely with 

rIdeSsuis induced already protection against morbidity and mortality following a 

homologous S. suis serotype 2 challenge. The high protective efficacy of IdeSsuis 

vaccination might be explained by the finding that IgM proteolysis is neutralized by 

anti-IdeSsuis antibodies as anti-S. suis IgM titers were detectable in all piglets prior 

immunization. The impact of these antibodies not induced by vaccination on the 

outcome of the vaccination trial is not known. It might be speculated that the 

neutralization of the IgM protease led to efficient effector functions of these 

antibodies which contributed to killing of S. suis. Noteworthy, efficient killing of S. suis 

was confirmed in a bactericidal assay conducted prior challenge. Interestingly, 

survival of S. suis wt was significantly lower than survival of the ideSsuis mutant. This 

difference cannot be solely explained by neutralization of IgM cleavage and suggests 

further protective mechanisms exhibited by IdeSsuis-specific immunity. 

Infection experiments with gnotobiotic pigs might be carried out to investigate if 

specific IgM antibodies need to be present to make IdeSsuis a protective antigen. 

However, in general growing piglets harbor specific IgM antibodies against S. suis as 

nearly 100% of pigs are colonized with S. suis (Gottschalk et al., 2010). 

 

6.4 Conclusions 

In this work a specific bacterial IgM protease was described for the first time. Results 

demonstrated that IdeSsuis is necessary and sufficient for cleavage of IgM by S. suis. 

IdeSsuis was shown to be a porcine-specific IgM protease and hence, the first 

described factor reflecting the adaptation of S. suis to its main host, the pig. In 

addition, IdeSsuis exhibits substrate specificity as degradation of other host proteins 

was not recorded (Seele et al., 2013). IgM is cleaved in the heavy chain at the N-

terminus of constant domain 3 disconnecting the C1q-binding motif from the Fab-

region. Accordingly, IdeSsuis was shown to abrogate complement activation via the CP 

and reduce IgM-mediated C3 deposition on the surface of an unencapsulated S. suis 
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strain. Ex vivo and in vivo experiments indicated an important function of IdeSsuis for 

bacterial survival during early adaptive immune responses (Seele et al., 2015a). 

Based on these findings IdeSsuis is proposed to be a virulence factor important for the 

pathogenesis of S. suis diseases in piglets with specific IgM titers. Importantly, 

S. suis diseases mainly occur in growing piglets in the field (Gottschalk, 2012) and 

these animals typically show high specific S. suis IgM titers (Seele et al., 2015b). 

Thus, neutralization of IgM cleavage by anti-IdeSsuis antibodies might contribute to 

protective immunity in growing piglets. Accordingly, vaccination with IdeSsuis elicited 

neutralizing antibodies and a high degree of protection (Seele et al., 2015b).  

Future studies should be conducted to address questions regarding the role of 

IdeSsuis as a novel complement evasion factor contributing to evasion of the host’s 

immune system by S. suis and the mechanism underlying the high protective efficacy 

of IdeSsuis vaccination. 
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 Summary Chapter 7

Jana Seele  

Identification and functional characterization of IdeSsuis, the Immunoglobulin M-

degrading enzyme of Streptococcus suis. 

 

Streptococcus (S.) suis is an important invasive, extracellular pathogen in pigs, which 

causes mainly meningitis, arthritis and serositis. Furthermore, serotype 2 strains are 

important zoonotic agents associated with meningitis in humans. So far no vaccine 

against S. suis infections is licensed in Europe. S. suis disease occurs most often in 

piglets 6-10 weeks postpartum and these animals typically show S. suis-specific IgM 

titers.  

This study was initiated by the finding that serum-opsonized S. suis released 

immunoglobulin M (IgM) cleavage products into the supernatant. IgM is the first 

antibody class produced after antigenic stimulation and represents the main class of 

natural antibodies. It harbors different important functions including neutralization of 

pathogens/toxins, activation of the classical complement activation pathway (CP) and 

enhancement of humoral immune responses. This study was designed to better 

understand the pathogenesis of S. suis infections in piglets during their early 

adaptive immune response. The objectives of this work were the identification and 

characterization of the factor responsible for IgM cleavage (Chapter 3). After 

successful identification of IdeSsuis, the Immunoglobulin M-degrading enzyme of 

S. suis, the hypothesis was investigated that IdeSsuis is involved in complement 

evasion of S. suis (Chapter 4). Finally, the immunogenicity and protective efficacy of 

a recombinant (r) IdeSsuis vaccine were determined (Chapter 5). 

Sequence alignments revealed that S. suis harbors a gene with high homology to the 

IgG-degrading enzyme of S. pyogenes (IdeS). Functional analysis of rIdeSsuis 

demonstrated an IgM-specific proteolytic activity for this factor lacking IgG- and IgA-

degrading activity. Loss and gain of function experiments using different isogenic 

S. suis and Lactococcus (L.) lactis mutants allowed the conclusion that expression of 

IdeSsuis is responsible and sufficient for IgM cleavage. Furthermore, it was shown that 

binding of IgM to the bacterial surface is modulated by IdeSsuis expression. Western 

blot analysis revealed that IdeSsuis cleaves only IgM of pigs but not IgM of the other 

six investigated species.  
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Via N-terminal Edman-sequencing the cleavage site in the IgM molecule was 

identified at the N-terminus of constant domain 3 (Cµ3). As the C1q-binding motif is 

located in Cµ3 and disconnected from the antigen-binding Fab-part through IgM 

cleavage by IdeSsuis, the hypothesis was investigated that IdeSsuis abrogates the CP. 

Accordingly, IdeSsuis reduced activation of the CP in a complement hemolysis assay 

including specific porcine anti-sera. Furthermore, IgM-triggered C3 deposition on the 

surface of an unencapsulated strain was significantly increased in the absence of 

IdeSsuis. Comparative evaluation of virulence of S. suis wild type (wt) and the isogenic 

ideSsuis mutant in piglets suggested an attenuation of the mutant. Accordingly, the 

ideSsuis mutant was significantly attenuated in survival in porcine blood with high titers 

of S. suis-specific IgM. 

The finding that the IgM-cleaving activity of IdeSsuis is neutralized by IdeSsuis-specific 

antibodies promoted further investigation of the immunogenicity and protective 

efficacy of rIdeSsuis vaccination. Piglets did not show detectable IdeSsuis-specific 

antibody titers prior immunization, although their mucosal surfaces were colonized by 

S. suis strains expressing IdeSsuis. Vaccination of piglets with rIdeSsuis elicited high 

titers of antibodies neutralizing IdeSsuis and, importantly, complete protection against 

mortality and severe morbidity. Accordingly, a bactericidal assay revealed that 

survival of the wt strain in porcine blood ex vivo is significantly reduced in IdeSsuis-

vaccinated piglets, in contrast to survival of the ideSsuis mutant. As all tested S. suis 

strains express IdeSsuis the protective efficacy of the rIdeSsuis vaccine against 

infections with other S. suis serotypes will be investigated in future vaccination trials 

initiated by this thesis. 

In conclusion, IdeSsuis was shown to be (i) the first specific prokaryotic IgM protease, 

(ii) a novel complement evasion factor contributing to bacterial survival in porcine 

blood with high titers of specific IgM and (iii) a protective antigen eliciting neutralizing 

antibodies and significant protection against S. suis serotype 2 infections.  
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 Zusammenfassung Chapter 8

Jana Seele 

Identifizierung und funktionelle Charakterisierung von IdeSsuis, dem 

Immunglobulin M-spaltenden Enzym von Streptococcus suis. 

 

Streptococcus (S.) suis ist ein wichtiger invasiver, extrazellulärer Erreger des 

Schweins, der hauptsächlich Meningitis, Arthritis und Serositis verursacht. Des 

Weiteren stellt S. suis einen wichtigen Zoonoseerreger dar, der beim Menschen vor 

allem Meningitis hervorruft. In Europa ist bisher kein Impfstoff gegen S. suis-

Infektionen zugelassen. S. suis-Erkrankungen treten häufig 6-10 Wochen post 

partum auf. In dieser Zeit besitzen Ferkel in der Regel hohe S. suis-spezifische IgM-

Titer.  

Die vorliegende Arbeit wurde durch die Detektion von Immunglobulin M-(IgM)-

Spaltprodukten im Überstand serumopsonisierter S. suis initiiert. IgM ist die erste 

Antikörperklasse, die nach Stimulation mit einem Antigen produziert wird, und stellt 

die Hauptklasse der natürlichen Antikörper dar. Es besitzt wichtige Funktionen  

einschließlich der Neutralisierung von Pathogenen/Toxinen, der Aktivierung des 

klassischen Komplementweges (CP) und der Verstärkung humoraler 

Immunantworten. Die vorliegende Arbeit wurde konzipiert, um die Pathogenese von 

S. suis-Infektionen in Ferkeln während der frühen adaptiven Immunantwort zu 

untersuchen. Die Ziele bestanden in der Identifizierung und Charakterisierung des 

IgM-spaltenden Faktors von S. suis (Chapter 3). Nach erfolgreicher Identifizierung 

von IdeSsuis, dem Immunglobulin M-spaltenden Enzym, wurde die Hypothese 

untersucht, dass IdeSsuis in der Komplementevasion von S. suis beteiligt ist (Chapter 

4). Schließlich wurden die Immunogenität sowie die Schutzwirkung eines 

rekombinanten (r) IdeSsuis-Impfstoffes bestimmt (Chapter 5). 

Sequenzvergleiche zeigten, dass S. suis ein Gen besitzt, das große Homologien zum 

IgG-spaltenden Enzym von S. pyogenes (IdeS) aufweist. Durch funktionelle Analyse 

wurde bewiesen, dass rIdeSsuis eine spezifische IgM-proteolytische Aktivität besitzt, 

aber nicht IgG und IgA spaltet. Loss and gain of function experiments zeigten unter 

Verwendung verschiedener isogener S. suis- und Lactococcus (L.) lactis-Mutanten, 

dass die Expression von IdeSsuis verantwortlich und ausreichend für die Spaltung von 

IgM ist. Des Weiteren konnte gezeigt werden, dass die Bindung von IgM an die 
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Oberfläche von S. suis durch die Expression von IdeSsuis moduliert wird. Western 

Blot-Analysen bewiesen, dass IdeSsuis ausschließlich porzine IgM, nicht jedoch die 

IgM sechs weiterer untersuchter Spezies spaltet.  

Mittels N-terminaler Edman-Sequenzierung konnte die Schnittstelle im IgM-Molekül 

im N-terminalen Bereich der konstanten Domäne 3 (Cµ3) identifiziert werden. Da das 

C1q-Bindungsmotiv in Cµ3 lokalisiert ist und durch die IdeSsuis-vermittelte IgM-

Spaltung vom Fab-Bereich getrennt wird, wurde die Hypothese aufgestellt, dass 

IdeSsuis den klassischen Weg der Komplementaktivierung außer Kraft setzt. IdeSsuis 

reduzierte, entsprechend der Hypothese, die Aktivierung des CP in einem 

Komplement-Hämolyse-Versuch unter Verwendung spezifischer porziner Antiseren. 

Des Weiteren war in Abwesenheit von IdeSsuis die IgM-vermittelte C3-Ablagerung auf 

der Oberfläche eines unbekapselten Stammes signifikant erhöht. Die vergleichende 

Analyse der Virulenz des S. suis-Wildtypstammes und einer isogenen ideSsuis-

Mutante in Ferkeln deutete auf eine Attenuation der Mutante hin. Im Einklang mit 

diesen Ergebnissen zeigte die ideSsuis-Mutante eine signifikante Attenuation im 

Überleben in porzinem Blut mit hohen S. suis-spezifischen IgM-Titern auf. 

Die Feststellung, dass die IgM-spaltende Aktivität von IdeSsuis durch IdeSsuis-

spezifische Antikörper neutralisiert wird, veranlasste weitere Untersuchungen zur 

Immunogenität und Schutzwirkung eines rIdeSsuis-Impfstoffes. Vor der Immunisierung 

wiesen die Ferkel keine detektierbaren IdeSsuis-spezifischen Antikörpertiter auf, 

obwohl ihre mukosalen Oberflächen mit IdeSsuis-exprimierenden S. suis-Stämmen 

besiedelt waren. Die Vakzinierung von Ferkeln mit rIdeSsuis rief hohe Titer IdeSsuis-

neutralisierender Antikörper hervor und, besonders bedeutsam, einen vollständigen 

Schutz gegen Mortalität und Morbidität. Das Überleben des Wildtypstammes ex vivo 

in porzinem Blut IdeSsuis-vakzinierter Ferkel war dementsprechend signifikant 

reduziert, im Gegensatz zum Überleben der ideSsuis-Mutante. Da alle getesteten 

S. suis-Stämme IdeSsuis exprimieren, wird die Schutzwirkung des IdeSsuis-Impfstoffes 

gegen Infektionen anderer S. suis-Serotypen in zukünftigen Vakzinierungsversuchen 

untersucht, die durch diese Arbeit initiiert wurden. 

Zusammenfassend wurde gezeigt, dass IdeSsuis (i) die erste spezifische 

prokaryotische IgM-Protease ist, (ii) einen neuen Komplementevasionsfaktor 

darstellt, der zum bakteriellen Überleben im porzinen Blut mit hohen spezifischen 

IgM-Titern beiträgt und (iii) ein protektives Antigen ist, dass neutralisierende 
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Antikörper und eine signifikante Protektion gegen S. suis-Serotyp-2-Infektionen 

hervorruft. 
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