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 General introduction Chapter 1 

1. Streptococcus suis infection 
 

Streptococcus suis (S. suis) is one of the most important swine pathogens world-wide 

causing high economical losses. It can produce a wide range of pathological aspects 

including meningitis, arthritis, pneumonia, septicaemia, endocarditis, polyserositis, and 

abcesses (Staats et al., 1997). Furthermore, S. suis is a zoonotic agent that is known to 

cause meningitis, septicaemia, endocarditis, etc. in humans exposed to pigs or pig 

productions (Arends and Zanen, 1988). Since antibiotic therapy and vaccination give 

unsatisfactory results, a better understanding of pathogenesis is necessary to improve the 

control of infection. 

 

1.1. Aetiology 
  

S. suis is a Gram positive, facultative anaerobic ovoid-coccoid bacterium. The 

ecological niche of this bacterium is the upper respiratory tract, particularly the tonsils and 

nasal cavities, also the genital and intestinal tract of pigs.  S. suis produces ∝ or β 

haemolysis on sheep and horse blood agar. Based on its capsular polysaccharides, 35 

serotypes have been described to date. Most strains associated with disease in Europe 

belong to serotypes 1, 2, 7, 9 and 14 (Wisselink et al., 2000). 

 

1.2. Epidemiology 
 

Pigs of any age can be infected with S. suis, but susceptibility generally decreases 

with age following weaning. Humans can also acquire S. suis infections. 

The main infection source for piglets are carrier pigs. Different carrier rates from 0 up 

to 100% in the upper respiratory tract have been reported (Clifton-Hadley, 1983; Arends et 

al., 1984; Mwaniki et al., 1994). The carrier status in tonsils might persist even after 

treatment with penicillin (Staats et al., 1997). The sow may harbour S. suis in uterus and 

vagina.  Faeces, dust, water and feed may become secondary sources of infection in which 

bacteria can persist shorter or longer (Staats et al., 1997). Vectors of S. suis such as flies 

(Enright et al., 1987) and mice (Williams et al., 1998) can play a role in disease transmission. 

Outbreaks are usually attributed to the introduction of a carrier into the herd. However, within 

a carrier herd, outbreaks can occur especially at young and stress predisposed animals. 

Several ways are suggested for the transmission of S. suis between animals in a herd. 

Piglets born to sows with genital infection may acquire the infection vertically (Amass et al., 

1997). Respiratory transmission via aerosols by nose to nose contact is possible (Berthelot 
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et al., 2001). Oral transmission by contact with a source of infection, transmission via the 

navel, genital or alimentary tract may take place (Staats et al., 1997). 

After infection, colonised animals will usually harbour the bacteria in their tonsils. 

Some animals will remain healthy carriers, whilst other will sooner or later develop clinical 

signs (Gottschalk and Segura, 2000). Morbidity rarely exceeds 5%, although it can reach 

more than 50% in cases of poor hygiene and/or concurrent disease (Staats et al., 1997). 

With appropriate treatment mortality is usually low (0-5%), but approaches 20% in untreated 

herds.  

The infection is recognised as a zoonosis since it was associated with meningitis in 

humans. Human infections appear as sporadic cases in persons associated with pigs or pig 

productions, with an incidence of 3/100.000 (almost 1500 times higher than among persons 

not involved in pig industry) (Arends and Zanen,1988). It seems that infection takes place 

though direct contact with infected pigs or meat products via conjunctiva or skin lesions 

(Arends and Zanen,1988; Rosenkranz et al., 2003).   

 

1.3. Clinical signs 
 

A peracute septicaemic form of infection might lead to death without clinical signs, or 

the pigs die within hours from the onset of symptoms. The acute form starts with fever (up to 

42°C), depression, anorexia and lassitude, followed by different signs in correlation with 

localisation: ataxia, tremors, opisthotonus, blindness, paddling, loss  of hearing, convulsions, 

dyspnoea, arthritis, lameness, erythrema, etc. (Taylor, 1986; Sanford and Ross, 1986). 

Some of the pigs with the acute form of disease survive, resulting in healthy carriers or 

alternatively the infection becomes chronic. In chronic disease lameness and residual 

nervous signs such as otitis interna might be evident, as well as chronic arthritis signs 

(Sanford and Ross, 1986; Reams et al., 1994; Madsen et al., 2001). In humans fever, 

anorexia, lameness and neurological signs and/or septicaemia can appear after incubation 

up to 2-3 days. Deafness occurs seldom as a sequela after disease (Arends and Zanen, 

1988; Rosenkranz et al., 2003).  

 

1.4. Pathology 
 

Gross necropsy findings depend on the clinical form. Few lesions are seen in the 

septicaemic phase, but purulent meningitis may be seen where brain involvement occurs, 

and in arthritis there is inflamation around the joint with mucoid creamy fluid. The skin and 

the carcase may become red, lymph nodes are often enlarged and congested, and 

congestion of the parenchymatous organs is common. Cardiac lesions such as 
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fibrinopurulent pericarditis and vegetative valvular endocarditis are also present (Taylor, 

1986). Pulmonary lesions are common in S. suis infection, but other bacteria may 

concurrently contribute to the development of a fibrinohaemorrhagic pneumonia (Reams et 

al., 1994).   

Histologically purulent meningitis is the most characteristic histopathological lesion 

appearing as a diffuse neutrophilic infiltrate (Taylor, 1986). Necrosis of the vessels with 

swollen endothelia, and sometimes occlusion of the lamina with inflammatory cells can be 

seen (Sanford, 1987). The plexus choroideus may show disruption of the plexus brush 

border; fibrin and inflamatory cell exudate may be present in ventricles. Phagocytosed 

bacteria may be also present in the inflammatory cells in the cerebrospinal fluid (CSF) 

(Williams and Blankemore, 1990).  

 

1.5. Diagnosis  
 

The epidemiological aspects, clinical signs and post mortem findings may be 

sufficient for diagnosis. Direct microscopy from affected organs or blood may confirm the 

streptococcal aetiology of disease. For species identification a minimum of biochemical tests 

is necessary: negative Voges-Proskauer (acetoin) reaction, hydrolysis of esculin, positive for 

trehalose, no growth in 6.5% NaCl and absence of beta-hemolysis on sheep blood agar 

(Tarradas et al., 1994). When bacteria are isolated from diseased animals and serotyping is 

available, an α-haemolytic Streptococcus that produces amylase but not acetoin can be 

considered as S. suis (Devriese et al., 1991). Methods such as fluorescent in situ 

hybridisation may be used for specific detection of bacteria in tissues (Boye el al., 2000). 

The identification as well as partial characterisation with respect to serotype and the 

presence of virulence markers can be rapidly performed by PCR (Okwumabua et al., 2003; 

Wisselink et al., 2002).  

 

1.6. Treatment and control 
 

Individual penicillin injections given to all pigs entering an air space or a farm may 

control or even eradicate the disease (Taylor, 1986), since S. suis is highly susceptible to 

penicillin G, ampicillin, etc. (Kataoka et al., 2000; Marie et al., 2002). The treatment with 

antibiotics such as penicillin in drinking water over a period of risk is of value in controlling 

the disease but may merely delay the onset of clinical disease until it is discontinued (Taylor, 

1986).   

Apart from general rules in prevention of contamination, an efficient way to confer 

specific protection against S. suis is urgently needed. Passive immunisation of pigs with 
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porcine and horse anti-S. suis antiserum protected pigs against infection (Holt et al., 1988; 

Andresen and Tegtmeier, 2001), showing that humoral immunity plays an important role in 

protection. Passive maternal immunity against S. suis can be transferred from sow to piglets, 

and attempts to vaccinate the sow in order to protect the piglets are reported to be partially 

successful (Blouin et al., 1994; Amass et al., 2000).  However, it is not known which of the 

antibodies present in convalescent serum are necessary for protection, in the condition in 

which live or inactivated bacterin confer homologous protection (Holt et al.,1988; Holt et al., 

1990). In many encapsulated bacteria, antibodies against the capsule are protective against 

the infection (Kass, 1981), and they seem to also play a role in protection against S. suis 

(Wisselink et al., 2002). Other antigenic proteins of S. suis seem to be important in 

protection, but their role as possible cross protective antigens is not known (Holt et al., 1990; 

Jacobs et al., 1996; Wisselink et al., 2001).  

 

2. Virulence factors and antigens of S. suis 
 

The presence of a relative large number of serotypes, the high diversity in virulence 

and the limited knowledge on virulence factors have hampered the understanding of 

pathogenesis and the production of an efficient vaccine. Despite of the large body of work 

performed in the last two decades a clear picture of the virulence factors is not easy. Most 

studies on virulence factors have been carried out on serotype 2 strains, thus a 

comprehensive view on virulence factors of S. suis is difficult, although most of the reported 

putative virulence factors are widely distributed among serotypes.  

Due to the high costs associated with S. suis infection an efficient heterologous 

protective vaccine is desirable. This seems to be hard to achieve, due to the difficulty in 

identifying a cross protective antigen. In this attempt, one should take into account regulation 

of virulence factor (antigens) expression in dependence of environmental conditions. In 

general, bacterial virulence genes are integrated into sophisticated regulatory networks such 

that their expression is modulated by specific signals from the environment, e.g. temperature, 

contact with host cells, pH or ion limitation, etc. (Cornelis, 1997). 

A relative high number of studies describe and propose putative virulence factors for 

S. suis. The most important are summarised below.    

 

2.1. Adhesins 
 

Bacterial adhesins mediate strong and specific adhesion of bacteria to target cells or 

surfaces. S. suis proteins that possess sugar-specific adherence activities for galactose, N-

acetylgalactosamine and sialic acid have been identified by inhibition of hemagglutination 
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(Kurl et al., 1989). Subsequently, sialilated ∝2-3 poly-N-acetyllactosamine glycans were 

identified as the receptors of sialic acid-binding S. suis strains (Liukkonen et al., 1992) 

Moreover, Haataja et al., 1993, reported that galactose binding strains of S. suis recognise 

the disaccharide sequence Galactosyl ∝1-4Galactose (Gal ∝1-4Gal) present in 

trihexosylceramide (GbO3). GbO3 is expressed on the surface of erythrocytes as well as in 

many pig and human tissues, and might represent the receptor for galactose binding strains 

in pig pharyngeal epithelium (Haataja et al., 1993). Until now, only the bacterial adhesin 

responsible for binding to Gal ∝1-4Gal has been identified (Tikkanen et al., 1995). The 

purified adhesin of 18 kDa and an isoelectric point of 6.4 was subtyped in PO and PN based 

on differences in their binding specificity. PO variant was inhibited by galactose only, whereas 

PN was inhibited by both galactose and N-acetyl galactosamine. The two adhesin variants 

have the same N terminal peptide sequence indicating that they are closely related 

(Tikkanen et al., 1995). This adhesin present in all strains examined so far, was highly 

immunogenic and induced bactericidal activity in mice (Tikkanen et al., 1996). These authors 

also showed an inverse relationship between the hemagglutination activity and expression of 

capsular polysaccharides, suggesting that capsule influences adhesin accessibility (Tikkanen 

et al., 1996).  

Besides binding to sugar moieties, interaction with protein components such as 

albumin, plasminogen, fibronectin and fibrinogen, as well as with the Fc receptor of IgG have 

been reported for S. suis.  A 39 kDa protein with binding properties for albumin, which show 

high N-terminal homology with a group A streptococcus glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) has been reported (Quessy et al., 1997). Furthermore, the addition 

of albumin to culture medium resulted in an increased virulence of S. suis in mice. This might 

indicate a regulation of virulence properties by environmental factors. Similarly, binding of 

human and porcine plasminogen has been reported for S. suis (Jobin et al., 2004). 

Responsible for this binding activity is, at least in part, the GAPDH of S. suis. As with other 

pathogens, the plasminogen binding and activation might contribute to tissue invasion and 

destruction by S. suis. Binding of S. suis to human fibronectin and fibrinogen mediated by 

fibronectin (FN) - and fibrinogen (FBN) -binding protein (FBPS) was also demonstrated (de 

Greeff et al., 2002).  The genes code for these proteins are present in all but three serotype 

(32-34) reference strains. Although FBPS are not involved in colonisation of the tonsils, a 

role in the colonisation of specific organs involved in an S. suis infection was proposed, 

based on mutant studies (de Greeff et al., 2002). In addition, immunogenicity of FBPS in pigs 

was demonstrated.  

Apart from the binding activities reported above, binding of S. suis to pig, human, 

bovine, rabbit and mouse IgG via a 60 kDa protein, related to the heat shock protein 60 
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family occur (Benkirane et al., 1998). This protein is present in all serotypes tested so far, but 

its role in virulence is unknown. 

Jacques et al. (1990) revealed the presence of thin and short fimbriae on the surface 

of S. suis.  It is known that fimbriae might be involved in adherence and hemagglutination, 

however, morphologically similar fimbriae were observed on the surface of hemagglutinating 

as well as non-hemagglutinating strains of S. suis (Gottschalk et al., 1990). A role in 

virulence could not be found for these structures yet. 

 

2.2. Capsular polysaccharides (CPS) 
 

S. suis possesses a rigid cell associated polysaccharide capsule, that excludes India 

ink (Perch et al., 1983). S. suis serotyping is based on CPS. To date 35 capsular serotypes 

(1-34 and ½) have been described and non-typeable strains exist (Perch et al., 1983; 

Gottschalk et al., 1989; Gottschalk et al., 1991; Higgins et al., 1995; Wisselink et al., 2000). 

Although strains belonging to serotypes 1, 2, 7 and 9 are more often associated with disease 

(Wisselink et al., 2000), the presence within the same serotype of virulent and avirulent 

strains shows that virulence is not solely serotype associated (Gottschalk and Segura, 2000). 

Type 1 capsule is composed of five sugars: galactose, glucose, N-acetyl glucosamine, N-

acetyl galactosamine and sialic acid. Type 2 capsule composition differs only in one sugar: 

rhamnose is substituted for N-acetyl galactosamine which is absent in this type (Elliot and 

Tai, 1978). Except the fact that in addition to serotypes 1 and 2 the serotypes ½, 14 and 27 

contain sialic acid (Smith et al., 2000), further information about the structures and 

composition of capsules in other serotypes is so far unknown.  

CPS is the only proven virulence factor of S. suis, based on non-encapsulated 

isogenic mutants which were avirulent in two different models of pig infections (Charland et 

al., 1998; Smith et al.,1999). The mutants reported in these studies were easily 

phagocytosed in vitro by porcine monocytes and alveolar macrophages, respectively. 

Additional studies showed that the capsule seems to protect against phagocytosis by mouse 

and pig monocytes (Segura et al., 1998; Charland et al., 1996).  In fact, protection against 

immune cells during blood dissemination is needed. S. suis capsule up-regulation was 

shown during growth in intraperitoneal chambers in rats and pigs (Quessy et al., 1994; 

Charland et al., 1996), and also after cultivation in liquid media supplemented with serum 

(Wibawan and Lämmler, 1994). The regulation of capsule expression seems to represent a 

common feature among other streptococcal and bacterial species, such Streptococcus 

pyogenes and Haemophilus influenzae (Gryllos et al., 2001, St Geme and Cutter, 1996).  

For many encapsulated bacteria, e.g. Streptococcus pneumoniae (Kass, 1981), 

antibodies against capsule are protective against infection. For S. suis little is known about 
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capsule as antigen. Early attempts to stimulate an immune response with purified capsular 

material were not successful (Elliott et al., 1980). A monoclonal antibody raised against 

capsular sialic acid increased the rate of phagocytosis by porcine monocytes, but conferred 

only partial protection to mice challenged with a minimal lethal dose (Charland et al., 1997). 

Immunisation with a formalin killed encapsulated strain raised antibodies against the 

capsular material, and also showed full protection in homologous challenge in pigs, whereas 

vaccination using a formalin inactivated non-encapsulated mutant conferred only partial 

protection in the same infection model. Therefore, CPS might represent one of the bacterial 

components needed for full protection (Wisselink et al., 2002).  

Although the capsule represents a critical virulence factor for S. suis, the fact that 

most avirulent strains possess a capsule and the presence of pathogenic non-encapsulated 

strains suggest that other bacterial components are also required for virulence.   

 

2.3. MRP and EF 
 

Muramidase-released protein (MRP) and extracellular factor (EF) are considered 

virulence markers for serotype 2 due to their presence in most of the strains isolated from 

diseased animals and their low frequence in carrier isolates. Weakly virulent strains produce 

MRP and a variant of EF designated EF* (Vecht et al., 1991).  Moreover, five EF variant 

genes were identified in serotype 2 strains (Smith et al., 1993) as well as a smaller (MRPs) 

and a larger (MRP*) MRP variant possibly related with virulence for serotypes 1 and 9, 

respectively (Wisselink et al., 2000). In contrast to European strains, most virulent serotype 2 

Canadian strains do not express MRP and EF (Gottschalk et al., 1998). As a consequence of 

the association with virulence a role of these proteins in infection has been implied. However, 

isogenic mutants of serotypes 1 and 2 lacking both these proteins appeared to be as virulent 

as the wild-type strains after experimental infection in piglets (Smith et al., 1996). Even 

though a role in pathogenesis of MRP and EF has not been found yet, they proved to be 

immunogenic, inducing high antibody titres after pig immunisation, which conferred 

protection in pig challenge experiments (Wisselink et al., 2001).   

 

2.4. Suilysin 
 

Suilysin is a thiol-activated hemolysin of S. suis encoded by sly gene (Jacobs et al., 

1994). The protein belongs to the cholesterol binding-toxin family and shows high genetic 

homology to pneumolysin, the cytolysin of Streptococcus pneumoniae (Sagers et al.,1998). 

The sly gene is present in most of the serotypes (Okwumabua et al., 1999) and might be 

acquired from a foreign source (Takamatsu et al., 2002).  
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A cytotoxic effect in vitro on epithelial (Norton et al., 1999; Lalonde et al., 2000), 

endothelial (Charland et al., 2000; Vanier et al., 2004) and immune cells (Segura and 

Gottschalk, 2002) has been shown, suggesting that suilysin could play a role in damaging 

and penetration of different cells and tissues. Moreover, suilysin triggered cytokine 

expression by human and porcine monocytes (Lun et al., 2003). To demonstrate the role of 

suilysin during infection, sly mutants have been produced and tested in animal trials. Allen et 

al., 2001 reported an avirulent mutant in a mouse infection model; however, this was only 

slightly attenuated in a porcine model of systematic infection, whereas Lun et al., 2003 

documented that three suilysin mutants showed no attenuation in a porcine challenge 

experiments . However, the avirulence in a mouse infection model should be interpreted with 

precaution since virulence of S. suis for mice and pigs seems to be host specific (Vecht et 

al., 1997).     

Although antibodies against suilysin confer protection in challenges with S. suis in 

both, mice and pigs (Jacobs et al., 1994; Jacobs et al., 1996), animal experiments and the 

presence of virulent suilysin negative strains (Allgaier et al., 2001) indicate that suilysin is not 

an essential virulence factor for this pathogen. 

 

2.5. Arginine Deiminase System 
 

Two temperature induced surface-associated proteins of S. suis with high homologies 

to members of arginine deiminase system (ADS) of S. pyogenes have been identified in our 

laboratory (Winterhoff et al., 2002). A 47 kDa protein showed homologies with an ornithine 

carbamoyl transferase, and a 53 kDa protein with the streptococcal acid glycoprotein (SAGP) 

from S. pyogenes. ADS is an enzymatic system which provides a source of ATP derived 

from catabolism of arginine to ornithine (Abdelal, 1979). The activity of ADS was found to be 

acid tolerant, because arginolysis occurred at pH values well bellow the minima for growth 

and glycolysis in a variety of streptococci and in Pseudomonas aeruginosa (Marquis et al., 

1987). Therefore, the acid tolerance of the system allows bacteria to survive potentially lethal 

acidification through production of ammonia to raise the environmental pH value. The ADS is 

present in all strains tested so far (Winterhoff et al., 2002). A role of ADS proteins in S. suis 

infection pathogenesis is discussed in this thesis. 

 

2.6. Other putative virulence factors  
 

It is known that many virulence factors are regulated and induced at different stages 

of the infectious process. Also, for S. suis eighteen iron-restriction-induced genes and 22 in-

vivo-selected genes were found (Smith et al., 2001a). The selected genes could be classified 
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as regulators, genes with physiological functions, transporters, and genes of unknown 

function. Among the genes selected in this study were two putative virulence factors (EF and 

FBPS) that are regulated in vivo (Smith et al., 2001a). In an additional study, in vivo 

complementation of a weakly pathogenic S. suis with a genomic library of a pathogenic strain 

revealed a 3kb gene fragment containing determinants important for virulence (Smith et al., 

2001b). 

A hyaluronate lyase was recently identified in S. suis (Allen et al., 2004). This enzyme 

may contribute to bacterial invasion of tissues by hyaluronic acid degradation similar to many 

bacterial pathogens. Also, a secreted nuclease, mainly expressed in strains isolated from 

internal location was identified (Fontaine et al., 2004). 

 

3. Pathogenesis    
 

The pathogenesis of S. suis infection still raises many question marks. It seems to 

represent a very complex process in which host, bacterial and environmental factors dictate 

the course of interaction. Several steps are believed to be central in the production of 

disease: colonisation and invasion of the respiratory epithelium, blood dissemination, and 

penetration of the endothelial barrier of the target tissues (Chanter et al., 1993; Gottschalk 

and Segura, 2000). A hypothetical model of pathogenesis is shown in Figure 1-1. 

S. suis colonises the upper respiratory tract. Structures such as adhesins might 

mediate this process. Several studies have shown adherence of S. suis to different epithelial 

cell lines, including those of porcine origin (Norton et al., 1999; Lalonde et al., 2000), and 

most importantly to pig tissues such as pharyngeal epithelium (Haataja et al., 1993) or lung 

sections (Gottschalk et al., 1991). The adherence of S. suis to epithelial cells is mediated by 

cell wall components and is considerably reduced in the presence of capsule (Lalonde et al., 

2000). In accordance with this study, an inverse relationship between the encapsulation and 

the accessibility of cell wall adhesins PO and PN for their receptors seem to exist (Tikkanen et 

al., 1996). Interestingly, the adherence of S. suis to lung sections was not inhibited by the 

presence of the capsule (Gottschalk et al., 1991). It can be assumed that host cell adherence 

of S. suis depends on the state of encapsulation, similar to other encapsulated streptococci 

(Nizet et al., 1997; Amadou et al., 1998). A modulation of the capsule expression during 

infection has been suggested for Haemophilus influenzae (St Geme and Cutter, 1996). The 

authors assume that the capsule might be down-regulated during the colonisation of the 

epithelia and up-regulated once the bacteria reach the bloodstream. This model may also be 

applied to other encapsulated pathogens (St Geme and Cutter, 1996). It is known that in S. 

suis expression of the capsule is modulated by environmental signals (see capsule), but  

modulation  of capsule expression with the infectious stage has not been proved yet for S. 
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suis. Although S. suis is able to bind other substrates such as fibrinogen, plasminogen and 

albumin, a role of these bindings as well as the role of fimbriae in colonisation is not known. 

To get access to deeper tissues bacteria might invade the respiratory epithelium 

either though the cells or though the intercellular junctions (Figure 1-1). In S. suis very few 

data supporting these hypotheses are known. Although it was reported that S. suis invade 

“as a rare event” HEp-2 epithelial cells (Norton et al., 1999), it is still regarded as an 

extracellular pathogen and the role of cellular invasion in pathogenesis is not studied in 

detail. Whether S. suis can “engineer” an opening of the intercellular junctions, as it seems to 

happen with S. pyogenes (Cywes and Wessels, 2001), and to penetrate via this mechanism 

is also unknown. Alternatively, suilysin expressing S. suis strains might damage the 

epithelium using this pore-forming toxin, which was shown to play a cytotoxic effect in vitro 

on a wide range of cell lines (Norton et al., 1999; Lalonde et al., 2000), and might favour 

tissue invasion. In contrast, the suilysin negative strains may directly invade the cells. 

Synergistically, in these processes the hyaluronate lyase of S. suis might degrade hyaluronic 

acid contributing to tissue invasion (Allen et al., 2004). In addition, S. suis associated plasmin 

activity is capable of activating free plasminogen which in turn could contribute to 

degradation of fibronectin, an important matrix protein (Jobin et al., 2004). The host response 

to bacterial colonisation occurs fast. A significant increase in the number of macrophages 

and neutrophils, as well as of CD4, CD8 and B subsets of lymphocytes in the crypt 

epithelium of the palatine tonsils take place within 24 hours, suggesting potential for the 

initiation of both humoral and cellular responses at this level (Salles et al., 2002).  Finally, a 

way to circumvent the epithelial barrier would be survival and “travelling” inside the 

monocytes (in the non immune host), the so called “Trojan horse theory” (Williams, 1990; 

Williams and Blankemore, 1990). However, the ability to survive killing inside the 

macrophages is not very plausible (Smith et al., 1999). The presence of capsule might 

protect against up take by monocytes, although association with them occur (Segura and 

Gottschalk, 2002), thus the travelling and dissemination towards target organs in close 

association with monocytes (“modified Trojan horse theory”) was postulated (Gottschalk and 

Segura, 2000) (see Figure 1-1).  

The strategies proposed by “Trojan horse” theories might help bacteria not only to 

cross the epithelial barrier but also to disseminate in blood, and even to reach the target 

tissues by exploiting the monocytes (see Figure 1-1). S. suis might migrate in blood also as 

free bacteria protected by a thick capsule layer, since a high level of bacteremia usually 

precedes the onset of bacterial meningitis (Williams, 1990). Indeed, up-regulation of S. suis 

capsule expression happens in vivo or in environments mimicking in vivo conditions (see 

capsule). Even though the monocytes are not effective in phagocytosing encapsulated S. 

suis (Charland et al., 1996), the neutrophils seem to be able to ingest them (Wibawan and 
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Laemmler, 1994). However, the bacterial ability to survive phagocytosis by PMNs is not 

known.  

 

 
 

Figure 1-1: Hypothetical model of the pathogenesis of S. suis infection. Sly, suilysin; CPS, 
capsular polysaccharides; CAMs, cellular adhesion molecules (Modified from Gottschalk and Segura, 
2000) 

 

For successful dissemination bacteria encounter the endothelial cells of the capillaries 

that supply respective target organs with blood. To reach the central nervous system (CNS) 

bacteria are faced with the blood brain barrier (BBB). This consists of two levels: a barrier 

between blood and brain arises at the cerebral capillary endothelium, and a barrier between 

blood and cerebrospinal fluid (CSF) at the choroid plexus epithelium. The BBB is 

characterised by restricted permeability on both sides of the layer due to the presence of 

tight junctions between endothelial cells of cerebral vessels and epithelial cells of the choroid 
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plexus (Tuomanen, 1996). Bacterial adherence to brain microendothelial cells can 

consequently lead to invasion, toxicity and/or increase in permeability. Most meningeal 

bacteria such as group B streptococci, S. pneumoniae and Escherichia coli are able to 

adhere and invade brain microvascular endothelial cells (BMEC) (Tuomanen, 1996; Nizet at 

al., 1997). Adherence and cytotoxicity of S. suis to a human (BMEC) and a porcine (PBMEC) 

endothelial cell line have been demonstrated to both cell lines (Charland et al., 2000; Vanier 

et al., 2004). Interestingly, low level of invasion was proved only for the porcine cells, but not 

for the human cells, although both humans and pigs develop S. suis meningitis (Vanier et al., 

2004). Toxins such as suilysin were shown to be toxic for endothelial cells in vitro (Charland 

et al., 2000; Vanier et al., 2004). They might produce functional alteration and increased 

permeability of BBB, which can help bacteria to penetrate across the endothelial barrier. This 

hypothesis is supported by histopathological findings of the microvessels (Sanford, 1987). 

Again, it was hypothesised that suilysin negative strains might rely on other mechanisms 

than toxicity to get access to the CNS (Gottschalk and Segura, 2000). After adherence to 

BMEC they might stimulate production of proinflammatory cytokines resulting in alteration of 

BBB permeability (see Figure 1-1). S. suis can stimulate production of significant levels of 

such cytokines and chemokines by human BMEC (Vadeboncoeur et al., 2003). Additionally, 

S. suis or bacterial components are able to trigger the production of proinflammatory cytokine 

by human, mouse or porcine monocytes and macrophages (Segura et al.,1999; Lun et al., 

2003; Al-Numani et al., 2003). Apart from alteration of BBB permeability, overproduction of 

cytokines can activate different leukocyte subpopulations and up-regulate the expression of 

cell adhesion molecules (CAMs), such as integrins and selectins, that allow transendothelial 

migration of leukocytes (Gottschalk and Segura, 2000). However, S. suis stimulated the 

expression of intercellular adhesion molecule 1 (ICAM-1) only on human monocytes, but did 

not change that of ICAM-1, vascular cell adhesion molecule 1 and E-selectin on human 

umbilical endothelial cells (Al-Numani et al., 2003). Cytokine pre-activated endothelial cells 

might allow the leukocyte passage, and S. suis might also get access into the CNS inside or 

associated to monocytes as postulated by “Trojan horse” theories. Alternatively, S. suis 

might exploit endothelial trans-migration of immune cells to the CNS (Gottschalk and Segura, 

2000) (Figure 1-1). Targeting of the polarised epithelial cells of the choroid plexus may be an 

alternative route to breach the BBB. A high level of bacteremia could facilitate presence of S. 

suis in the vicinity of choroid plexus epithelial cells. Histopathological lesions of choroid 

plexus (see lesions) suggest that breaking of this barrier is possible (Williams and 

Blankemore, 1990). 

Little is known about the pathogenesis of arthritis and endocarditis produced by S. 

suis. Whether the hypothesis formulated in the case meningitis might be valid here as well is 

unknown.       
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4. Scope and outline of the thesis 
 

As described in the general introduction, knowledge on pathogenesis of S. suis 

infection is limited. As a consequence, the control of disease is difficult and often inefficient. 

To overcome this problem development of protective vaccines based on mechanisms of 

pathogenicity is urgently needed. Therefore, the aim of this study was to analyse certain 

steps in pathogenesis. A major part of the work focussed on S. suis interactions with cells 

they encounter at early (epithelial cells) and later stages (phagocytes and endothelial cells) 

of infection. Aims were to characterise the ability of S. suis to adhere, invade, and damage 

epithelial cells. Furthermore, the survival of S. suis inside epithelial cells was evaluated. 

Concerning S. suis-host cell interaction at later stages of infection, the objectives were to 

investigate the capability of S. suis to resist phagocytosis and killing by leukocytes, and to 

adhere and invade endothelial cells. The second part of the work focussed on 

immunogenicity of surface-associated proteins, since these were assumed to play  a role in 

host cell interaction, but also in inducing an immune response. S. suis-host interactions at 

the level of antibody response was the object of this part. For this, the immune response of 

pigs immunised with protein fractions prepared from S. suis cultures grown at 32°C vs. 42°C 

were compared, and temperature induced differentially expressed surface proteins were 

identified. 

According to these objectives, the results are divided in 4 chapters. In chapter 2 S. 

suis adherence to, invasion of, cytotoxicity for and survival in epithelial cells are described. It 

is shown that among S. suis there exist extremely different phenotypes with respect to 

virulence associated features such as adherence, invasion and cytotoxicity. Furthermore, 

results indicate that these features are influenced by environment and capsule expression. 

Different survival phenotypes inside HEp-2 epithelial cells are revealed. In chapters 3 and 4 

S. suis interactions with host cells they meet at later stages of infection (in blood or at border 

of target organs/tissues) are investigated. Here, the capability of S. suis to survive killing by 

different phagocytes is compared (chapter 3). Furthermore, adherence of S. suis to porcine 

endothelial cells is investigated (chapter 4). Finally, in chapter 5 antibody responses of pigs 

immunised with whole cell lysate proteins and murein-associated proteins from S. suis grown 

at 32°C versus 42°C are compared. Results demonstrate differences in the antibody pattern 

elicited by the tested fractions, indicating that growth temperature significantly affects 

immune response. Differentially expressed proteins are analysed and two of them are 

identified. In chapter 6 the results described in this thesis are discussed in relation with 

possible implications for pathogenesis. A summary of the thesis is presented in chapter 7.         
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Summary 
 
Streptococcus (S.) suis is a porcine and human pathogen causing invasive diseases, such 

as meningitis or septicemia. Host cell interactions of S. suis have been studied mainly with 

serotype 2 strains, but multiple capsular serotypes as well as non-typeable strains exist with 

diverse virulence features. At present, S. suis is considered an extracellular pathogen. 

However, whether or not it can also invade host cells is a matter of controversial discussions. 

We have assessed adherence and invasion of S. suis for HEp-2 epithelial cells by comparing 

10 serotype 2 strains and 4 non-typeable (NT) strains. Only the NT strains and a non-

encapsulated serotype 2 mutant strain, but none of the serotype 2 strains, adhered strongly 

and were invasive. Invasion seemed to be affected by environmental signals, as suggested 

from comparison of strains grown in different media. Further phenotypic and genotypic 

charactarization revealed a high diversity among the different strains. Electron microscopic 

analysis of invasion of selected invasive NT strains indicated different uptake mechanisms. 

One strain induced large invaginations comparable to those seen in “caveolae” mediated 

uptake, whereas invasion of the other strains was accompanied by formation of filipodia-like 

membrane protrusions. Invasion of all strains, however, was similarly susceptible to 

hypertonic sucrose, which inhibits receptor-mediated endocytosis. Irrespective of the uptake 

pathway, streptococci resided in acidified phago-lysosome like vacuoles. All strains, except 

one, survived intracellularly as well as extracellular acidic conditions. Survival seemed to be 

associated with the AdiS protein, an environmentally regulated arginine deiminase of S. suis. 

Concluding, invasion and survival of NT strains of S. suis in epithelial cells revealed novel 

evidence that S. suis exhibits a broad variety of virulence-associated features depending on 

genetic variation and regulation.  
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Introduction 
 

Streptococcus (S.) suis is a world-wide causative agent of infections in swine and 

humans. Infections in pigs range from severe clinical forms, such as meningitis, septicaemia, 

arthritis and bronchopneumonia, to subclinical forms resulting in asymptomatic carriers 

(Chanter et al., 1993; Reams et al., 1994; Gottschalk and Segura, 2000). In humans, S. suis 

can cause meningitis, especially in occupationally exposed persons (Arends and Zanen, 

1988; Kopic et al., 2002). The control of infection is hampered by the presence of many 

serotypes and limited knowledge on pathogenesis and virulence factors. To date 35 

serotypes have been described based on capsular antigens (Higgins et al., 1995). In 

addition, a substantial number of non-typeable strains exist (Wisselink et al., 2000). Serotype 

2 strains are considered the most important ones, due to the fact that they are frequently 

isolated from diseased animals. However, in some geographical regions other serotypes 

show higher prevalence, and it is now generally accepted that virulence of S. suis is not 

solely associated with the serotype.  

A number of putative virulence factors have been identified in recent years, such as 

the capsular polysaccharides, which protect bacteria against phagocytosis (Smith et al., 

1999), the muramidase released protein (MRP) and extracellular protein factor (EF), both of 

which are virulence associated proteins (Vecht et al., 1991), and the cytolytic toxin suilysin 

(Jacobs et al., 1994), of which the role in virulence is unclear. Further putative virulence-

associated factors are the Gal-α1-4 Gal adhesin (Haataja et al., 1993; Tikkanen et al., 1996), 

and the AdiS protein, a temperature induced surface protein that is possibly involved in 

survival under acidic and anaerobic conditions (Winterhoff et al. 2002). However, general 

conclusions from these studies are limited since most were restricted to serotype 2 strains, 

which are not necessarily representative for virulent S. suis as outlined above. 

Invasion and survival of the bacteria in deeper tissues and the blood circulation as 

well as penetration of the blood brain barrier are considered essential steps in pathogenesis 

of S. suis infections (Gottschalk and Segura, 2000). To produce invasive disease, bacteria 

have to invade at the level of the upper respiratory tract, where virulent and avirulent strains 

are frequently found as colonisers, especially in tonsils and nasal cavities of healthy pigs 

(Gottschalk and Segura, 2000). The mechanisms used by S. suis to cross the upper 

respiratory tract barrier are unknown. There is evidence that S. suis is able to adhere in vitro 

to different epithelial cell lines or tissues (Gottschalk et al., 1991; Lalonde et al., 2000). It is 

discussed that after adherence, suilysin positive strains may use cytotoxicity and intercellular 

invasion as mechanisms to cross the respiratory epithelia, whereas suilysin negative strains 

might rely on intracellular invasion as a further step in development of disease (Gottschalk 
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and Segura, 2000). At present, S. suis is regarded an extracellular pathogen. However, the 

ability of S. suis to invade epithelial cells is a matter of controversial discussions.  

The lack of clarity with respect to S. suis host cell interactions prompted us to 

evaluate in detail the ability of S. suis to adhere to and to invade HEp-2 epithelial cells. Our 

results demonstrate that S. suis invades and survives in epithelial cells, depending on 

expression of capsular polysaccharides and the AdiS protein, and independent of its 

cytotoxic capacities. We present evidence that these virulence-associated features differ 

extremely between strains and are not related to a certain genotype. Our results also 

highlight the importance of considering non-typeable strains and extreme phenotypes in 

studies on virulence.  

 

Results 
 

Adherence and invasion of S. suis strains with different pheno- and genotypes. The 

controversial discussion on S. suis adherence and invasion prompted us to study 14 S. suis 

strains of different phenotypes. Four strains isolated from humans and 10 strains from pigs 

were assessed by double immuno fluorescence (DIF) microscopy for their ability to adhere to 

and invade HEp-2 cells. Ten strains (4 human, 6 porcine) belonged to capsular serotype 2, 

and the other 4 strains (all isolated from pigs) were non-typeable (NT) with any of the 

available antisera to capsular polysaccharides (Allgaier et al. 2001). In addition, a capsular 

deficient mutant of serotype 2 strain 10, strain 10∆EF (designated strain ∆10), was examined 

(Smith et al., 1999). Invasion was evaluated after 2 h of co-cultivation of epithelial cells with 

streptococci. All serotype 2 strains, except the non-encapsulated strain ∆10, displayed low 

adherence and invasion, as exemplified by strain 10 (Figure 2-1A). For these strains, 

intracellular bacteria could only very rarely be detected. In contrast, strain ∆10 and all NT 

strains were characterised by high adherence and invasion (representatively shown for 

strains ∆10 and A386, Figure 2-1B,C). 

The different adherence and invasion capacities were also seen with other epithelial cell 

lines, such as A549 human lung epithelial cells and ST porcine testis epithelial cells (data not 

shown). Strains 10, ∆10 and NT strain A305 were selected for quantitative assessing of 

adherence and invasion by a standard antibiotic protection assay. In these experiments we 

confirmed the poor adherence and invasion of strain 10, and the high adherence and 

invasion of the latter 2 strains. In addition, we compared adherence and invasion of the 

strains cultured under different growth conditions, and found significant differences between 

bacteria grown in THB as compared to TSB. The former is a nutrient medium used to 

cultivate streptocooci for serological grouping and production of hemolysins, whereas TSB is 

more widely used for cultivation of fastidious and non-fastidious microorganisms. Strains 10 
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and ∆10 showed substantially stronger adherence after growth in TSB as compared to THB 

(Figure 2-2A). Furthermore, the two invasive strains ∆10 and A305 invaded HEp-2 cells 

significantly stronger after growth in TSB (Figure 2-2B). Strain 10 was non-invasive also after 

growth in TSB (Figure 2-2B). 

 

 

Figure 2-1: Double immuno fluorescence (DIF) microscopy of adherence and invasion of S. suis 
co-cultivated with HEp-2 epithelial cells. Semiconfluent monolayers of epithelial cells were inoculated 
with S. suis and after 2 h subjected to DIF microscopy to detect intracellular (green) and extracellular 
(red-yellow) bacteria.   
A, Strain 10, showing low adherence and “rarely” invasion.   
B,Non-encapsulated mutant strain ∆10, showing strong adherence and invasion.  
C, NT strain A 386, showing strong adherence and invasion. 

 

One possible explanation for the strain dependent differences in adherence and invasion 

was interference of the capsule, which might be differentially expressed under both growth 

conditions. Therefore, we determined encapsulation of the strains by lysine-acetate based 

ruthenium red-osmium (LRR) staining and transmission electron microscopy (TEM). Results 

of these experiments demonstrated that all invasive NT strains were non-encapsulated, 

whereas the serotype 2 strains expressed a strong capsule. The differences in encapsulation 

are representatively shown in Figure 2-3 for strains 10 (positive), ∆10, A305, and A5503 (all 

negative). There was no difference in encapsulation of streptococci grown in TSB (shown in 

Figure 2-3) as compared to THB (data not shown).  

Thus, though capsule expression seemed to interfere with S. suis adherence and invasion, 

we assumed that invasion was promoted by other environmentally induced factors. Based on 

the above findings, we determined the genotypes of the invasive S. suis strains with respect 

to known virulence associated factors. Typing was done by Southern analysis using specific 

probes for detection of the genes coding for capsular polysaccharides types 1, 2, 7, and 9, 

MRP (mrp), EF protein (efp), suilysin (sly) and the arginine deiminase, AdiS (adiS). As 

summarised in Table 2-1, results demonstrated diverse genotypes among the strains. 

Interestingly, strain A305, which was highly invasive, lacked all the known virulence-

associated genes tested. 
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Figure 2-2: Comparison of HEp-2 cell adherence (A) and invasion (B) of S. suis after growth in 
THB (black columns) vs. TSB (white columns) as analysed by antibiotic protection assay. HEp-2 
confluent monolayers were co-cultivated for 2 h with streptococci grown in THB or TSB. Cells were 
washed, lysed, and lysates plated on THB agar to determine number of adherent bacteria as 
calculated from CFU. For invasion, antibiotics were added for 2 additional hours to kill extracellular 
bacteria before plating. Results were expressed as % adherence or % invasion (% recovered CFU of 
the inoculum) as described in Experimental procedures. Means + SD of three independent 
experiments are shown. 

 

Table 2-1: Characterisation of invasive S. suis strains with respect to serotype, cytotoxicitya and 
presence of virulence associated genesb. 

   
                                                                                                 Presence of virulence associated genes 
Strain             Serotypec          Source           Cytotoxicity        AdiS              mrp               efp             sly 
 
∆10                    2                   Meningitis               +                    +                   +                  +                 + 
A305                  NT                Nasal swab             -                     -                    -                   -                  - 
A5503                NT                Nasal swab             -                    +                   +                  +                 +  
A5439                NT                Vaginal swab          +                   +                   +                  +                  + 
A386                  NT                Meningitis               +                   +                    -                  +                  + 
 
a. Determined by LDH release assay as described in Experimental procedures. 
b. Determined by Southern analysis as described in Experimental procedures. 
c. NT, non-typeable 
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Figure 2-3: Detection of encapsulation of S. suis strains by LRR staining and transmission 
electron microscopy. S. suis strain 10 (A) shows a thick capsule (indicated by white stars), whereas no 
capsular material can be seen in isogenic mutant strain ∆10 (B), NT strain A305 (C), and NT strain 
A5503 (D). Bars represent 0.25 µm. 

 

Therefore, we confirmed that this strain was S. suis by 16s rRNA sequencing (performed at 

the Deutsche Stammsammlung fuer Mikroorganismen und Zellkulturen, DSMZ, 

Braunschweig, Germany). Since all but one invasive strain carried the gene coding for the 

cytotoxic suilysin, we also examined cytotoxicity by determining release of cellular lactate 

dehydrogenase (LDH), a widely used marker for cellular damage. LDH activities in the 

supernatants from infected cells were related to the LDH release of non infected cells after 

Triton-X 100 lysis (control), and results expressed as cytotoxic or non-cytotoxic as described 

in Material and Methods. The sly positive strains ∆10, A5439, and A386 were cytotoxic, 

causing a high cellular damage (>40%). On the other hand, strains A305 and A5503 were 

considered non-cytotoxic, since they did not produce detectable cellular damage  (< 2%) 

(Table 2-1). Concluding, the results demonstrated a geno- and phenotypic heterogeneity of all 

tested invasive strains and gave no hint towards involvement of any of the tested factors in 

invasion.  
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Analysis of internalization and intracellular survival.  Based on the above results, the 

invasion process and intracellular survival of the NT strains was further characterised. Field 

emission scanning electron microscopy (FESEM) of epithelial cells infected for different time 

periods revealed that invasion of strain A305 was accompanied by formation of large 

invaginations, through which bacteria seemed to penetrate the cells. These morphological 

changes were typically seen only in association with the first cell of a streptococcal chain 

(Figure 2-4). Similar  invaginations have recently been described as “caveolae-mediated” 

uptake in invasion of other bacteria including S. pyogenes (Duncan et al., 2002; Rohde et al., 

2003). 

 

 

Figure 2-4: FESEM analysis of the invasion process in HEp-2 cells infected with S. suis strain 
A305 for 2 h. Invasion in HEp-2 cells leads to the formation of large invaginations in the host cell 
plasma membrane. Contact of streptococcal with the host cell occurs with the bacteria at the end of 
the chains. A, overview, B-D, close-up. Bars represent 1 µm. 

 

However, in contrast to what has been reported on S. pyogenes (Rohde et al., 2003), we 

never observed “caveolae” in vicinity of these invaginations. Interestingly, invasion of the 

other strains differed in that it was accompanied by formation of filopodia-like membrane 

protrusions as representatively shown for strain A5439 (Figure 2-5). Similar structures have 

been observed in uptake of Neisseria meningitidis (Eugène et al., 2001). These 
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morphological alterations seemed to be induced  where streptococci were in close contact 

with the host cell plasma membrane (Figure 2-5A, arrow).  

 

Figure 2-5: FESEM analysis of the invasion process of HEp-2 cells infected with S.suis strain 
A5439 for 2h. As can be deduced from A and B, membrane ruffling (arrow) is induced at the contact of 
bacteria with the host cell plasma membrane. Contact seems to be established with the middle part of 
the chain (in contrast to strain A305, see Fig.6) resulting in the formation of membrane protrusions on 
either side of the streptococci (marked as a and b in C-F). At the beginning of the invasion process, 
small membrane protrusions are triggered which start to cover the bacteria (C and D). Later these 
membrane protrusions are extended resulting in the formation of flap-like structures which 
subsequently start to cover the streptococci in the middle of the chain and by fusion with each other (E 
and F). Bars represent 1 µm in A and B and 0.5 µm in C-F. 

 

 

In contrast to strain A305 (Figure 2-4), this contact was established with the centre part of the 

chain (Figure 2-5A and B). Upon close contact with the plasma membrane, a triggering 

appeared to be induced which resulted in the formation of membrane protrusions on either 
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side of the streptococci (Figure 2-5C-F, indicated by a and b). At the beginning of the invasion 

process formation of small membrane protrusions seemed to be triggered which started to 

cover the bacterial cells (Figure 2-5C and D). Then these membrane protrusions were 

extended resulting in the formation of flap-like structures which subsequently started to cover 

the streptococci in the middle of the chain and by fusion with each other (Figure 2-5E and F), 

eventually resulting in the invasion of HEp-2-cells. This process therefore may be a 

modification of so far described invasion processes of streptococci and can be described as 

a close contact induced membrane-triggering process.  

In order to further dissect the different internalization routes of strains A305 and A5503 we 

tested invasion in the presence of hypertonic concentrations of sucrose. This treatment has 

been described to inhibit receptor-mediated endocytosis by inducing abnormal clathrin 

polymerization (Heuser and Anderson, 1989). We assumed that this treatment would only 

inhibit invasion of strain A5503 but not of strain A305, if “caveolae”-mediated uptake was 

involved in invasion of the latter. As a control we included a S. gordonii strain expressing the 

SfbI protein (S. gordonii-Sfb1), which facilitates “caveolae”-mediated uptake in HEp-2 cells 

as reported earlier (Rohde et al., 2003). Invasion was tested in the presence of 0.05, 0.075, 

and 0.1 M, respectively. Higher concentrations of sucrose caused visible damage to the cells 

and, therefore, were not considered. Internalised streptococci were quantified after 2 h by 

antibiotic protection assay. Later time points were not considered since survival of the strains 

at 8 and 24 h differed significantly (see below). As anticipated, invasion of S. gordonii-Sfb1 

was affected only slightly even by the highest sucrose concentration (inhibition of 22.5% by 

0.1 M sucrose, Figure 2-6). In contrast, invasion of both S. suis strains A305 and A5503 was 

inhibited by up to 80 and 70 %, respectively (Figure 2-6).  

Results suggest that in both strains internalization mechanisms involve formation of clathrin-

coated pits, and differ from the Sfb1-α5ß1 integrin facilitated “caveolae” type uptake found in 

S. pyogenes (Rohde et al., 2003). 

We then investigated whether the invasive strains could also survive intracellularly. For this, 

the NT strains were co-cultivated with HEp-2 cells for up to 24 h. After the first 2 h, cells were 

washed in order to allow only adherent and invasive bacteria to interact. At 4, 8 and 24 h 

post infection, the number of viable intracellular bacteria was quantified by an antibiotic 

protection assay, and results were expressed as percentage of the initial inocolum (% 

invasion). Viable intracellular bacteria varied between the strains and different time periods 

for each strain. The highly invasive strain A305 showed a marked decrease of intracellular 

bacteria from 4 to 24 h, whereas in the other strains the amounts of intracellular bacteria 

decreased only very slightly during 24 h (Figure 2-7). 
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Figure 2-6: Inhibition of invasion of S. suis by sucrose. Indicated S. suis strains were allowed to 
invade HEp-2 cells for 2 h in the presence of indicated concentrations of sucrose (0.05, 0.075, and 0.1 
M). Invasion was determined by antibiotic protection assay as described in Material and Methods. 
Results were expressed as % invasion of the control (no sucrose added). A S. gordonii strain 
expressing Sfb1 protein of S. pyogenes (S. gord.-Sfb1) was included as a control for “caveolae” 
mediated uptake. 

 

 

Figure 2-7: Intracellular survival of S. suis in HEp-2 cells as studied by antibiotic protection assay. 
Indicated S. suis strains were co-cultivated with HEp-2 cells for 2 h. Then cells were washed, 
incubated for further 2, 6 and 22 h after which culture medium with antibiotics was added to kill 
extracellular bacteria. The number of intracellular surviving bacteria was determined by plating. 
Results were expressed as % invasion (% recovered CFU of the inoculum) as described in 
Experimental procedures. Means + SD of three independent experiments are shown. 

 

Interestingly, based on the sucrose inhibition experiments both strains, A305 and A5503, 

seemed to be internalised by receptor-mediated endocytosis dependent mechanism(s) and 

should be targeted to acidified phagosome-lysosomes. Thus, we were interested in factors 

that might contribute to the different intracellular survival of strain A5503. Transmission 
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electron microscopy (TEM) of infected cells showed that both strains resided in vacuoles, 

either as single or duplicate bacteria (representatively shown for strain A305 in Figure 2-8). 

 

 

 

Figure 2-8: TEM of ultrathin sections of HEp-2 cells infected with strain A305 for 8 h. Streptococci 
can be found intracellularly residing in phagosome-like vacuoles. Bar represents 1 µm. 

 

We found no indication of bacteria free in the cytoplasm. In order to determine whether these 

vacuoles fused with lysosomes, we detected LAMP1 by immuno fluorescence microscopy 

using a LAMP1 specific antibody. LAMP1 is a lysosomal associated membrane protein 

widely used as a marker for fusion with late endosomes and lysosomes. HEp-2 cells were 

infected with S. suis strains A305 and A5503, and after 4, 8 and 24 h, probed with an 

antiserum specific for S. suis (using a FITC-conjugated secondary antibody) and a LAMP1 

specific antibody (using a TRITC-conjugated secondary antibody). 

Possible role of the AdiS protein in S. suis HEp-2 cell interactions. Intracellular 

localisation of both S. suis strains in acidified compartments was consistent with results of 

sucrose inhibition experiments, and raised the question whether the different intracellular 

survival of the strains was due to different capacities to encounter acidic environments. We 

speculated that the AdiS protein might play a role, since strain A305, which survived to a 

significant lesser extent than the other strains (see above), did not possess the adiS gene, 
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which has been detected in all S. suis strains tested so far (Winterhoff et al., 2002) (see also 

Table 2-1).  

 

 

Figure 2-9: Co-localisation of LAMP1 with S. suis in HEp-2 cells. Cells were infected for 4, 8 or 24 
h with S. suis strains A305 (A) or A5503 (B), then fixed and simultaneously stained for LAMP1 (red) 
and streptococci (green). A yellow to orange colour indicates co-localisation  and are shown in detail in 
the inset (arrows). 

 

For both strains this analysis revealed that most of the  intracellular bacteria were co-

localised with LAMP1 (Figure 2-9), suggesting that streptococcal phagosome-like vacuoles 

fused with lysosomes. To further substantiate our findings, HEp-2 cells were infected with 

FITC-labeled streptococci (strains A305 or A5503), and, after 10 h, treated with the 

fluorochrome LysoTracker for 2 h. LysoTracker accumulates in acidified vacuoles and, 

therefore, is commonly used as a marker for endosomal acidification. Results revealed that, 

for both strains, green intraphagosomal streptococcci co-localised with red LysoTracker 

(Figure 2-10). This confirmed our results of the LAMP1 experiments that internalised S. suis 

strains seemed to reside in phago-lysosome like vacuoles. 

In other bacteria, e.g. Pseudomonas, the ADS proteins have been shown to catalyse 

the transformation of arginine to citrulline with concomitant production of NH3, a possible way 

to neutralise acidic pH and the adverse conditions in the phagosome (Gamper et al., 1991). 

In S. pyogenes, the AD has been related with enhanced survival under acidic conditions 

(Degnan et al., 2000). Therefore, we further investigated the possibility that AdiS expression 

contributed to survival of S. suis in an acidic environment. First, we tested arginine deiminase 

(AD) activity of all strains. Corresponding with the genotyping, results showed that all strains, 

except strain A305, expressed AD activity (Table 2-2). 
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Figure 2-10: Determination of endosomal acidification by co-localisation of LysoTracker with S. suis 
in HEp-2 cells infected with S. suis strains A305 (A) or A5503 (B). The acidophilic fluorochrome 
Lysotracker  was loaded for 2 h on HEp-2 cells that had been infected with FITC-labeled streptococci 
for 10 h. Then infected cells were washed three times with PBS, immediately examined by confocal 
microscopy. A yellow to orange colour indicates co-localisation of (red) Lysotracker with (green) 
streptococci. 

 

Table 2-2: AD activity expressed in whole cell lysates from different S. suis strains. 
 

Strain                                           AD activity (nmol citrulline/h/mg) 
 

10                              8150 
∆10           7694 
A305             433 
A5503          9206 
A5439           9172 
A386           8850 
S. pyogenesa          9075 
 

  a. S. pyogenes strain Kiel 4875 served as positive control 
 

Following, we assessed the ability of strains A305 (representing negative AD activity and low 

intracellular survival) and A5503 (representing high AD activity and good intracellular 

survival) to survive an exposure to pH 4, 5, 6, and 7. After exposure for 2 to 6 h, viable 

streptococci were quantified by serial plating on THB, and results were expressed as % 

survival (CFU at the indicated time point as compared to the initial inoculum). Strain A305 

was significantly more susceptible to low pH than strain A5503. After a 6 h exposure, strain 

A305 did poorly survive at pH 4 and 5, and survival at pH 6 was only 50%. In contrast, for 

strain A5503 we observed survival rates of 90% at pH 6, ~80% at pH 5 and ~70% at pH 4 

(Figure 2-11). Bacteria were not able to survive in control buffers without arginine, indicating 

that arginine was essential as substrate for the AD. Taken together, results suggest a 

possible role of the AdiS in the different survival capacities of S. suis strains.  
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Figure 2-11: Survival of S. suis in acidic environment. Strains A305 (left) and A5503 (right) were 
grown to stationary phase, then harvested and equal numbers of bacteria were suspended in 20 mM 
Na2HPO4/NaH2PO4, 1mM MgCl2 buffer containing 25mM arginine-HCl at pH 4, 5, 6 and 7. The same 
buffer without arginine was used as control. Bacteria were incubated at 37°C and the number of viable 
organisms determined by plating on THB agar after 2, 4 and 6 hours. Results were expressed as % 
survival (CFU at the indicated time points as compared to the initial inoculum). Negative controls show 
survival in buffer without arginine. Results of a representative experiment are shown. 

 

 

Discussion 
 
S. suis causes meningitis in pigs and represents a health risk for humans involved in 

pig industry. The control of infection is a serious problem that leads to significant economical 

losses. Thus, a better understanding of the pathogenesis is urgently needed to develop new 

prevention and therapy strategies. 

S. suis is frequently found in the tonsils and nasal cavities of healthy pigs. Therefore, 

the interaction of S. suis with the upper respiratory tract epithelium is considered an essential 

step in the initiation of infection (Gottschalk and Segura, 2000). Aerosol experimental 

infections in pigs demonstrated the presence of S. suis in tonsils at a sub-epithelial level 

(Madsen et al., 2002), and an in vitro study reported that S. suis invaded as "a rare event" 

HEp-2 cells (Norton et al., 1999). However, this pathogen is still regarded as extracellular.  
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Most studies on S. suis pathogenicity were limited to serotype 2 strains, despite the 

high diversity of S. suis. Thus, in the present study, we selected S. suis strains of different 

geno- and phenotypes for analysis of their interaction with HEp-2 cells, a human epithelial 

cell line which is widely used for adherence and invasion studies. For comparison, some 

experiments were also carried out with A549 human lung epithelial cells and ST porcine 

epithelial cells. We were able to demonstrate, by double immuno fluorescence (DIF), electron 

microscopy and antibiotic protection assay, that S. suis exhibits different adherence and 

invasion patterns reflecting the high diversity of this species. Among the S. suis strains tested 

in this study, we found low and high invasive phenotypes. All serotype 2 strains showed low 

adherence and invasion, whereas all NT strains invaded HEp-2 cells. These differences were 

observed with all 3 tested cell lines, showing that they are not specific for HEp-2 cells. 

Lalonde et al. (2000) found adherence of S. suis to various epithelial cells, but never 

observed invasion of the cells. Others reported that S. suis was able to adhere to and, rarely, 

to invade HEp-2 cells (Norton et al., 1999). Virulent strains of S. suis were more adherent 

and invasive than less virulent strains (Norton et al., 1999). In contrast, we could not 

correlate a virulence-associated background of the tested strains with high invasiveness. 

Strains classified as virulent based on the presence of virulence associated-genes and the 

source of isolation revealed low adherence and invasion. On the other hand, all four 

adherent and invasive NT strains lacked one or more of the virulence associated genes, and 

3 of 4 had been isolated from typical carrier sites.  

In a recent study on S. pyogenes it has been reported that HEp-2 cell invasion 

correlated with the source of isolation and not with the Vir type (Molinari and Chhatwal 1998). 

According with our studies, strains isolated from throat and skin exhibited a higher invasion 

then those originating from blood (Molinari and Chhatwal 1998). Nevertheless, the 

designation of S. suis strains as virulent or avirulent is a critical matter as recently pointed out 

by Gottschalk (Gottschalk et al., 1999). It is known that S. suis strains are frequently found as 

asymptomatic carriers, but these colonisers might well represent potential virulent strains 

since both virulent and avirulent strains initially colonise the upper respiratory tract. 

Furthermore, it has to be considered that a significant number of strains isolated from 

invasive diseases do not belong to any of the common serotypes (Wisselink et al., 2000; 

Allgaier et al., 2001), suggesting that NT strains might represent a population, which has 

been underestimated with respect to virulence. From this point of view, the ability to invade 

epithelial cells might represent an indicator of virulence, and the less frequent NT strains 

should be considered more in future studies on pathogenicicty of S. suis.  

The differences of serotype 2 versus NT strains reported in this study suggest that 

capsular polysaccharides are involved in infection of epithelial cells. Accordingly, the non-

encapsulated mutant strain ∆10 showed a significantly higher adherence and invasiveness 
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than its parental strain 10. The mutant and all NT strains lacked a capsule as shown by TEM. 

Thus, it is plausible that capsular components interfere with adhesins and/or invasins on the 

streptococcal surface. Tikkanen et al. (1996) demonstrated that the capsule may prevent the 

interaction of the Gal-α1-4 Gal adhesin of S. suis with erythrocytes. A capsule deficient S. 

suis mutant adhered better than the parental strain and pre-treatment of epithelial cells with 

purified cell wall material of S. suis almost completely inhibited the capacity of the 

homologous strain to adhere (Lalonde et al., 2000). Our studies extend these results in that 

we could show that the capsule might play a similar role in invasion.  

It is known that expression of virulence factors, e. g. capsular polysaccharides, can 

be modulated by environmental signals, i.e. growth conditions. Therefore, we studied 

invasiveness and encapsulation of S. suis strains grown in two different culture media, THB 

and TSB. The former is a nutrient-rich culture medium for fastidious bacteria and widely used 

for streptococci, the latter is a culture medium for growth of non-fastidious bacteria. Invasion 

was significantly stronger when strains were grown in TSB as compared to THB. 

Nevertheless, the serotype 2 strains remained non-invasive after growth in TSB. The 

differences were not due to effects of growth media on encapsulation, as proved by electron 

microscopy. Thus, it seems that invasiveness is regulated by environmental signals affecting 

expression of not yet identified invasion-mediating factors. Future studies will have to show 

whether these effects are due to regulation of specific “invasin” genes or to a more general 

effect on bacterial metabolism favouring intracellular survival. Whatever the reason, our 

results suggest that environmental changes can have significant impacts on streptococcal 

virulence-associated features such as adherence and invasion.  

It is known that certain strains of S. suis are cytotoxic for host cells, and that this is 

based on expression of suilysin (Allen et al., 2001). Our results revealed that within the 

invasive strains, cytotoxic (i.e. cytolytic) and non-cytotoxic phenotype could be distinguished. 

Accordingly, we detected the suilysin gene in all our strains, which damaged epithelial cells. 

Interestingly, the gene was also detected in non-cytotoxic strain A5503, suggesting that the 

gene either was down-regulated or defective. The results emphasise the diversity of 

phenotypes in S. suis and show that genotyping alone is not sufficient to explain virulence 

associated features of a given strain. 

We further characterised the invasion process by detailed analyses of the NT strains. 

From the literature it is known that some bacterial pathogens, including S. pyogenes, can 

enter the cells via a “caveolae” mediated mechanism, thereby avoiding the classical 

endosomal-phagosomal pathway in order to reach a protective niche inside the cells (Finlay 

and Cossart, 1997; Duncan et al., 2002; Rohde et al. 2003). Two relatively well-characterized 

mechanisms for internalisation of bacteria into non-phagocytic host cells are the “trigger” and 

“zipper” uptake pathway, respectively (Finlay and Cossart, 1997). The former involves 
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injection of bacterial effectors and recruitment of the actin cytoskeleton resulting in ruffling of 

the membrane (exemplified by Salmonella). The latter requires a direct contact of the 

bacteria with cellular receptors inducing membrane extensions that tightly enwrap invading 

bacteria (exemplified by Yersinia). Our results suggest that S. suis exploits different uptake 

mechanisms depending on the strain. We noticed large invaginations at the cellular 

membrane surface preceding invasion of strain A305. Though these changes reminded of 

those seen in “caveolae” mediated uptake as recently reported (Rohde et al., 2003), we 

could not detect typical “caveolae” in close vicinity of invading S. suis. Furthermore, invasion 

of strain A305 was highly susceptible to hypertonic concentrations of sucrose, a treatment, 

which inhibits receptor-mediated endocytosis (Heuser and Anderson, 1989) but should not 

have substantial effects on “caceolae” mediated invasion. The latter was confirmed by our 

findings that similar treatments only slightly affected invasion of a S. gordonii strain 

expressing Sfb1 protein, which �5ß1 integrin mediated “caveolae” type uptake (Rohde et al., 

2003).  

On the other hand, in strains A5503 and A5439 formation of membrane protrusions 

accompanied internalisation, which were similar to the filopodia structures observed in 

invasion of Neisseria meningitidis (Eugène et al., 2001). We found that in these S. suis 

strains a close contact of the bacteria seemed to precede internalisation and that chains or, 

at least, parts of chains were taken up by the cells. We never observed such chains in TEM 

experiments, suggesting that either only parts of a chain (i.e. 1-2 bacteria) were engulfed or 

that intracellularly chains were separated into different compartments.  

Concluding, at present we can only speculate whether or not invasion of S. suis 

involves any of the known internalization pathways. Nevertheless, our results provide 

evidence that S. suis can enter epithelial cells via different uptake routes.  

Our above findings and assumptions raised the question whether different uptake 

mechanisms also resulted in different intracellular localisation of S. suis strains. We 

approached this by electron and confocal scanning microscopy of infected HEp-2 cells. The 

former clearly showed that intracellular S. suis resided in phagosome-like vacuoles, 

independent of the strain tested. As mentioned above, we frequently observed 1-2 bacteria in 

vacuoles, including dividing bacteria, but never detected higher number of bacteria in a 

vacuole (i.e. chains). We then looked for co-localisation of the lysosomal marker protein 

LAMP1 with streptococcal phagosomes. This is a widely used approach to study fusion of 

phagosomes with late endosomes and lysosomes. Confocal microscopy revealed that all 

tested strains were colocalised with LAMP1. In a second approach, we used FITC-labeled 

streptococci and the fluorochrome LysoTracker, which accumulates in acidified vacuoles, i.e. 

lysosomes. We had to use directly labeled bacteria instead of post infection labeling (in 

contrast to our DIF experiments) since, in our hands, LysoTracker could only be applied to 
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non-fixed cells. Therefore, after longer time periods (> 8 h) the number of FITC-labeled 

streptococci did not reflect the total bacterial number due to multiplication of labeled bacteria. 

This lead to the impression that fewer bacteria were internalised (see Figure 2-10), but it did 

not interfere with our results revealing that all detectable (i. e. labeled) intracellular 

streptococci clearly co-localised with LysoTracker. In preliminary studies, we did not observe 

any substantial effect of FITC-labeling on streptococcal adherence or invasion. Concluding, 

these results indicate that intracellular S. suis strains reside in acidified phago-lysosome like 

vacuoles, irrespective of the different uptake routes. 

In intracellular survival assays we found that strains A5503 and A5439 were able to 

persist in HEp-2 cells for at least 24 h, whereas the intracellular number of strain A305, 

though more invasive, was significantly reduced during this time period. The strains had in 

common that they did not express a capsule and that they were localised intracellularly in 

acidified compartments (see above). Genotyping showed that they differed in several genes, 

such as the genes coding for MRP, suilysin and the AdiS protein. Strain A305 lacked all 

these genes. It is very unlikely that MRP or suilysin play a role in intracellular survival, since 

we found no correlation of both genes with invasiveness, and we observed that strain A5503 

did not express suilysin. Therefore, we speculated that the AdiS protein may be involved in 

these phenotypic differences. The AdiS is a arginine deiminase belonging to the arginine 

deiminase system (ADS), which we identified recently (Winterhoff et al., 2002). In other 

bacteria, e.g. Pseudomonas, the ADS proteins have been shown to catalyse the 

transformation of arginine to citrulline with concomitant production of NH3, a possible way to 

neutralise acidic pH (Gamper et al., 1991). It has been demonstrated that S. pyogenes is 

able to survive acidic conditions in the presence of L-arginine, whereas its mutant lacking AD 

activity is not (Degnan et al., 2000). The same authors have shown that the AD (syn. the 

SAGP protein) facilitated early intracellular survival (Degnan et al., 2000). Here, we have 

shown by comparison of invasive S. suis strains that only strains possessing and expressing 

the gene for AD activity, but not the one lacking the gene, were able to significantly survive 

under acidic intra- and extracellular environments. Though strains surely differ in more than 

this gene, results are a hint towards a possible role of the AdiS protein in intracellular 

survival. Therefore, our future studies are aimed at establishing respective mutant strains to 

prove our hypothesis. 

In conclusion, we have shown that among S. suis there exist extremely different 

phenotypes with respect to virulence associated features adherence, invasion and 

cytotoxicity. We present evidence that these features depend on the state of encapsulation 

and environmental growth conditions. Our results demonstrate that S. suis strains are able to 

invade epithelial cells using different uptake mechanisms, and to persist in acidified phago-

lysosomal compartments, possibly involving expression of the arginine deiminase system. 
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Finally, our study highlights that non-typeable strains might be an underestimated S. suis 

population, which could also serve as “tool” to dissect geno- and phenotypes in host-

pathogen interactions. Taken together, we propose that the high diversity of S. suis virulence 

properties are based on genetic variation and regulation. In our opinion, these aspects 

should be considered more in future studies on this pathogen. 

 
Experimental procedures 
 
If not stated otherwise, all chemicals were purchased from Sigma (Munich, Germany). The 

anti-S. suis antiserum used for immuno fluorescence experiments was raised in rabbits by 

immunisations with inactivated S. suis serotype 2 strain D282 (Allgaier et al., 2001). 

 
Bacterial strains. S. suis capsular serotype 2 strain 10 and its non-capsulated isogenic 

mutant strain 10∆EF (designated strain ∆10) were kindly provided by H. Smith (Lelystad, NL)  

and have been described in an earlier study (Smith et al., 1999). Serotype 2 strains A123, 

A2321, P202, P204, I9841/1, and the non-typeable strains A305, A5439, A5503, A386 have 

been described previously (Allgaier et al., 2001). All these strains had been isolated from 

pigs. The human serotype 2 isolates AC 585, AC 724, AC 1448, and AC 2212 were kindly 

provided by R. Adam, (Universitaetsklinikum Duesseldorf, Germany). S. pyogenes strain Kiel 

4875 was used as a positive control for determination of AD activity (see below). A S. 

gordonii strain expressing the fibronectin-binding Sfb1 protein of S. pyogenes (designated S. 

gordonii-Sfb1) was used as a control strain in sucrose inhibition experiments (see below) and 

was kindly provided by Susanne R. Talay (GBF, Braunschweig, Germany). Construction of 

this strain was reported in an earlier study (Talay et al., 2000). Streptococci were grown on 

Columbia agar supplemented with 7% sheep blood (Oxoid, Germany) over-night under 

aerobic conditions at 37°C. Single colonies were inoculated in Todd-Hewitt broth (THB, 

Oxoid, Germany) and grown over-night (~16 h) at 37°C. In some experiments streptococci 

were grown in trypticase soy broth (TSB, DIFCO, Detroit, MI, USA) instead of THB. S. suis 

strains were genotyped by Southern analysis as recently described (Winterhoff et al. 2002), 

using specific probes for the genes coding for capsular polysaccharides (cps, types 1, 2, 7, 

and 9), extracellular factor protein (efp), muramidase released protein (mrp), suilysin (sly), 

and the AdiS protein (adiS). For co-cultivation experiments, the bacteria were harvested by 

centrifugation, washed once in PBS (pH 7.3) and resuspended in fresh complete epithelial 

cell culture medium without antibiotics to a final concentration of ~ 2.5 x 107 colony forming 

units (CFU) ml-1. In some experiments, streptococci were labelled with FITC prior to infection. 

For this, streptococci (~108 CFU) were suspended in 1 ml 0.1 M sodium bicarbonate buffer, 

pH 9.2 and incubated with 0.25 mg/ml FITC for 40 min at room temperature. Then the 

 49



  Invasion and survival of S. suis in epithelial cells Chapter 2 

labelled bacteria were washed four times in PBS, suspended in cell culture medium without 

antibiotics (see below) and immediately used for infection.  

Epithelial cells. The human laryngeal epithelial cell line HEp-2 (ATCC CCL 23) was used. 

Some experiments were performed also with A549 human lung epithelial cells and ST 

porcine testis epithelial cells. Cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco-Invitrogen, Heidelberg, Germany) supplemented with 10% fetal calf serum 

(FCS), 5 mM glutamine, 100 units ml-1 penicillin, and 100 µg ml-1 streptomycin at 37°C and 

8% CO2. The cells were subcultured every 2-3 days after detachment with 0.25% trypsin 1 

mM Na-EDTA (trypsin-EDTA, Gibco-Invitrogen). For adherence and invasion assays, 

approximately 1.5 x 105 cells per well were seeded in antibiotic free complete medium on 24 

well tissue culture plates and incubated for 24 hours. For double immuno fluorescence (DIF) 

microscopy, 5 x 104 cells per well were seeded on a 12 mm diameter glass cover slips 

placed in 24 well plates; 1.5 x 105 cells per well were seeded for scanning electron 

microscopy (SEM). For transmission electron microscopy (TEM), 6 x 105 cells per well were 

seeded on 6 well tissue culture plates. 

Determination of adherence and invasion by double immuno fluorescence. This was 

done as previously described (Molinari and Chhatwal, 1998) with some modifications. 

Semiconfluent HEp-2 cells grown on glass cover slips were washed once with culture 

medium, and infected with streptococcal suspensions in 300 µl culture medium per well 

(multiplicity of infection [MOI] of approx. 100 bacteria per epithelial cell). After 2 h infected 

cells were washed three times with PBS and either fixed for 5 min with 3.7% formaldehyde in 

PBS or further incubated in fresh culture medium for 2, 6 or 22 h and then washed and fixed 

as described above. Formaldehyde-fixed preparations were washed and incubated for 20 

minutes with PBS containing 1% FCS (blocking buffer) to block non specific binding sites. 

Blocking buffer was removed and preparations were incubated with a rabbit anti-S. suis 

antiserum (1:100) for 45 min. After washing with blocking buffer, samples were incubated for 

30 min with a TRITC-conjugated goat anti-rabbit IgG antiserum (1:100, Dianova, Hamburg, 

Germany) to stain extracellular streptococci. Following, the preparations were washed with 

blocking buffer and epithelial cells permeabilised with acetone for 10 min at -20°C. Then 

preparations were again incubated with the rabbit anti-S. suis antiserum (1:100) for 45 min, 

washed with blocking buffer, and incubated with a FITC-conjugated goat anti-rabbit IgG 

antiserum (1:50, Dianova, Hamburg, Germany) for 30 min to stain intra- and extracellular 

bacteria. After final washing, the cover slips were embedded  "up side down" in Mowiol, 

sealed with nail-polish and stored at 4°C until examination. All antibodies were diluted in 

blocking buffer and all incubations were performed at room temperature. Each washing step 

included incubation for 5 min at room temperature and was repeated three times. The 

samples were examined using an inverted Leica confocal scanning microscope equipped 
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with an argon/krypton laser (Leica, Bensheim, Germany). The setting of the microscope 

allowed simultaneous co-localisation of TRITC- and FITC-labeled streptococci. The image 

acquisition was carried out using the Leica confocal scanning software. Alternatively, we 

collected images using a Leica DMLB microscope connected with a Leica DC 300F camera 

(Leica).  

Quantification of adherence and invasion by antibiotic protection assay. The number of 

viable intracellular streptococci was quantified as previously described (Valentin-Weigand et 

al., 1996) with some modifications. Confluent monolayers of HEp-2 cells were washed once 

with DMEM, and then inoculated with 500 µl of culture medium containing the bacterial 

suspension as described above. The exact number of colonies forming units (CFU) 

inoculated per well was determined by serial platings on THB agar. Following, HEp-2 cells 

were incubated for 2 hours at 37°C with 8% CO2, in order to allow invasion of the bacteria. 

Then, cells were washed three times with PBS, and 500 µl per well of DMEM containing 100 

µg gentamicin and 5 µg penicillin ml-1 were added and the plates were incubated for two 

additional hours at 37°C with 8% CO2 to kill extracellular bacteria. The monolayers were 

washed three times with PBS and 100 µl trypsin-EDTA solution was added to each well. 

After 5 min, 400 µl of 0.025% TritonX-100 was added and the lysates were plated in 

triplicates on THB agar and incubated at 37°C for 24 h. The number of CFU was determined 

and expressed as percentage invasion of the inoculum used for infection. In parallel, the total 

number of adherent and invasive bacteria was determined by co-cultivation of the epithelial 

cell monolayers with identical inocula of bacteria as for the invasion experiments and lysis of 

the cells after 2 h. After performing the appropriate dilutions, triplicates of 10 µl from each 

well were used for plating. The number of invasive bacteria was subtracted from the total 

number of CFU resulting in the number of adherent bacteria. Results were expressed as 

percentage adherence of the inoculum used for infection. All experiments were performed in 

duplicate wells and repeated at least three times. In each experiment wells containing only 

cells and only bacteria were used as controls. 

Intracellular survival assays. To follow invasion and intracellular survival for longer time 

periods, HEp-2 cells were co-cultured with the streptococci and washed as described above. 

After washing, fresh culture medium without antibiotics was added, and the cells were 

allowed to interact with the bacteria for additional for 0, 6, and 22 h. Two hours before 

sampling, the cells were washed again with PBS, and medium with antibiotics was added to 

kill extracellular bacteria. Plating was performed as described above. All experiments were 

performed in duplicate wells and repeated at least three times. In each experiment, wells 

containing only cells and only bacteria were used as controls. 

Cell cytotoxicity assay. Lactate dehydrogenase (LDH) release from infected cells was 

determined to assess a possible damage of HEp-2 cells during co-cultivation with S. suis. 
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For this, HEp-2 cells were either infected as described above or not infected (controls). The 

supernatants were removed at 2, 6, and 22 h after infection. To keep conditions comparable 

to invasion assays, cells were then treated in a similar way, i. e. they were washed, further 

incubated with medium containing antibiotics for 2 h, and then lysed by TritonX-100 

treatment. LDH activities in the culture supernatants of infected cells as well as in the cell 

lysates (of infected and non-infected cells) were determined using the Cytotox ’96 assay kit 

(Promega, Heidelberg, Germany) according to the manufacturer’s instructions. The 

experiments were performed in duplicates and repeated at least three times. To assess 

cellular damage, results were expressed as percent LDH release of the supernatants in 

relation to LDH in the TritonX-100 lysed non-infected cells. Based on these results strains 

were assigned cytotoxic (>20% release) or non-cytotoxic (<20% release). Strains could be 

clearly differentiated as they either caused high damage (>40%) or no detectable damage 

(<2%).  

 Field emission scanning electron microscopy (FESEM). Infected monolayers grown on 

cover slips were fixed with 5% formaldehyde and 2% glutaraldehyde in cacodylate buffer (0.1 

M cacodylate, 0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose, pH 6.9) for 1 h on ice and 

washed several times with cacodylate buffer. Samples were then dehydrated with graded 

series of acetone (10, 30, 50, 70, 90, 100%) on ice for 15 min for each step. Samples in the 

100% acetone step were allowed to reach room temperature before another change of 100% 

acetone. Samples were then subjected to critical-point drying with liquid CO2 (CPD030, 

Balzers, Liechtenstein). The dried samples were covered with an approximately 10 nm thick 

gold film by sputter coating (SCD040, Balzers Union, Liechtenstein) before examination in a 

field emission scanning electron microscope Zeiss DSM 982 Gemini using the Everhart 

Thornley SE detector and the inlens detector in a 50:50 ratio at an acceleration voltage of 5 

kV. 

Sucrose inhibition assays. Invasion of NT strains A305 and A5503 was quantified by 

antibiotic protection assay similar as described above, except that different concentrations of 

sucrose (0.05, 0.075, and 0.1 M) were added. This treatment has earlier been described to 

inhibit receptor-mediated endocytosis by inducing abnormal clathrin polymerization (Heuser 

and Anderson, 1989). As a negative control we included a S. gordonii strain expressing the 

SfbI protein (S. gordonii-Sfb1), which facilitates “caveolae”-mediated uptake in HEp-2 cells 

as reported earlier (Rohde et al., 2003). HEp-2 cells were pretreated with indicated 

concentrations of sucrose for 30 min at 37°C. Then bacteria were added (MOI of 100) in the 

presence of sucrose and left on the cells for 2 h at 37°C, after which cells were washed and 

antibiotics added to kill remaining extracellular bacteria. Intracellular bacteria were 

determined as described and results were expressed as % invasion of the control (no 

sucrose added). 
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Transmission electron microscopy. For visualization of intracellular S. suis, samples were 

fixed with 5% formaldehyde and 2% glutaraldehyde in cacodylate buffer for 1 h on ice, 

washed with cacodylate buffer and treated with 1% osmium tetroxide in water for 1 h at room 

temperature. Samples were then dehydrated with a graded series of aceton and embedded 

in an epoxy resin according to Spurr (Spurr 1969). Sectioning and counter-staining was as 

described above.  

For morphological analysis of capsule structure, samples were fixed according to the lysine-

acetate based formaldehyde/glutaraldehyde ruthenium red-osmium fixation procedure (LRR). 

Bacteria were harvested by centrifugation and fixed with 2% formaldehyde and 2.5% 

glutaraldehyde in cacodylate buffer containing 0.075% ruthenium red and 0.075 M lysine-

acetate for 20 min on ice. After washing with cacodylate buffer containing 0.075% ruthenium 

red, samples were fixed a second time with 2% formaldehyde and 2.5% glutaraldehyde in 

cacodylate buffer with 0.075% ruthenium-red for 3 h, washed with cacodylate buffer 

containing 0.075% ruthenium red, and further fixed with 1% osmium in ruthenium red 

containing cacodylate buffer for 1 h at room temperature. Subsequently, samples were 

washed several times with ruthenium red-cacodylate buffer. Samples were then dehydrated 

with a graded series of ethanol (10, 30, 50, 70, 90, 100%) on ice for 30 min for each step. 

Samples were infiltrated with the acrylic resin LRWhite (London Resin Company, Reading, 

U.K.) by applying 1 part 100% ethanol and 1 part LRWhite for 2 h on ice, then 1 part ethanol 

and 2 parts LRWhite for over night on ice. Pure resin was added the next day for 8 h on ice, 

changed and left for over night. Finally, samples were placed into gelatine capsules and filled 

with pure LRWhite resin at room temperature. LRWhite resin was polymerized for 48 h at 

60°C. Ultrathin sections were cut with a diamond knife and sections picked up with formvar-

coated copper grids (300 mesh). Counter-staining of the sections was performed with 4 % 

aqueous uranyl acetate for 5 min. After air-drying samples were examined in a Zeiss EM 910 

transmission electron microscope at an acceleration voltage of 80 kV. 

Detection of LAMP1. To test whether the intracellular streptococci resided in phagosomal 

compartments, which had fused with late endosomal-lysosomal compartments, we used 

monoclonal antibodies against human lysosomal-associated membrane protein (LAMP-1, BD 

Pharmingen, Heidelberg). The experiments were carried out as described for DIF 

microscopy. At 4, 8 and 24 h after infection the monolayers were fixed and permeabilised 

with acetone, then incubated simultaneously with mouse anti-LAMP1 antibodies and rabbit 

anti-S. suis antiserum, each diluted 1:100 in blocking buffer. The secondary antibodies were 

a TRITC-conjugated anti-mouse IgG antiserum (Dianova) and a FITC-conjugated anti-rabbit 

IgG antiserum (Dianova), respectively. Thus, co-localisation of LAMP1 with bacteria was 

seen as a yellow-orange colour, examined by confocal microscopy as described above. 
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Determination of phagosomal acidification by LysoTracker co-localisation. For 

determination of acidification of the streptococci containing compartments in infected HEp-2 

cells, we used the fluorochrome LysoTracker Red DND-99 (Molecular Probes, Eugene, OR, 

USA), which is known to accumulate in acidified vacuoles. LysoTracker was diluted in culture 

medium at a final concentration of 75 ng ml-1 and was loaded for 2 h on HEp-2 cells that had 

been infected with FITC-labeled streptococci for 10 h as described above. Then infected 

cells were washed three times with PBS, embedded in Mowiol and  immediately examined 

by confocal microscopy. Colocalisation of (green) FITC-labeled streptococci with (red) 

LysoTracker appeared yellow and indicated that streptococci resided in acidified 

phagosomes. 

Survival of S. suis at acidic conditions. This was done as described by Degnan et al. 

(2000). Briefly, S. suis cultures grown in TSB over-night at 37°C were harvested and 

suspended in 20 mM Na2HPO4, 1 mM MgCl2, 25 mM arginine-HCl adjusted with NaH2PO4 to 

pH 4, 5, 6, and 7. Suspensions were incubated for 2, 4 and 6 h at 37°C , and the number of 

viable bacteria was quantified by plating on THB agar. Controls were run in the above buffer 

at pH 4 without arginine-HCl. Results were expressed as % survival as compared to the CFU 

of the initial inoculum. 

Determination of arginine deiminase (AD) activity. The AD activity was evaluated by 

measuring the rate of conversion of L-arginine to citrulline as described in the literature 

(Oginsky 1957, Degnan et al., 1998) using S. suis whole cell lysates of stationary growth 

phase bacterial cultures in THB and TSB. S. pyogenes strain Kiel 4875 grown under the 

same conditions served as a positive control. Protein concentrations of the lysates were 

determined by the Biorad Dc Protein-Assay (BioRad, Munich, Germany). The results were 

expressed as nanomoles of citrulline produced per hour per mg streptococcal protein.  

 

Statistical analysis. Data were analyzed by a two-tailed, unpaired t test. A P value of <0.01 

was considered significant. All assays were repeated at least three times. 
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Abstract  
 

We compared phagocytosis of encapsulated and non-encapsulated S. suis strains by 

murine and porcine phagocytes. For this, uptake and killing by murine macrophage-like cell 

lines (J774 and RAW), and primary porcine blood derived phagocytes (monocytes and 

polymorphonuclear neutrophils, PMN) were evaluated using double immunofluorescence 

microscopy and an antibiotic protection assay. In addition, survival of S. suis in whole blood 

was tested. The murine macrophages were able to efficiently engulf only non-encapsulated, 

but not encapsulated S. suis strains. Internalised bacteria were killed within 5 hours. 

Similarly, porcine monocytes phagocytosed efficiently only non-encapsulated S. suis. In 

contrast, porcine PMNs phagocytosed efficiently both encapsulated and non-encapsulated 

streptococci. However, only the encapsulated strain survived phagocytosis, even after prior 

opsonisation with porcine immune serum. Non-encapsulated strains showed different 

susceptibilities to phagocytic killing depending on opsonisation. The non-encapsulated 

mutant strain ∆10 and the non-typeable strain A305 were highly susceptible under non-

opsonic and opsonic conditions, whereas the non-typeable strain A5503 was only killed 

efficiently after opsonisation. Nevertheless, all strains were readily killed in whole porcine 

immune blood. These studies confirm the role of capsular polysaccharides as antiphagocytic 

factor, but also suggest that additional factors of S. suis play a role in bacterial survival and 

dissemination in host. Furthermore, the high diversity of this pathogen in host cell 

interactions is emphasised.   
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Introduction 
 

S. suis is a major cause of meningitis, sepsis and arthritis in piglets and a zoonotic 

agent. Bacteria are transmitted via the respiratory route and remain localised in the palatine 

tonsils. To cause invasive disease S. suis has to penetrate the respiratory epithelium barrier 

and disseminate in the blood circulation system. The major defence mechanism bacteria 

encounter during systemic dissemination is represented by phagocytes. Many bacteria seem 

to rely on the protective effect of the capsule in their attempt to resist phagocytosis. For S. 

suis serotype 2 strains, the capsule represents the only proven virulence factor, based on 

studies with isogenic non-encapsulated mutants which were avirulent in two different models 

of pig infection (Charland et al., 1998; Smith et al., 1999). S. suis capsule seems to play the 

central role in protection against phagocytosis by murine and porcine 

monocytes/macrophages (Segura et al., 1998; Smith et al., 1999). On the other hand, the 

interaction of S. suis with PMNs, which represent the most abundant porcine phagocytes and 

participate in the first line of antibacterial defence, is poorly described. It seems that S. suis 

interact with this type of phagocytes, but it is not clear whether they are efficiently ingested 

and survive phagocytosis (Wibawan and Lammler, 1994; Busque et al., 1998). In addition, 

the mechanisms responsible for S. suis survival and dissemination are still not clear. To get 

new insights into this interaction we compared the ability of S. suis strains representing 

different phenotypes to resist phagocytosis and killing by murine and porcine phagocytes.  

 

Materials and Methods 
 
Bacterial strains. S. suis capsular serotype 2 strain 10 and its non-capsulated isogenic 

mutant strain 10∆EF (designated strain ∆10) were kindly provided by H. Smith (Lelystad, NL)  

and have been described in an earlier study (Smith et al., 1999). The non-typeable strains 

A305 and A5503 have been described previously (Allgaier et al., 2001). Streptococci were 

grown on Columbia agar supplemented with 7% sheep blood (Oxoid, Germany) over-night 

under aerobic conditions at 37°C. Single colonies were inoculated in Todd-Hewitt broth 

(THB, Oxoid, Germany) and grown over-night (~16 h) at 37°C. For phagocytosis and killing 

by murine macrophages, bacteria were harvested by centrifugation, washed once in PBS 

(pH 7.3) and re-suspended in fresh complete cell culture medium without antibiotics to a final 

concentration of ~ 2.5 x 107 colony forming units (CFU) ml-1. For phagocytosis and killing 

experiments with pig leucokytes, ~5 x 106 ml-1 bacteria were used. For killing in whole blood 5 

x 106-1 x 107 bacteria were used. In some experiments bacteria were opsonised with porcine 

reconvalescent serum or heat inactivated serum (30 min at 56°C) 10% in RPMI (Gibco-

Invitrogen, Heidelberg, Germany) to inactivate the complement. The serum was obtained 
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from healthy pigs and tested in immunoblot analysis for the presence of specific antibodies 

against S. suis, as described previously (Benga et al., 2004b)  

Murine phagocytes. J774 murine macrophage-like and RAW murine monocyte-like cell 

lines were used in this study. Cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco-Invitrogen, Heidelberg, Germany) supplemented with 10% fetal calf serum 

(FCS), 5 mM glutamine, 100 units ml-1 penicillin, and 100 µg ml-1 streptomycin at 37°C and 

8% CO2. For phagocytosis and killing assays, approximately 2 x 105 cells per well were 

seeded in antibiotic free complete medium on 24 well tissue culture plates and incubated for 

24 hours.  

Porcine phagocytes. Porcine leukocytes were isolated from peripheral blood by standard 

procedures. Briefly, heparinised porcine blood was collected from healthy adult pigs and 

mixed with an equal volume of 6 % dextran T 500 (Pharmacia) in 0.9% NaCl, and was then 

allowed to sediment for 30 min at 37°C. The upper phase, enriched in leukocytes, was 

recovered, and remaining erythrocytes were removed by hypotonic lysis. The purified 

leukocyte population was suspended in RPMI (5x 106 cells/ml) and immediately used for 

killing experiments.  

PMNs and monocytes were isolated from dextran enriched leukocytes. For this, 

leukocytes were suspended in 0.9% NaCl (equal volume as the initial volume of blood) and 

then were centrifuged over Ficoll-Hypaque (1400 rpm, 40 min, 20°C; Biochrom, Berlin, 

Germany) resulting in a pellet containing PMNs and erythrocytes, and an interface containing 

mononuclear cells. The erythrocytes were removed by hypotonic lysis, and the purified 

PMNs were suspended in RPMI at 106 cells/ml, and subsequently used for phagocytosis 

assays. Monocytes were harvested from the interface, washed once with RPMI and then 

further purified by adherence to glass coverslips.    

Phagocytosis and killing by mouse macrophages. The number of viable intracellular 

streptococci was quantified as previously described (Valentin-Weigand et al., 1996) with 

some modifications. Monolayers of murine macrophages were washed once with complete 

medium without antibiotics, and then inoculated with 500 µl of culture medium containing the 

bacterial suspension as described above. The number of colony forming units (CFU) 

inoculated per well was determined by serial platings on THB agar. Following, the plates 

were incubated for 1.5 hours at 37°C with 8% CO2 in order to allow phagocytosis of bacteria. 

Subsequently, cells were washed three times with PBS, and 500 µl per well of DMEM 

containing 200 µg gentamicin and 5 µg penicillin ml-1 were added and the plates were 

incubated for one additional hour at 37°C with 8% CO2 to kill extracellular bacteria.  Then 

monolayers were washed three times with PBS and 100 µl trypsin-EDTA solution was added 

to each well. After 5 min, 400 µl of 0.025% TritonX-100 was added and the lysates were 

plated in triplicates on THB agar and incubated at 37°C for 24 h. The number of 
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phagocytosed bacteria was determined by counting total CFUs/well. After the antibiotic 

treatment parallel plates were washed once with PBS and incubated for additional 2.5 hours 

with complete medium containing 10 µg gentamicin ml-1 to avoid bacterial release in the 

supernatant and to evaluate the killing potential of the monocytes. Subsequently the number 

of internalised bacteria, which survived killing, was quantified as described above. All 

experiments were performed in duplicate wells and repeated at least three times. In each 

experiment wells containing only cells and only bacteria, respectively, were used as controls. 

Phagocytosis and killing by porcine leukocytes. Approximately 5x106 bacteria were 

added to ~106 phagocytes (PMNs, monocytes) in 500 µl RPMI and incubated for 1 hour at 

37°C using end-over-end rotation. Then the phagocytes were allowed to adhere for 1 h to 

glass coverslips placed in 24 well plates. Subsequently, the wells were washed, fixed with 

3.7% formaldehyde and differentially stained for intra- and extra-cellular bacteria, as 

previously described (Benga et al., 2004a).   

Susceptibility of S. suis to phagocytic killing by porcine leukocytes in the presence of 

10% immune serum as a source of complement and specific antibodies was tested as 

described by Wessels et al. (1991). For this, non-opsonised and opsonised bacteria (~5x106) 

were mixed with porcine leukocytes (5x106) and incubated at 37°C under rotation as 

described above. Aliquots of 20 µl were plated immediately and after  2 hours of incubation. 

The direct bactericidal test described by Lancefield (Lancefield et al., 1957) was used to 

determine the ability of S. suis to resist opsono-phagocytic killing in whole porcine immune 

blood. Briefly, 5x106-107 bacteria were mixed with 1ml freshly drawn heparinised porcine 

blood and incubated at 37°C as described above. Aliquots of 20 µl were plated immediately 

and after  2 hours of incubation. Results from the phagocytosis assays were expressed as 

the log fold change in CFU (total CFU after incubation divided by the total inoculated CFU). 

 

Results  
 

Phagocytosis of S. suis by murine phagocytes. We compared quantitatively the uptake 

and killing of S. suis serotype 2 strain 10 and its non-encapsulated mutant strain ∆10 with NT 

strains A305 and A5503 by two different murine phagocytic cells in an antibiotic protection 

assay. At 2.5 hours after infection, the wild-type strain 10 was very poorly phagocytosed by 

both cell lines (Figure 3-1). In contrast, the non-encapsulated mutant strain ∆10, as well the 

NT strains A305 and A5503 were strongly phagocytosed. Intracellular survival was evaluated 

by further incubation for 2.5 h at 10µl/ml gentamicin, which was considered minimal 

concentration for killing of bacteria possibly released from phagocytes during that period. 

None of the four tested S. suis strains was able to survive intracellularly (Figure 3-1), 

including the few internalised bacteria of S. suis strain 10. Less than 20% survival was 
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observed for the efficiently phagocytosed strains ∆10, A305 and A5503. No significant 

difference in the uptake and killing was observed between both cell lines. 
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Figure 3-1: Phagocytosis (top) and intracellular killing (bottom) of S. suis strains by murine 
phagocyte cell lines J774 and RAW. To determine bacterial uptake monolayers of murine 
macrophages were inoculated with a bacterial suspension and incubated for 1.5 hours, and the 
number of intracellular bacteria was determined 1 hour later by platings after antibiotic killing of 
extracellular bacteria. Subsequently, the killing of internalised S. suis was recorded at 5 hours after 
beginning of the experiment as described in experimental procedures. The results are expressed as 
CFU recovered per well. Means + SD obtained from three independent experiments are shown.   

  

Phagocytosis and killing of S. suis by porcine phagocytes. To determine whether S. suis 

was phagocytosed by porcine phagocytic cells, we used double immunofluorescence 

microscopy (DIF) to quantify internal and external bacteria. Encapsulated strain 10 was 

efficiently phagocytosed since numerous bacteria were internalised by PMNs. Only few 

adherent bacteria were seen (Figure 3-2, left). In contrast, monocytes were significantly less 

effective in phagocytosis, only few intracellular bacteria were detected (Figure 3-2, right). 
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Figure 3-2: Phagocytosis of S. suis strain 10 by porcine neutrophils (left) and monocytes (right). 
Bacteria were incubated with the cells for 1 hour in suspension, then cells were allowed to adhere for 
one additional hour on glass coverslips, fixed and subsequently stained for intracellular (green) and 
extracellular (yellow) bacteria. Enlargements are shown in insets.   

 

The non-encapsulated strain ∆10 and the NT strains A305 and A5503 were taken up by 

more than 95% of both phagocytic cell lines at high extent (not shown). To more closely 

mimick the in vivo conditions, we tested the ability of S. suis to resist killing by whole porcine 

leukocyte population under opsonic and non-opsonic conditions. We quantified the number 

of bacteria inoculated at the beginning of experiments and two hours later, and calculated the 

log fold change in CFU after this interval. 

At non-opsonic conditions, encapsulated strain 10 and the NT strain A5503 were not 

killed. Rather, they were able to multiply, in contrast to the strains ∆10 and A305, which were 

killed very efficiently (Figure 3-3, black bars). Interestingly, after opsonisation with porcine 

immune serum, all but the strain 10 were killed (Figure 3-3, white bars). After opsonisation 

with complement inactivated serum all strains were killed as efficiently as with complete 

immune serum (data not shown), indicating that antibodies but not complement were 

responsible for this effect. 

Since whole blood represents the natural environment of the phagocytes, in which 

other factors in addition to complement and antibodies are also involved in phagocytosis, we 

evaluated the capability of whole porcine immune blood to kill the four S. suis strains. For 

this, we used the direct bactericidal test described by Lancefield (Lancefield, 1957). We 

inoculated bacteria in whole blood and assessed the number of bacteria at the beginning of   
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Figure 3-3: Resistance of different S. suis strains to phagocytic killing by porcine leukocytes. 
Opsonised or non-opsonised S. suis strains were incubated with whole peripheral blood leukocytes for 
2 hours at 37°C under rotation condition. CFU of surviving bacteria were quantified at the beginning 
and at the end of the experiment by platings on THB agar. Data are expressed as log fold in CFU after 
2 hours and represent means and SD of three independent experiments.  
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Figure 3-4: Susceptibility of S. suis to killing in porcine immune blood. Values represent the mean 
log fold change in CFU after 2 hours rotation of S. suis with porcine whole blood. Means + SD of three 
independent experiments are shown. 

 

experiments and two hours later, and calculated the log fold change in CFU after this 

interval. After two hours incubation all strains, including the encapsulated strain 10, were 

killed (Figure 3-4). The number of both NT strains A305 and A5503 decreased to similar 

extents, whereas the number of encapsulated strain 10 decreased more than for the non-

encapsulated mutant ∆10.  
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Discussion 
 

 Clearance of bacteria by phagocytes represents a common host defence mechanism. 

This process is more efficient in the presence of complement and specific antibodies. 

Bacterial encapsulation is one of the most important virulence factors in several pathogens 

by enhancing the resistance to phagocytosis and to complement mediated bactericidal 

activities (Tunkel and Scheld, 1993). However, different pathogen species display their own 

peculiarities. For S. suis, capsule seem to represent an antiphagocytic factor which protect 

bacteria against phagocytosis and clearing in blood, in contrast to non-encapsulated mutants 

which are phagocytosed and killed easily (Segura et al., 1998; Smith et al., 1999).  

In the present study, we analysed the ability of different S. suis phenotypes to resist 

phagocytosis and killing by murine and porcine phagocytes since this interaction represents 

a critical step in bacterial dissemination. Different phagocytes are encountered during 

different stages of infection, starting immediately after colonisation of the tonsils and 

continuing in the blood circulation system. The most important cells in defence against S. 

suis are the monocytes/macrophages and the PMNs. Here we studied the ability of different 

S. suis phenotypes to interact with these phagocytes. Based on our earlier findings on high 

diversity of S. suis in host cell interaction (Benga et al., 2004a), we compared the virulent 

serotype 2 strain 10 with its non-encapsulated mutant ∆10, and with the NT non-

encapsulated strains A5503 and A305 which represent different phenotypes.    

Our results showed that under non-opsonic conditions murine macrophages 

phagocytosed very efficiently non-encapsulated S. suis strains, whereas encapsulated 

serotype 2 strain 10 was very poorly phagocytosed confirming that capsule represents an 

antiphagocytic factor (Charland et al.,1998; Smith et al., 1999). Both murine cell lines, the 

macrophage-like J774, and monocyte-like RAW cells, killed within 2.5 hours very efficiently 

the internalised encapsulated and non-encapsulated bacteria.          

The fact that in vivo murine and porcine infection models are incompatible (Vecht et 

al., 1997) prompted us to test phagocytosis and killing by porcine phagocytes as well. To 

define the phagocytic potential of porcine cells we used double differential 

immunofluorescence which allowed us a good evaluation of internalised and non internalised 

bacteria. In correlation with mouse macrophages experiments, the two NT strains and strain 

∆10, but not the encapsulated strain 10, were readily taken up by porcine monocytes. 

Interestingly, the porcine neutrophils were able to phagocytose efficiently even the 

encapsulated strain 10. The PMN is a relatively small cell, about 9-10 µm in diameter, and is 

the most abundant porcine phagocyte. PMN-mediated phagocytosis and killing is the most 

important host defence mechanism against many bacterial species. This cell participates in 

the first line of defence, being present in the blood stream as well as attached to the 
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epithelium, especially close to inflammation sites (Smith, 2000). As previously reported by 

Smith et al., (1999) internalised encapsulated and non-encapsulated S. suis is killed by 

porcine phagocytes. Whether the ability to engulf and kill at the extents reported here is 

sufficient to eliminate a circulating bacterial population is not known. Since in the bacteremic 

host S. suis  bacteria are interacting with both, monocytes and neutrophils, we tested the 

ability of whole porcine leukocyte populations to kill a S. suis population. Under non-opsonic 

conditions, the NT strain A5503, similar to strain 10 was able to survive phagocytosis by 

whole leukocytes, although it was efficiently engulfed by purified monocytes and neutrophils, 

respectively. In contrast, strains ∆10 and NT A305 did not survive killing at these conditions. 

This is in correlation with survival in epithelial cells, in which only strain A5503, but not strain 

A305 survived intracellularly (Benga et al., 2004a). Since these strains are non-encapsulated 

(Benga et al., 2004),  factors other than the capsule might play a role in survival as well. 

However, the ability of these strains to maintain a viable extracellular population which might 

replace the engulfed bacteria cannot be excluded. 

Since antibodies and complement opsonisation facilitate uptake and killing by 

phagocytes (Williams, 1990), we tested complement and specific antibodies against S. suis 

in these processes. Prior to killing assays we opsonised the bacteria for 30 minutes with 10% 

whole or complement inactivated porcine immune reconvalescent serum from healthy pigs. 

Immunoblot analysis showed that the serum contained antibodies against several S. suis 

proteins (data not shown). The opsonisation facilitated phagocytic killing of the NT strain 

A5503, except for strains ∆10 and NT A305, which were both killed at non-opsonic condition 

as well. The encapsulated strain 10 was not killed even after opsonisation. There was no 

difference in killing when complement deprived serum was used, suggesting that the 

complement mediated opsonisation did not play an essential role, in concordance with what 

has been described for group B streptococci (Valentin-Weigand et al., 1996). It is known that 

capsule may masks S. suis cell wall structures such as adhesins, and blocks their coupling 

with receptor molecules (Tikkanen et al., 1996). Moreover, capsular material enhance the 

resistance against  bactericidal activities of complement, and may mask opsonisation by 

antibodies directed against cell surface proteins. This hypothesis is supported by the fact that 

only NT non-encapsulated strain A5503 were killed after opsonisation, suggesting that this 

process is efficient when the capsule is missing. In fact, antibodies against many surface 

associated proteins were detected in the serum (data not shown).  

The interaction between S. suis and phagocytes is more complex in whole blood, 

where not only complement and antibodies, but additional factors such as plasma proteins 

and cytokines interact with the cells. To determine the ability of S. suis to resist 

opsonophagocytic killing in whole porcine blood we used the direct bactericidal test of 

Lancefield. We noticed that all strains tested including the encapsulated strain 10 were 
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efficiently eliminated from blood, indicating that additional factors may be involved in killing. 

Furthermore, a S. suis serotype 9 virulent strain was also efficiently killed in these conditions 

(data not shown), suggesting a serotype independent killing mechanism, or presence of 

antibodies against a crossprotective antigen.  

In conclusion, our results outline the important role of capsule in survival against 

phagocytes and propose that other factors are needed in this process. Identification of such 

factors awaits further studies.  
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Abstract 
 

Streptococcus (S.) suis is an important swine pathogen and a zoonotic agent. To 

cause invasive diseases (arthritis or meningitis), bacteria have to breach the endothelial cell 

barrier which separate the target organs from the blood. Adherence to endothelial cells might 

therefore represent a crucial step in pathogenesis. We developed an in vitro model using two 

porcine endothelial cell lines derived from brain microvascular cells (PBMEC) and aortal 

endothelial cells (PEDSV). S. suis adhered to both cell lines to different extents depending 

on bacterial strain, cell line, and pretreatment of bacteria with serum. The polysaccharide 

capsule of S. suis, which is used for serotyping of this organism, seemed to attenuate 

adherence since a non-encapsulated mutant strain adhered significantly better than its wild-

type parent, and non-typable strains adhered better than type 2 strains. Pretreatment of 

bacteria with serum increased or decreased the number of adherent bacteria in relation with 

the strain. In contrast to what has been reported earlier, S. suis appeared not to efficiently 

invade either of the two cell lines. S. suis invaded only exceptionally PBMEC, and was not 

able to invade PEDSV cells. Our results suggest that S. suis can adhere to but not efficiently 

invade porcine endothelial cells, in contrast to epithelial cells which are known to internalise 

these bacteria. 
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Introduction 
 

The association of S. suis with invasive infections, i.e. meningitis, implies a capacity 

of this organism to breach endothelial barriers such as blood-brain barrier (BBB). BBB 

consists of a single layer of specialised microvascular endothelial cells  which exhibit tight 

junctions and have a selective permeability (Tuomanen, 1996). One of the mechanisms used 

by pathogenic bacteria to penetrate host barriers is adherence with subsequent invasion of 

the host cells within a membrane bound vacuole. We have demonstrated in earlier studies 

that S. suis adheres and invades epithelial cells in relation to strain specific phenotype 

(Benga et al., 2004). Furthermore, endothelial cell adherence and invasion was reported for 

other meningeal pathogens such as group B streptococci (GBS) and Escherichia coli K1 

(Tuomanen, 1996; Nizet et al., 1997). Like other neurotropic pathogens, S. suis has to 

interact with endothelial cells in order to cause invasive infections. To test this, we developed 

an in vitro model using two porcine endothelial cell lines derived from brain microvascular 

cells (PBMEC) and aorta endothelial cells (PEDSV). We showed that S. suis adheres to both 

cell lines tested to an extent depending on strain and serum components, but they cannot 

efficiently invade these cells.  

 
Material and Methods  
 
Bacterial strains. S. suis capsular serotype 2 strain 10 and its non-capsulated isogenic 

mutant strain 10∆EF (designated strain ∆10), kindly provided by H. Smith (Smith et al., 

1999), and the non-typeable (NT) strains A305 and A5503 (Allgaier et al., 2001) were used 

as described earlier (Benga et al., 2004). Streptococci were grown on Columbia agar 

supplemented with 7% sheep blood (Oxoid, Germany) over-night under aerobic conditions at 

37°C. Single colonies were inoculated in trypticase soy broth (TSB, DIFCO, Detroit, MI, USA) 

and grown over-night (~16 h) at 37°C. For adherence and invasion experiments, bacteria 

were harvested by centrifugation, washed once in PBS (pH 7.3) and re-suspended in fresh 

complete epithelial cell culture medium without antibiotics to a final concentration of ~ 2.5 x 

107 colony forming units (CFU) ml-1. In some experiments prior to infection bacteria were 

incubated in freshly collected porcine reconvalescent serum for 1 hour. The serum was 

collected from healthy pigs and was tested in immunoblot analysis for the presence of 

specific antibodies against S. suis as described earlier (Benga et al., 2004b)  

Endothelial cell lines. The Pig Brain Micro Endothelial Cells (PBMEC) were obtained by 

lipofection with pRNS-1 encoding for the small and large T-antigens of Simian Virus (SV) 40, 

and exhibit endothelial characteristics, as well as markers of the blood-brain barrier (Teifel 

and Friedl, 1996). Cells were grown in HybridoMedDIF 1000 medium (Biochrom, Berlin, 
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Germany), supplemented with 7.5% fetal calf serum (FCS), 5 mM glutamine, 250 µM N-

acetyl-L-cystein, 100 units ml-1 penicillin, and 100 µg ml-1 streptomycin. Shortly before use 

the medium was enriched with 5000 E/ml Heparin, 12.5 µM ß – mercaptoethanol, and 10 

ng/ml recombinant human fibroblast growth factor (Gibco-Invitrogen, Heidelberg, Germany). 

PEDSV cells (kindly provided by D. Sachs, Harvard Medical School, Boston, Massachusetts, 

USA) derived from porcine aortic endothelial cells were immortalised using a modified form 

of the large T-vector of SV 40. They display endothelial characteristics and show 

morphological similarities with the respective primary cells (Seebach et al., 2001). These 

cells were grown in Medium 199 Earle  containing 10% FCS, 5 mM glutamine, 100 units ml-1 

penicillin, and 100 µg ml-1 streptomycin. The culture flasks were precoated with 1% porcine 

skin gelatine (Biochrom) to support attachment of the cells, and were kept at 37°C and 8% 

CO2 and subcultured every 2-3 days after detachment with 0.25% trypsin 1 mM Na-EDTA 

(trypsin-EDTA, Gibco-Invitrogen). 

For adherence and invasion assays, approximately 1.5 x 105 cells per well were 

seeded in 1 ml antibiotic free media on 24 well tissue culture plates and incubated for 24 

hours. For microscopy, approximately 0.5 x 104 cells per well were seeded in 0.5 ml antibiotic 

free media on 24 well tissue culture plates containing glass coverslips. 

Quantification of adherence and invasion. The number of viable intracellular streptococci 

was quantified using an antibiotic protection assay as previously described (Valentin-

Weigand et al., 1996) with some modifications. Confluent monolayers of endothelial cells 

were washed once with complete medium without antibiotics, and then inoculated with 500 µl 

of culture medium containing the bacterial suspension as described above. The number of 

colony forming units (CFU) inoculated per well was determined by serial platings on THB 

agar. Following, the cells were incubated for 2 hours at 37°C with 8% CO2, in order to allow 

invasion of the bacteria. Then, cells were washed three times with PBS, and 500 µl per well 

of DMEM containing 100 µg gentamicin and 5 µg penicillin ml-1 were added and the plates 

were incubated for two additional hours at 37°C with 8% CO2 to kill extracellular bacteria. The 

monolayers were washed three times with PBS and 100 µl trypsin-EDTA solution was added 

to each well. After 5 min, 400 µl of 0.025% TritonX-100 was added and the lysates were 

plated in triplicates on THB agar and incubated at 37°C for 24 h. The number of CFU was 

determined and expressed as percentage invasion of the inoculum used for infection. In 

parallel, the total number of adherent and invasive bacteria was determined by co-cultivation 

of the epithelial cell monolayers with identical inoculate of bacteria as for the invasion 

experiments and lysis of the cells after 2 h. After performing the appropriate dilutions, 

triplicates of 10 µl from each well were used for plating. The number of invasive bacteria was 

subtracted from the total number of CFU resulting in the number of adherent bacteria. 

Results were expressed as percentage adherence of the inoculum used for infection. All 
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experiments were performed in duplicate wells and repeated at least three times. In each 

experiment wells containing only cells and only bacteria were used as controls. In addition, 

adherence and invasion were studied by double immunofluorescence as described earlier 

(Benga et al., 2004a).  

 

Results and Discussion 
 

 To penetrate the endothelial barrier, S. suis has first to adhere to the cells surface 

during dissemination in the blood circulation system. We studied this interaction using 

porcine endothelial cells derived from brain microvessels (PBMEC) and aorta (PEDSV) cell 

lines which display the characteristics of porcine BB endothelial cells and porcine endothelial 

cells, respectively (Teifel and Friedl, 1996; Seebach et al., 2001) (Figure 4-1). 

 

Figure 4-1: Phase contrast images of porcine endothelial cell lines PEDSV (left) and 
PBMEC (right) 

 

The capability of S. suis to adhere to and invade endothelial cells was tested using 

different bacterial strains in an antibiotic protection assay. For this, the bacteria were allowed 

for 2 hours to adhere and invade the cells, then the monolayers were washed and incubated 

for additionally 2 hours with cell culture medium containing antibiotics to kill extracellular 

bacteria. The levels of adherence varied between strains and endothelial cell lines (Figure 

4-2). With both cell lines the strain 10 displayed lower adherence than the strain ∆10. 

Interestingly, a significant difference in adherence to both endothelial cell lines tested was 

observed between NT strains A305 and A5503, with a higher adherence ability of the latter, 

although both displayed high adherence phenotypes with epithelial cells (Benga et al., 

2004a). Strain ∆10 adhered significantly better to PEDSV than to PMBEC, whereas no 

significant difference in the adherence level to microvascular and aorta derived cell lines was 

noticed for the strain 10 and the NT strains A5503 and A305.  
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To elucidate whether the polysaccharide capsule interfered with the adherence to                    

endothelial cells, we compared the adherence ability of encapsulated and non-encapsulated 

strains of S. suis. In a previous study we have found that the presence of capsule inhibit 

adherence and invasion to epithelial cells (Benga et al., 2004a). Similarly to our previous 

study with epithelial cells, the non-encapsulated mutant ∆10 exhibited a higher level of 

adherence to both cell lines than its parental strain 10. However, the differences in the 

adherence between the two strains were not so striking with PBMEC as compared to PEDSV 

cells (Figure 4-2). 
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Figure 4-2: Adherence of S. suis strains to endothelial cells PEDSV (black columns) and 
PBMEC (white columns), respectively, as analysed by antibiotic protection assay. Confluent 
cell monolayers were co-cultivated for 2 hours with the streptococci, washed, lysed, and 
lysates plated on THB agar. The adherent CFU were counted after 24 hours of incubation at 
37°C. Results are expressed as % adherence recovered from the inoculum. Means + SD of 
three independent experiments are shown.  

 

 Furthermore, the NT strains A305 and A5503, which are also non-encapsulated (Benga et 

al., 2004a) adhered stronger than the encapsulated strain 10. These results showed that the 

presence of the capsule interfered with adherence, in concordance with other studies (Nizet 

et al., 1997; Vanier et al., 2004). Besides the capsule, the cell line type seemed to play a role 

in this phenomenon since the difference in adherence between the two strains was higher for 

PEDSV cells than for PBMEC. These might be due to different potential receptor molecules 

present on these cells. Interestingly, although none of the NT strains tested here displayed a 

capsule, only one of them adhered at high extents to the porcine endothelial cells tested. A 

previous study showed that S. suis adhered to HBMEC, the corresponding human cell line of 

PBMEC, but adhered to a very low extent to HUVEC cells, the human corespondent cells of 

PEDSV (Charland et al., 2000). In contrast to that study, no clear difference in adherence 

between the porcine cell lines was observed here. The fact that S. suis adhered strongly to 
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PEDSV but not to HUVEC cells might be related to the cell origin, since the natural host for 

S. suis is the pig. 

 In vivo, bacterial interaction with endothelial cells is preceeded by dissemination via 

blood circulation system, and consequently bacteria come in contact with serum 

components. Therefore, we tried to mimic the in vivo environment by pretreatment of the 

strains 10 and ∆10 with fresh porcine immune serum. Subsequently, the bacteria were tested 

in adherence to PBMEC. Interestingly, the adherence capability of strain 10 increased after 

serum pre-treatment in comparison with untreated controls (from 0.68 to 1.4%), while 

adherence of strain ∆10 drastically dropped after serum incubation (from 6.7 to 0.5%). In 

addition we confirmed this by double immunofluorescence (data not shown).  

The increased adherence of strain 10 to PBMEC after serum pretreatment might be 

due to an opsonisation effect. For S. pneumoniae it was shown that opsonisation with a 

monoclonal antibody against capsule markedly enhanced bacterial attachment to epithelial 

cells, when the Fc fragment was cleaved by a specific streptococcal protease (Weiser et al., 

2003). It is not known if a similar process might take place in case of S. suis. Four proteases 

produced by S. suis have been recently identified, but a cleavage specificity for 

immunoglobulins is not known yet (Jobin and Grenier, 2003). In contrast, the adherence of 

non-encapsulated strain ∆10 decreased after serum pretreatment. This might be due to the 

blocking of specific surface adhesins of S. suis by serum components.  For example, S. suis 

possesses a protein with binding properties for albumin (Quessy et al., 1997), one of the 

most abundant serum proteins. Moreover, the addition of albumin to culture medium resulted 

in an increased virulence of S. suis in mice (Quessy et al., 1997). Furthermore, binding to 

fibrinogen and fibronection was described for S. suis (de Greeff et al., 2002). Future studies 

will have to establish whether these proteins are in fact involved in adhesion to endothelial 

cells.  

Even though a consistent number of bacteria adhered to PEDSV cells, none of the 

strains tested here were able to invade this cell line. Very low levels of invasion were noticed 

for PBMEC cells with effective values of a maximum 10³ c.f.u. for strain 5503 and lower for 

the others (Table 4-1).  

 

Table 4-1: Invasion of PBMEC by S. suis. Results are expressed as % invasion from the initial 
inoculum. Means + SD of three independent experiments are shown. 

  
Strain                                            % invasion (SD) 

 
10                                                   0.00043 (0.0006) 
∆ 10                                               0.0025   (0.0018) 
A305                                              0.0063   (0.0044) 
A5503                                            0.012     (0.0082) 
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There is no general criteria for designating bacterial strains as invasive on the basis 

of the number of internalised bacteria. S. pyogenes strains that invaded epithelial cells at 

lower efficiency than 0.01% of inoculum were considered non-invasive (Molinari and 

Chhatwal, 1998). Under similar conditions used in our study, S. suis internalised at very low 

extent only PBMEC cells. Therefore, we consider these values not as a prove of efficient 

invasiveness, although in a previous study it was reported that S. suis invades this cell line 

(Vanier at al., 2004). Nevertheless, for some bacteria such as Haemophilus influenzae, 

meningitis might result from survival of a single intracellular organism (Moxon and Murphy, 

1978). Whether one internalised organism would be enough also for S. suis to cause 

meningitis remains to be elucidated. 

Concluding, we document here different adherence abilities of S. suis to endothelial 

cells in relation to strain and cell line. In addition, the level of adherence to PBMEC seem to 

be influenced by pretreatment of bacteria with immune serum. However, adherence seem 

not to result in effective invasion of the cells. Further studies are needed to characterise this 

interaction, such as the ability of S. suis to penetrate across polarised endothelial cells and 

identification of adhesins. 
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Abstract 
 

We compared immunogenicity in pigs of whole cell lysate proteins (WCP) with murein-

associated proteins (MAP) obtained from a virulent serotype 2 strain of Streptococcus (S.) 

suis grown at 32°C or 42°C. Protein fractions were tested for their ability to induce antibodies 

in 3 weeks old piglets by ELISA and Western blot analysis. We found a significant increase in 

the antibody levels in all sera irrespective of the preparation used for immunisation. However, 

α-WCP sera showed higher reactivities than α-MAP sera, and piglets immunised with 32°C 

preparations (α-32 sera) showed higher responses than those immunised with 42°C 

preparations (α-42 sera). Western blot analysis revealed that α-WCP sera partially reacted 

with different proteins as compared to α-MAP sera. Furthermore, some proteins were only 

detected by α-32 but not by α-42 sera. Concluding, results demonstrated immunogenicity of 

cell wall murein associated proteins of S. suis, and highlight the importance of considering 

growth conditions in preparation of subunit vaccines.   
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Introduction 
 
  S. suis causes worldwide significant economical losses due to infections in young 

pigs, such as meningitis, septicaemia, arthritis, bronchopneumonia and endocarditis 

(Chanter et al., 1993; Reams et al., 1994). Furthermore S. suis is considered a zoonotic 

agent since it was associated with meningitis, septicaemia and other manifestations in 

humans (Arends and Zanen, 1988; Chanter et al., 1993; Kopic et al., 2002). To date 35 

serotypes have been described based on capsular polysaccharides (Higgins et al., 1995). 

Presence of virulent and non-virulent strains in the same serotype indicates that virulence is 

not related with the serotype (Gottschalk and Segura 2000; Allgaier et al., 2001), although 

some serotypes are more frequently isolated from diseased animals (Wisselink et al., 2000). 

The pathogenesis of S. suis infection is largely unknown, and the virulence factors 

are not well defined (Chanter et al., 1993; Gottschalk and Segura, 2000). More than this, 

antibiotic sensitivity of the bacteria is variable and antibiotic treatment gives equivocal results 

in infection (Aarestrup et. al., 1998; Marie et al., 2002). Therefore, as for other bacterial 

infections in pig, efficient vaccination against S. suis seems to be the treatment of choice. 

Many attempts to develop a reliable vaccine have been performed using either whole cell or 

subunit vaccines. Some authors reported an efficient protection against homologous 

challenges with S. suis in pigs conferred by live (virulent and avirulent) and killed whole cell 

vaccines (Holt et al., 1998; Holt et al. 1990; Bosque et al., 1997 Wisselink et al., 2002), whilst 

others observed homologous protection using some putative virulence factors such as 

suilysin (Jacobs et al., 1996), MRP and EF (Wisselink et al., 2001) as subunit vaccines. We 

have recently demonstrated that a subunit vaccine with cell envelope associated proteins 

from iron restricted grown Actinobacillus (A.) pleuropneumoniae was highly immunogenic 

and protective in pigs (Goethe et al., 2000). Thus, we assumed that the outer surface 

structures of S. suis such as cell wall associated proteins would be interesting antigen 

candidates for a S. suis subunit vaccine. Furthermore, attempts to develop a (inactivated) 

vaccine have to consider that bacteria can rapidly alter their gene expression profile in 

response to a variety of environmental factors such as temperature, pH, iron content and 

contact with eukaryotic cells. In S. suis temperature induced proteins have been identified 

and characterised (Benkirane et al., 1997), including a novel temperature induced surface 

protein recently found in our laboratory (Winterhoff et al., 2002).  

In consideration of this, we were interested in the antibody responses of pigs to a 

subunit vaccine composed of cell wall associated components from temperature stressed S. 

suis cultures. For this, we compared the immunogenicity in pigs of S. suis protein fractions 

prepared at different temperatures. The results revealed differences in the antibody pattern 

elicited by the tested preparations with respect to fractions and growth temperature 
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conditions. We propose that the use of cell wall associated protein fraction is a promising 

approach to develop a subunit vaccine and that growth conditions should be considered 

more carefully in development and production of vaccines. 

 
Materials and Methods 
 
Bacterial strain and growth condition. The S. suis capsular type 2, strain I9841/1, was 

used in this study. The strain expresses MRP, EF and suilysin, and was isolated from the 

brain of a pig with meningitis (Allgaier et al., 2001) which originated from the same herd in 

which the experiment was performed. The strain was cultivated on Columbia agar 

supplemented with 6% sheep blood (Oxoid, Germany), then incubated over-night at 37°C 

and aerobic atmosphere in Todd-Hewitt broth (THB, Oxoid, Germany). The next day, a 

tenfold dilution of the initial culture in fresh, pre-warmed THB was grown to mid-log phase 

(reaching an OD at 660 nm of 0.4) at 32°C and aerobic condition when the culture was 

divided in two equal parts and further incubated for one additional hour at 32°C and 42°C to 

an OD at 660 nm of approx. 0.8.  

Fractionation and preparation of immunogens. To prepare whole cell lysate protein 

(WCP) fractions, 125 ml cultures of strain I9841/1 grown at 32°C and 42°C were centrifuged 

for 10 min (6,000 x g, 4°C), and the resulting bacterial pellets were resuspended in 30 mM 

Tris-HCl, pH 8. Suspensions were lysed by sonification (3 cycles of 1 min each, intercalated 

by 10 sec. pause, at 50% duty cycle). The remaining bacterial particles and non-lysed cells 

were removed by 10 min centrifugation at 10,000 x g and 4°C. The resulting supernatant was 

adjusted to a final volume of 125 ml and inactivated with formaldehyde (0.1% v/v final 

dilution). 

To prepare murein associated protein (MAP) fractions, 125 ml bacterial cultures were 

harvested by centrifugation for 10 min at 6,000 x g and 4°C. Resulting pellets were dissolved 

in 62.5 ml buffer containing 30 mM Tris-HCl, pH 7.5 containing 3 mM MgCl2, 25% sucrose 

and 125 U/ml mutanolysin and then incubated for 90 min at 37°C. Then, suspensions were 

centrifuged (10 min. at 6,000 x g at 4°C) and the cleared supernatants containing murein-

associated proteins were mixed with 62.5 ml THB. Following, the fraction was incubated over 

night at 4°C with formaldehyde (0.1% final dilution/volume) to inactivate possible remaining 

viable bacteria. Sterility of the WCP and MAP fractions was confirmed by platings on blood 

agar plates. Protein concentrations were determined by Dc protein assay (BioRad). 

Immunisation experiments. Preparations obtained from cultures grown at 32°C (WCP32, 

MAP32) and 42°C (WCP42, MAP42) were mixed with emulsigen (MVP Lab., Ralston, NE, 

U.S.A.) at 20 % (v/v final dilution) and used for immunisations of piglets. Immunisation was 

performed in the nursery of a 1800 sow, three-site farm. The management practices of the 
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farm included all-in/all-out pig movement. At the time of weaning (day 1) six groups of 20 

piglets each, 3 weeks of age and born from sows of one farrowing group, were individually 

marked by ear tag and randomly assigned to one of the following five treatment groups. A 

negative control group receiving 2 ml of saline solution (0.9% NaCl, 20% Emulsigen), and 4 

groups receiving either 2 ml WCP32, WCP42, MAP32, or MAP42 preparations emulsified 

with 20% Emulsigen. All immunisations were done by intramuscular injections at days 1, 14 

and 35, respectively. Blood samples, without additive, were collected at days 1 (pre-

immune), 35 and 56 (post-immune) from the vena jugularis. All blood samples were 

centrifuged at 3,000 x g for 8 min and the sera were stored at –20 °C until used in the 

experiments.  

Enzyme-linked immunosorbent assay (ELISA). Evaluation of the serum titers of the pigs 

before and after immunization was done by enzyme-linked immunosorbent assay (ELISA) 

using as coating antigens WCP 32°C and 42°C fractions of S. suis strain I9841/1 prepared 

as described above. Briefly, MaxiSorp® 96-microwell plates (Nunc, Roskilde, Denmark) were 

coated with 2.5 µg protein per well in 100 µl 50 mM carbonate buffer (pH 9.6) at 4°C for 16 h 

and then washed with PBST (phosphate buffered saline [PBS] containing 0.05% Tween 20). 

Plates were blocked with 5% (w:v) skim milk (Oxoid, Wesel, Germany) for 2 h at 37°C. After 

washing, 100 µl pig sera (diluted 1:150 in PBST) were added per well, and the plates were 

incubated for 1 h with shaking at 37°C. The ELISA was developed using 100 µl/well of horse 

radish peroxidase conjugated goat anti-swine IgG (DIANOVA, Hamburg, Germany) diluted 

1:10,000 with PBST for 1 h at 37°C with shaking. Binding of antibodies was visualized by 

adding the substrate 2,2-azino-di-[3-ethylbenzithiazoline sulfonat] (ABTS, Boehringer, 

Mannheim, Germany) with 0.002% hydrogen peroxide. Plates were read using an ELISA-

reader (OD 410 nm) after 15 minutes. All washings were performed 3 times using Dynatech 

microplate washer. The sample sera were tested in duplicate and all sera from one 

immunisation group were assessed in the same plate. 

Western blot analysis. This was performed as described previously (Winterhoff et al., 2002) 

using WCP and MAP prepared as described above. Equal quantities of the different fractions 

were loaded on 10% sodium-dodecyl-sulfate polyacrylamide (SDS-PAGE) slab gels 

according to the method of Laemmli (Laemmli, 1970). Following, the proteins were electro-

blotted on nitrocellulose transfer membrane PROTRAN® (pore size 0.45µm) (Schleicher-

Schuell, Dassel, Germany) using methanol-tris-glycine buffer (Burnett, 1981) with a transblot 

SD - semidry transfer cell (BioRad). Non-specific binding sites were blocked by over-night 

incubation of the membranes at 4°C with 30 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% 

Tween 20 (washing buffer) containing 0.5% gelatine. Pig sera (diluted 1:100 in washing 

buffer) were added and incubated for 1 h at room temperature. Then, blots were incubated 

for 30 min with 1:5,000 diluted Alkaline Phosphatase conjugated goat anti-swine IgG 
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(Dianova, Hamburg, Germany). Blots were washed between each step, and bound antigens 

were visualised with 5 bromo-4-cloro-3-indolyl phosphate (50µg/ml)/nitroblue tetrazolium 

(100µg/ml) suspended in substrate buffer (100mM Tris-HCl, pH 9.5, 50 mM NaCl, 5mM 

MgCl2). The reaction was stopped with distilled water.  

 

Results and Discussion 
 

Several attempts to induce a protective immune response to S. suis infections by 

immunisation with whole cell or subunit vaccines have been reported in recent years (Holt et 

al., 1998; Holt et al. 1990; Kebede et al., 1990; Bosque et al., 1997 Wisselink et al., 2001; 

Wisselink et al., 2002). Whole cell live or inactivated preparations seemed to confer serotype 

homologous but not heterologous protection (Holt et al., 1990; Kebede et al., 1990). Jacobs 

and al. demonstrated the efficiency of suilysin in protection of mice and pigs (Jacobs et al., 

1994; Jacobs et al., 1996). This vaccine conferred a much better protection than a 

preparation containing extracellular proteins lacking suilysin. Wisselink et al. (2001), reported 

that a preparation containing water in oil emulsion of MRP and EF, two virulence associated 

proteins of S. suis, protected pigs as effective as the water in oil emulsion of bacterin. 

Although the serotype cross-protective ability of these preparations is not known, and these 

putative virulence factors are not present in all strains isolated from diseased animals, they 

represent “candidates” for a subunit cross-protective vaccine. Concluding, it is plausible that 

only few of the immunogenic proteins are necessary for protection, and, thus, bacterin 

preparations might be replaced by subunit preparations.  

Here, we have immunised piglets with different fractions of a virulent serotpye 2 strain 

of S. suis grown at 32°C and 42°. Our first aim was to evaluate whether a subunit fraction, 

i.e. murein associated proteins (MAP), would effectively elicit antibody responses as 

compared to whole cell lysate proteins (WCP). For many bacteria cell wall (murein) 

associated proteins seem to be important antigens which are likely to play a role in host cell 

interactions. Therefore, they may also be essential for protection. Our second aim was to 

elucidate whether growth temperature may affect expression of immunogenic proteins. For 

this, we compared fractions obtained from cultures grown at 32°C and 42°C (designated 32 

and 42 preparations, respectively) since this represents a temperature shift S. suis has to 

respond to during infection. Immunogenicity was evaluated by testing antibody responses, 

because this seems to be a good correlate of protection against S. suis infections, as 

underlined by reports on partial protection against experimental infection by passive 

immunisation (Andersen et al., 2001), and the "helper" effect of antibodies in killing of S. suis 

by murine macrophages (Williams, 1990). All together, we compared reactivity of 4 groups of 

sera with each of the different antigen preparations. Thus, sera were designated α-WCP32, 
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α-WCP42, α-MAP32, and α-MAP42, respectively. Comparisons were done using an ELISA 

established for this study, and Western blot analysis of the different fractions after separation 

by SDS-PAGE and probing with the different sera. 

ELISA experiments revealed a substantial increase in the antibody levels after primary and 

booster immunisations, irrespective of the fraction. As expected, antibody titres of individual 

sera within the different groups varied greatly demonstrating a high variation between the 

different animals (data not shown). This was possibly due to different levels of maternal 

antibodies. Overall, responses were highest after the second booster, i.e. 5 weeks after 

primary immunisation. Figure 5-1 shows ELISA reactivities of the different sera from the 

second booster immunisation after subtracting reactivities of respective pre-immune sera. 

Immunisation with WCP preparations elicited higher (approx. 30 %) antibody responses than 

the one with MAP preparations representing cell wall associated proteins (Figure 5-1, αWCP 

vs. α-MAP). Irrespective of the fraction used for immunisation, the 32 preparations caused 

higher responses than the 42 preparations (Fig. 5-1). On the other hand, comparison of the 

two antigens used for coating, i.e. WCP32 and WCP42, revealed that the latter antigen 

seemed to bind more antibodies than the former (Fig. 5-1, black vs. white columns). Though 

these differences were only significant with the α-MAP sera, it could be a hint towards 

possible modulations of antigens or epitopes by temperature shifts.   

 

 

Figure 5-1: Serum antibody responses in pigs immunised with different fractions of S. suis as 
determined by ELISA. Sera were obtained after booster immunisations with WCP or MAP fractions 
from cultures grown at 32°C or 42°C, respectively, and tested by ELISA using as coating antigen WCP 
from cultures grown at 32°C (black columns) or 42°C (white columns). Reactivities were blanked 
against those of respective pre-immune sera. Results are expressed as ELISA reactvities (OD at 410 
nm) and represent means and standard deviations of 20 sera of each group. 
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Since ELISA did not allow to dissect the role of individual antigens in the different 

immune responses we used Western blot analysis using the 4 different antigen preparations 

for further studies. Results confirmed the results of the ELISA experiments, in that numerous 

protein bands were visible using immune sera from the second booster whereas pre-immune 

sera either showed no reaction or a weak reaction with very few protein bands (data not 

shown). Ten sera of each group were selected that reacted most strongly in ELISA. Results 

of experiments with these sera revealed that antibodies against more than 10 different 

proteins were present (Figure 5-2). Although the band patterns seemed to be relatively 

similar, there were some differences. Antibodies against larger proteins were more 

pronounced in α-MAP sera as compared to α-WCP sera (Figure 5-2, a vs. b). Comparison of 

32 with 42 preparations (Figure 5-2, left vs. right panels) revealed that antibodies against a 40 

kDa protein were present in most α-42 preparation sera and absent in most α-32 sera 

(Figure 5-2). Many other protein bands seemed to be detected by all tested sera. 

 

Figure 5-2: Serum antibody responses in pigs immunised with different fractions of S. suis as 
determined by Western blot analysis using WCP32 (a) or WCP42 (b) as antigen. Results of 10 sera 
from groups 32 (α-WCP32, α-MAP32) and 9 sera from groups 42 (α-WCP42, α-MAP42) are shown. 
Left lanes indicate molecular mass markers (in kDa). Arrow indicates the 40 kDa protein.  
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One representative serum of each group was then tested with each of the 4 different 

preparations to better differentiate between common and specific protein bands. Results 

showed most prominent protein bands of approximate sizes of 40, 44, 52, 56, 60-65, and 

some larger proteins of sizes > 100 kDa, including a protein of approx. 135 kDa (Figure 5-3). 

Comparison of both α-WCP with the two α-MAP sera (Figure 5-3, a and b vs. a and d) 

indicated that a 65 kDa protein seemed to specifically react with the α-MAP32 serum. On the 

other hand, three proteins of  44, 52, and 56 kDa, respectively, were preferentially 

recognised by the α-WCP serum (Figure 5-3). The differences concerning the 56 kDa protein, 

however, were only seen with the α-32 sera. This suggests that the respective protein might 

be less prominent in the cell wall only at higher temperature which could be due to a down 

regulated transport to the cell surface.  

 

Figure 5-3: Serum antibody responses in pigs immunised with different fractions of S. suis as 
determined by Western blot analysis using each of the four different preparations as antigen (indicated 
on top of each panel). Results of one representative serum of each group are shown (a, α-WCP32, b, 
α-WCP42, c, α-MAP32, d, α-MAP42). Left lanes indicate molecular mass markers (in kDa). Arrows 
indicate differentially recognised proteins and their approximate sizes (in kDa). 
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A number of proteins were detected preferentially by the two α-32 sera, including 3 

proteins of 60-65 kDa and a 135 kDa protein (Figure 5-3, a vs. b, and c vs. d) suggesting that 

these proteins are down-regulated upon temperature shift. The 65 kDa protein seemed to be 

down regulated at 42°C only in the MAP fraction. This correlated with results of ELISA 

experiments in which lower amounts of antibodies in α-42 than in α-32 sera were detected.   

Taken together, results demonstrated different ELISA and Western blot reactivities of α-WCP 

versus α-MAP and α-32 versus α-42 sera which may be due to differential expression of a 

number of immunogenic proteins, such as those at 40, 44, 52, 60-65, and 135 kDa. 

Compared to whole cell proteins, some proteins seemed to be absent in the MAP fraction 

(e.g. a 44 and 52 kDa protein) whereas others were enriched (e.g. a 65 and 135 kDa 

protein). Furthermore, our findings indicate that some immunogenic proteins were expressed 

at a higher level when streptococci were grown at 32°C versus 42°C growth temperature. 

Future studies will be aimed at identifying these proteins in order to elucidate their potential 

role in inducing or evading protective immune responses.  

In conclusion, we demonstrated that MAP fraction should be considered in studies on subunit 

vaccine development and that growth conditions for preparation of an inactivated vaccine 

might have an important impact on the induction of putative protective antibodies.  
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Abstract 
 

Antibody responses against immunogenic proteins of S. suis induced by a shift in 

temperature were monitored by immunoblot analyses. In a previous study we have observed 

that temperature can significantly alter immunogenicity in pigs of different S. suis culture 

fractions (Benga et al., Immunogenicity of murein-associated proteins from temperature 

stressed Streptococcus suis cultures, JVM, 2004, in press). Here we attempted to identify 

differentially expressed proteins using absorption experiments. For this, sera from the 

different groups of piglets immunised with antigen preparations from S. suis cultures grown 

at 32°C and 42°C were pooled, absorbed with WCP 32°C antigen, and then tested for their 

reactivity with the different antigen preparations. Results showed that some antibodies were 

not removed by absorption procedures suggesting that they preferentially reacted with 

temperature modulated proteins. Two of these modulated proteins could be identified using 

specific antisera. One was the muramidase-released protein (MRP), which was down-

regulated at 42°C, the other was the arginine-deiminase (AdiS) protein which was up-

regulated after temperature induction. Both proteins are virulence-associated surface 

proteins. These results indicate that S. suis can alter the expression pattern of immunogenic 

proteins including putative virulence associated factors in response to environmental 

temperature. We speculate that this represents a strategy of immune evasion which might 

favour bacterial survival in the host.   
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Bacteria can rapidly alter their gene expression in response to a variety of 

environmental factors. One of the factors bacteria, including S. suis, are faced with is the 

changing temperature both within and outside the host. Expression of virulence genes is 

often “silent” outside and induced during infection. Therefore, it is plausible that the 

expression of protective immunogenic proteins is regulated by temperature. Consequently, 

preparation of inactivated vaccines should consider these aspects in selecting the most 

optimal environmental conditions with respect to antigen expression. 

In a previous work (Benga et al., 2004b) we have analysed antibody responses of 

pigs immunised with whole cell lysate protein (WCP) and murein-associated protein (MAP) 

fractions prepared from S. suis serotype 2 grown at 32°C and 42°C. ELISA and immunoblot 

analyses had revealed differences in the antibody patterns elicited by 32°C vs. 42°C fractions 

in that both increases and decreases in antibody responses occurred.  

Here we further assessed the sera tested in our previous study by absorption 

procedures and subsequent immunoblot analyses. Ten sera from animals immunised with 

temperature induced fractions were pooled, and the pools were absorbed with each other in 

order to block the antibodies elicited against common antigens/epitops from both fractions. 

The absorption was performed for 1h at room temperature using a rotary shaker by mixing 1 

mg WCP 32°C with pooled sera diluted 1:20 in 2 ml washing buffer. Subsequently, the 

absorbed sera were probed by immunobloting as described previously (Benga et al., 2004b). 

Briefly, sera were diluted 1:200 and then tested against all four protein fractions used for 

immunisation for 2 h at room temperature. Goat anti-swine horse radish peroxidase 

conjugated IgG (1:25,000) served as secondary antibody. To improve the sensitivity we 

applied a chemiluminescence technique, using ECL PlusTM western blotting reagent pack 

(Amersham Pharmacia Biotech, UK) as recommended by the manufacturer.  

 We compared blots probed with 42°C induced pooled sera with the same pools 

previously absorbed with WCP 32°C antigen, and observed that the majority of antibodies 

were absorbed by 32°C antigen, since they did not bind to the same extent as in non 

absorbed controls (Figure 5-4). This indicated that most of the antibodies were elicited 

against antigen or epitops expressed at both 32°C and 42°C. However, some antibodies 

were not removed by absorption. These recognised proteins located at approximately 40, 52 

and 135 kDa. The expression of the former two proteins was up-regulated at 42°C, whereas 

the latter was down-regulated suggesting that this proteins are differentially expressed 

(Figure 5-4). The sizes of two of the differentially expressed immunogenic proteins at 52 and 

135 kDa, respectively, suggested that these may be the murein-associated proteins MRP 

and AdiS (Vecht et al., 1991; Winterhoff et al., 2002). Using monoclonal antibodies against 

MRP and a rabbit antiserum raised against SAGP, the homologous protein of AdiS from S. 
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pyogenes, we were able to identify both proteins as MRP and AdiS. The mouse monoclonal 

antibodies  

32  
 

9

6

5

3

3

MAP 
32°C   42°C 

  

 

 

Figure 5-4: Identification of temperature
32°C antigen. The four antigen fractions (i
blotted and probed with pooled WCP 42°C
antigen (B). As a control probing was do
detected by chemiluminescence as describe
the central lane using markers proteins. Arro

 

against the MRP were kindly provided b

against SAGP was kindly provided by J

the four S. suis antigenic fractions at a

donkey anti-rabbit IgG coupled with 

Pharmacia Biotech, UK) were used as s

respective bands was detected by che

locations on the blot corresponded with

respectively 52kDa and displayed a sim

Figure 5-5), indicating that the protein b

temperature modulated 40kDa protein aw

One of the environmental factor

increase in temperature, which may r

studies demonstrated that in S. suis a 

regulation of the expression of several

2002) which were proven to be present

 

B
 32

8 

4

0 

6 

0 

32

 modulated proteins b
ndicated on top) wer
 sera that had bee

ne with nonabsorbed
d. Molecular masses
ws indicate three tem

y H.E. Smith, Lelys

. Yoshida, Jshikaw

 working dilution o

horse radish per

econdary antibodie

miluminescence (F
 the temperature 

ilar temperature re

ands represented th

aits further studies

s bacteria encount

each 42°C at feve

rise of growth temp

 proteins (Benkiran

 in all serotypes te

103
MAP 
°C   42°C
WCP 
°C   42°C
WCP 
°C   42°C
A

135 kDa 

52 kDa 

40 kDa 

y absorbing pooled sera with WCP 
e separated by SDS-PAGE (10%), 
n absorbed for 1h with WCP 32°C 
 sera (A). Bound antibodies were 

 (in kilodaltons, kDa) are indicated in 
perature modulated protein bands. 

tad, NL and the rabbit antiserum 

a, Japan. Both were tested with 

f 1:200. Sheep anti-mouse and 

oxidase (1:10000), (Amersham 

s, respectively. The presence of 

igure 5-5). The MRP and AdiS 

modulated protein bands at 135 

gulation pattern (Figure 5-4 and 

ose proteins. Identification of the  

. 

er when entering the host is an 

r conditions in swine. Previous 

erature to 42°C can induce up-

e et al., 1997; Winterhoff et al., 

sted, and were, thus, defined as 



 Antibody responses to S. suis Chapter 5 

“common antigens”. In immunoblots we noticed differences in the protein expression pattern 

between the WCP and MAP, and 32°C vs. 42°C temperature induced fractions.  

Pooling of the sera and subsequent absorption used in our study provided good 

evidence of temperature modulated proteins. Interestingly, we have noticed in a previous 

study that the majority of the immunogenic proteins were down regulated in response to 

temperature rises. Here we observed that one of these proteins appeared to be the virulence  

MAP 
 32°C  42°C 

WCP 
 32° C 42°C

MAP 
32° C  42°C 

WCP 
 32° C 42°C

135 kDa

52 kDa 

 

Figure 5-5: Identification of MRP (left) and AdiS (right) by immunoblot analysis. The four antigenic 
fractions (indicated on top) were separated by SDS-PAGE, transferred to membranes by 
Westernblotting and then probed with monoclonal antibodies against MRP and rabbit antiserum 
against SAGP. Chemiluminescence development confirmed the localisation and temperature 
modulation of  both proteins.  

 

marker MRP which can, together with EF, elicit protective antibodies against S. suis infection 

(Wisselink et al., 2001). Thus, the down-regulation in the expression of immunogens might 

represent a way of immune evasion for this pathogen. On the other hand, we showed in a 

previous and in this study up-regulation of some proteins in temperature induced fractions, 

including the AdiS protein, which is known to be temperature induced (Winterhoff et al., 

2002), and is possibly involved in host cell interaction (Benga et al., 2004a). A rise in the 

expression of this protein is mainly seen in MAP but not in WCP fraction, probably due to its 

enrichment in the cell wall fraction or an increased transport to the cell surface. At present it 

can only be speculated about the significance of protein modulation by temperature. 

However, whatever the role of temperature in this process is, the mechanisms involved in 

this regulation need to be further clarified.   

Pathogenic bacteria use so called "thermosensor" molecules to sense the 

temperature and to induce the virulence genes that allow host invasion or colonisation 

(Newman and Wiener, 2002). Proteins, DNA or RNA, can play this role in bacteria. H-NS is a 

histone like protein, found in many pathogenic bacteria, that binds DNA and protects certain 

loci from transcription bellow physiological temperature (Madrid et al., 2002). At higher 
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temperatures, H-NS proteins are separated from DNA and transcription starts, such as with 

the hly operon of Escherichia coli and in virulence activating transcription factor virB in 

Shigella (Hurme and Rhen, 2002). DNA can also serve as a low temperature sensor. For 

example the promotor for Clostridium perfringens phospholipase C gene displays a curved 

DNA structure, which increases at lower temperatures, facilitating binding of RNA 

polymerase to the promotor structure (Katayama et al., 2001). For Listeria monocytogenes 

RNA can serve as thermosensor, controlling the turning on of virulence genes at 37°C, 

genes that are silent at 30°C (Johanssen et al., 2002). Anyway, thermosensor molecules in 

S. suis have not been identified yet.  

In conclusion, we demonstrated differential expression of some immunogenic proteins 

by temperature stress induction of S. suis. The fact that two of the temperature modulated 

proteins have been shown to be putative virulence associated factors underline the 

importance of considering regulation of antigen expression in such studies. Therefore, it 

would be of interest to test the immunogenicity of  temperature induced proteins in 

vaccination experiments in pigs. 
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Discussion 
 

S. suis is a major cause of meningitis and other diseases leading to severe 

economical losses in pig industry (Staats et al., 1997). The control of disease is hampered by 

the high diversity of capsular serotypes (35 serotypes are curently known and non-typable 

strains exist) (Wiselink et al., 2000; Allgaier et al., 2001) and by the fact that virulence factors 

and the pathogenesis mechanisms of S. suis infection are poorly known. The vaccination is a 

promising approach in control of S. suis infection. However, only inactivated bacterin 

preparations conferring serotype homologous protection are available. Since outbreaks of 

the disease are produced by different serotypes, a cross protective vaccination subunit 

product is urgently needed. To achieve this, insights into the pathogenesis of infection are 

necessary.  

The aim of the present study was to improve the knowledge on pathogenesis and 

help to identify vaccine candidates. In the first part of the thesis the focus was on the host 

cell interaction at different stages of infection, whereas in the second part the immune 

recognition induced by surface-associated proteins was addressed, since these are 

important for host cell interactions and encounter with host defence. 

As described in the introduction, three steps are critical in production of invasive 

disease: colonisation and invasion of the respiratory epithelium, blood dissemination, and 

penetration of the endothelial barrier of the target tissues (Chanter et al., 1993; Gottschalk 

and Segura, 2000). Consequently interactions of S. suis were studied with cells they 

encounter during this infection steps: epithelial cells, phagocytes and endothelial cells, 

respectively [chapters 2-4]. Moreover, the behaviour of bacterial strains with different geno- 

and phenotypes was compared throughout the study of host cell interaction. On the one 

hand, the virulent serotype 2 strain 10 and its non-encapsulated isogenic mutant strain ∆10 

were compared. On the other hand the NT strain A305, which does not possess any of the 

virulence associated genes, was compared with the NT strain A5503, which possess all of 

the virulence associated genes tested [chapter 2].    
 Adherence with subsequent invasion of upper respiratory tract epithelium might 

facilitate S. suis penetration in blood and deeper tissues. To test this hypothesis, an in vitro 

model for adherence to and invasion of HEp-2 cells, which represent the upper respiratory 

epithelium, was established. Before this study it was known that serotype 2 strains can 

adhere to and invade as ‘a rare event’ epithelial cells (Norton et al., 1999; Lalonde et al., 

2000). As presented in chapter 2 among S. suis isolates there seem to exist extremely 

different phenotypes with respect to adherence and invasion depending on the state of 

encapsulation and environmental growth condition, confirming the high diversity of this 

bacterial species. Low and high adherent and invasive phenotypes were observed. The 
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former is represented by encapsulated serotype 2 strains, and the latter by the non-

encapsulated mutant strain ∆10 and NT non-encapsulated strains, indicating that capsule 

inhibits not only adherence but also invasion of HEp-2 cells. As sugested for Haemophilus 

influenzae (St Geme and Cutter, 1996), modulation of the capsule expression depending of 

the stage of infection with a down-regulation of capsule during colonisation might promote 

invasion at high extents even of encapsulated typable S. suis strains. The adherence to and 

invasion of S. suis to epithelial cells seem not to be influenced by their cytotoxic abilities 

since both cytotoxic and non-cytotoxic strains adhered and invaded at high extent. 

Nevertheless, a role of suilysin in the initial invasion of the epithelia cannot be ruled out. To 

penetrate across a polarised epithelium, internalised bacteria have to get outside of the cells 

basolaterally. This might imply survival inside the cells for longer periods of time in which 

they must resist the killing mechanisms of the cell. To circumvent intracellular killing, bacteria 

developed different strategies of evasion. Some organisms are able to enter the cells without 

a receptor mediated endocytosis, thereby getting access to a protecting niche, such as 

caveolae which do not colocalise with phagolysosoms (Duncan et al., 2002; Rohde et al., 

2003). Some bacteria are internalised into endocytic vacuoles but then either are able to 

escape into the cytosol, examplified by Listeria and Shigella, or survive inside the vacuoles 

examplified by Mycobacterium or Salmonella (Finlay and Cossart, 1997). In this study it was 

found that S. suis follows intracellularly the degrading endocytic pathway leading into the 

acidic phagolysosoms, though different strains entered epithelial cells by different invasion 

mechanisms. All but one of the invasive S. suis strains survived up to 24 h in that 

environment. It may be assumed that one of the bacterial components possibly involved in 

survival in phagolysosomes is the ADS of S. suis (Winterhoff et al., 2002).  This protein 

system was found to be unusually acidic tolerant, and allowed bacteria to survive potentially 

lethal acidification through production of ammonia to raise the environmental pH value 

(Marquis et al., 1987).  The assumption is strengthened by the fact that only strain A5503 

which survived inside the cells, was able to survive also extracellular acidic conditions in the 

presence of an arginine source, in contrast to strain A305 which did not survive in both 

cases. Mutant and complementation studies of the ADS operon might help us to define its 

exact role in this interaction in the future. Translocation studies across polarised epithelial 

monolayers will help us to understand if internalisation is a prerequisite for penetration in 

deeper tissues or rather represents an escape of the bacteria.  

 Blood dissemination represents a key step in targeting of S. suis to respective 

tissues. Colonisation of the tonsils will lead to mobilisation of the immune cells for the anti-S. 

suis defence in the crypt epithelium (Salles et al., 2002), suggesting potential for the initiation 

of both, cellular and humoral immune response at this level. To disseminate in blood, 

bacteria have to overcome phagocytosis and killing by monocytes/macrophages and 
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neutrophils. In chapter 3, the interaction between S. suis and phagocytes of murine and 

porcine origin was characterised. Firstly, the phagocytosis and killing under non-opsonic 

conditions was tested. Strain 10 was only poorly internalised and killed. In contrast, the non-

encapsulated strain ∆10 and the naturally non-encapsulated NT strains did not resist uptake 

and killing by murine cells, providing that capsule plays an essential role in this process, in 

accordance with earlier studies (Charland et al., 1998; Smith et al., 1999). The fact that 

murine and porcine infection models are incompatible for S. suis (Vecht et al., 1997) 

prompted us to test phagocytosis and killing by porcine phagocytes as well. In correlation 

with murine macrophages experiments, the two NT strains and strain ∆10, but not the 

encapsulated strain 10 were easily internalised by porcine monocytes. Interestingly, porcine 

neutrophils were able to phagocytose efficiently even the encapsulated strain 10. Since in 

the bacteremic host S. suis interacts with both, monocytes and neutrophils, the killing ability 

of a whole porcine leukocytes population was tested. Noteably, in addition to the WT strain 

10, the NT non-encapsulated strain A5503 was also able to survive phagocytosis by whole 

leukocytes, although it was highly phagocytosed by purified monocytes and neutrophils. On 

the contrary, the non-encapsulated mutant strain ∆10 and the NT strain A305 did not survive 

at these conditions. This correlates with the survival in epithelial cells, in which the strain 

A5503 survived, whereas NT strain A305 did not. Since this strain is nonencapsulated, 

factors additional to the capsule, such as AD proteins, might play a role in survival. Most 

interestingly, after opsonisation with 10% porcine immune serum or porcine immune 

complement inactivated serum, strain A5503, but not WT strain 10, was easily killed by 

porcine leukocytes, suggesting that the capsule might also block the opsonisation by 

antibodies directed against surface associated bacterial immunogenic proteins, which are 

likely more immunogenic than the polysaccharide capsule. To mimic the blood environment 

we also used the direct bactericidal test described Rebecca Lancefield (Lancefield, 1957) to 

determine the ability of S. suis to resist opsonophagocytic killing in whole porcine blood. We 

noticed that all strains tested, including the encapsulated strain 10, were efficiently eliminated 

from blood, providing that additional blood factors may be involved in this process.   

As indicated from the data presented here, the ability of bacteria to be internalised by  

host cells might have different significance. On the one hand, internalisation into epithelial 

cells might represent an advantage for S. suis and help bacteria to maintain the colonisation, 

because they are able to survive inside the cells for relatively long periods of time in a niche 

protected from phagocytes and antibiotics. On the other hand, the susceptibility to 

phagocytosis might be disadvantageous for these strains which are easily destroyed by 

professional phagocytes. A regulation of capsule expression in correlation with the infectious 

stage as previously described for H. influenzae, would render S. suis able to colonise and 

penetrate the epithelia and also to resist killing by phagocytes. However, other mechanism 
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involved in penetration across epithelial barrier cannot be ruled out. Translocation studies 

across polarised epithelial cells represent a tool which may bring new insights in this process 

in the future. 

One of the possible routes used by pathogens to get access into target organs, such 

as the central nervous system, is penetration of the single endothelial monolayer which 

separates them from the blood (Tuomanen, 1996). In chapter 4 the ability of S. suis to 

adhere and invade porcine endothelial cells of brain microvascular and aorta origin was 

investigated. S. suis adhered to both cell lines at different extents in relation to bacterial 

strain. A previous study (Charland et al., 2000) described interactions of S. suis with the 

human endothelial cell lines of brain microvascular and aorta origin (BMEC and HUVEC). 

Interestingly, S. suis adhered good to BMEC but only to a very low extent to HUVEC cells. In 

contrast, no clear difference in adherence between the porcine cell lines was observed in the 

present study. The fact that S. suis adhered strongly to PEDSV, but not to HUVEC cells 

could be related to the cell origin, since the natural host for S. suis is the pig. S. suis was not 

able to invade PEDSV and unsignificantly invaded PBMEC cells, in contrast with a recent 

report (Vanier et al., 2004). As for epithelial cells, translocation studies across polarised 

endothelia might bring new information concerning this interaction.  

In the second part of the thesis [chapter 5] the immune recognition induced by 

surface-associated proteins of S. suis was investigated and immune responses induced by 

32°C vs. 42°C antigenic preparations were compared.  A similar shift in temperature may 

take place in piglet nurseries, when the 2-6 weeks old piglets housed at ~30°C acquire the 

bacteria at body temperature of 39°C which can reach 42°C at fever conditions. For many 

bacteria, cell wall associated proteins seem to be important antigens which are likely to play 

a role in host cell interactions. Therefore, they may also be essential for protection. Whole 

cell live or inactivated preparations seem to confer serotype homologous but not 

heterologous protection (Holt et al., 1988; Holt et al., 1990). Subunit vaccines based on 

singular proteins such as suylisin (Jacobs et al., 1996) or MRP-EF (Wisselink et al., 2001) 

are also able to confer homologous protection. It is plausible that only few of the 

immunogenic proteins are necessary for protection, and bacterin preparations might be 

replaced by subunit preparations in the future. Here it was shown that murein associated 

proteins of S. suis are immunogenic, independent of the temperature at which they were 

prepared. Most interestingly, reactivities of the sera induced by the whole cell versus 

murrein-associated fractions as well as by antigens derived from S. suis grown at 32°C 

versus 42°C were different, probably due to differential expression of a number of 

immunogenic proteins. Pooling and absorption of the temperature induced sera with the non-

induced antigenic fractions allowed a good differentiation of the temperature modulated 

protein bands. Furthermore, temperature modulation of the virulence marker MRP and of the 
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AdiS protein was demonstrated. The temperature may change the profile of immunogenic 

proteins. It is likely that other environmental factors also could alter their expression. Results 

indicate that growth conditions should be carefully considered when preparing inactivated 

vaccines.  

In conclusion, this study showed that among S. suis there exist extremely different 

phenotypes with respect to virulence associated features adherence, invasion and 

cytotoxicity. Moreover, there seem to exist different ways of internalisation into epithelial cells 

used by S. suis. Independent of internalisation pathways bacteria persist in acidified phago-

lysosomal compartments, possibly involving the arginine deiminase system. Furthermore 

results presented allow to argue that in addition to capsule other factors are involved in 

protection of S. suis against phagocytes during dissemination in blood and that S. suis 

adheres to but not invades porcine endothelial cells of different origin. We also document 

here that murein associated proteins of S. suis are immunogenic, and that growth 

temperature may change the profile of these proteins, e.g. MRP and AdiS, and consequently 

the antibody response against them. 

Overall, this study raises a number of challenging questions to be answered in the 

future. For example, the ability of S. suis to penetrate across polarised epithelial and 

endothelial monolayers should be elucidated. The role of ADS protein system of S. suis in 

host and host cell interaction could be addressed by mutants studies in vivo and in vitro. 

Moreover, the protective efficacy of temperature up-regulated proteins could be tested in 

vaccination and challenge experiments in pigs.  
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Summary 
Laurentiu Benga 
Interactions of Streptococcus suis with host cells 
 

Streptococcus suis is a world-wide pathogen which causes meningitis, sepsis, 

polyarthritis and other serious infections in pigs and occasionally in humans. To date 35 

different capsular serotypes have been reported, and no effective crossprotective vaccine 

against S. suis is available. So far, some virulence factors have been proposed, but they are 

poorly defined, and the pathogenesis of S. suis infection is largely unknown. The control of 

the disease is hampered by these limitations. Therefore, insights into the pathogenesis are 

urgently needed to improve the prevention and control of the infection.  

 To improve the knowledge on pathogenesis of S. suis infection, in the first part of the 

thesis the in vitro interaction between S. suis with the cell types they meet at different stages 

of infectious process (epithelial, phagocytic and endothelial cells) was studied [chapters 2-
4]. The results showed that among S. suis there exist extremely different phenotypes with 

respect to virulence associated features adherence, invasion and cytotoxicity for HEp-2 

epithelial cells, in relation to state of encapsulation and environmental growth conditions. 

Furthermore, it was demonstrated that S. suis strains invaded epithelial cells using different 

uptake mechanisms, and persisted in acidified phago-lysosomal compartments possibly 

involving expression of arginine deiminase system.  

S. suis host cell interaction at later stages of infections was studied with phagocytes 

and endothelial cells. Diverse phenotypes were also seen in phagocytosis experiments. It 

was shown that encapsulated S. suis strain 10 was resistant to phagocytosis by monocytes 

in contrast to non-encapsulated strains. However, both encapsulated and non-encapsulated 

strains were efficiently taken-up by neutrophils. Nevertheless, the encapsulated S. suis strain 

10 was resistant to clearance by porcine phagocytes under both opsonic or unopsonic 

conditions. The NT non-encapsulated strain A5503 was associated with increased 

susceptibility to phagocytic killing in opsonic conditions only, but was resistant to non-opsonic 

killing, whereas the non-encapsulated strain ∆10 and NT strain A305 were cleared by 

phagocytes under both, opsonic and non-opsonic conditions. These results indicate that in 

addition to capsule other factors are involved in the defence of S. suis against phagocytes. 

Finally, the interaction of S. suis with porcine endothelial cells was studied. It was shown that 

S. suis adhered to these endothelial cells to an extent dependent on strain and cell line, but 

did not invade these cell lines. 

 Based on the fact that the bacterial surface associated proteins play an important role 

in the host cell interactions of the bacteria, in the second part of the thesis [chapter 5] the 

immune recognition induced by cell wall associated proteins, and their modulation in 
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response to a shift in temperature was studied. It was shown that cell wall murein associated 

proteins of S. suis were immunogenic, independent of the temperature at which they were 

prepared. Furthermore, different reactivities of the sera induced by the whole cell 

preparations versus cell wall associated protein fractions prepared at 32°C and 42°C 

suggested differential expression of a number of immunogenic proteins. Among those, two 

virulence-associated surface proteins were identified, i.e. the MRP protein, which was down-

regulated at 42°C, and the AdiS protein, which was up-regulated. These results indicate that 

temperature may change the expression profile of immunogenic proteins, which may have 

consequences for host immune responses.  

 Taken together, results of this thesis have improved our understanding of the 

complex interaction of S. suis with the host organism. Furthermore, this study raises a 

number of challenging questions to be addressed in future studies on S. suis pathogenicity 

mechanisms. 
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Zusammenfassung 
Laurentiu Benga 
Interaktion von Streptococcus suis mit Wirtszellen 
 

Streptococcus suis ist ein weltweit vorkommender Krankheitserreger, der vor allem 

beim Schwein, selten auch beim Menschen, Meningitiden, Septikämien, Polyarthritiden, 

Pneumonien und andere infektiöse Krankheiten hervorrufen kann. Bis heute sind 35 

verschiedene Kapselserotypen bekannt; eine wirksame Vakzine gegen S. suis Infektionen 

steht bisher nicht zur Verfügung. In der Literatur wurde über einige Virulenzfaktoren von S. 

suis berichtet; diese sind jedoch wenig charakterisiert, und die Pathogenese ist zum größten 

Teil unbekannt. Diese Erkenntnislücken limitieren bisher die Kontrolle von S. suis 

Infektionen. Um eine wirksame Prävention zu erziehen, sind daher weitergehende Einblicke 

in die Pathogenese nötig. 

Der erste Teil dieser These beschäftigt sich mit der Interaktion von S. suis mit 

Zelltypen verschiedener Infektionsstadien (epitheliale, phagozytotische und endotheliale 

Zellen) [chapter 2-4]. Die Ergebnisse zeigten extrem unterschiedliche S. suis Phänotypen in 

Bezug auf Adhärenz, Invasion und Zytotoxizität für HEp-2 Zellen, abhängig sowohl von der 

Bekapselung als auch von den Umweltbedingungen. Desweiteren wurde gezeigt, dass S. 

suis für die Invasion in Zellen verschiedene Aufnahmemechanismen nutzt und intrazellulär in 

sauren Phagolysosomen persistiert. Hierfür spielt offenbar die Expression des Arginin 

Deiminase Systems eine wichtige Rolle. 

Um spätere Stadien der Infektion näher zu charakterisieren, wurde die Interaktion von 

S. suis mit Phagozyten und Endothelzellen untersucht. Auch in den Phagozytose-Versuchen 

zeigte sich starke Unterschiede im Phänotyp. So wurde beobachtet, dass der bekapselte S. 

suis Stamm 10, im Gegensatz zu einem unbekapselten Stamm, resistent gegenüber der 

Phagozytose durch Monozyten war. Bei den neutrophilen Granulozyten allerdings waren 

keine Unterschiede zwischen unbekapselten und bekapselten Stämmen zu sehen. Darüber 

hinaus konnte nachgewiesen werden, dass der bekapselte S. suis Stamm 10 resistent 

gegenüber porcinen Phagozyten sowohl unter opsonisierenden als auch unter nicht 

opsonisierenden Bedingungen war, während der unbekapselte NT-Stamm A5503 unter 

opsonisierenden Bedingungen vermehrt phagozitiert wurde. Die unbekapselte Mutante ∆10 

und der NT-Stamm A305 wurden sowohl unter opsonisierenden als auch unter nicht 

opsonisierenden Bedingungen gleichermaßen stark phagozytiert. Diese Ergebnisse zeigen, 

dass es neben der Kapsel weitere Faktoren geben muss, die an der Interaktion von S. suis 

mit Phagozyten beteiligt sind. Desweiteren wurde die Interaktion von S. suis mit porcinen 

Endothelzellen untersucht. Hier wurde nachgewiesen, dass S. suis an Endothelzellen 
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adhäriert, und zwar in Abhängigheit vom Zelltyp und Bakterienstamm. Eine Invasion in diese 

Zellen konnte nicht beobactet werden. 

Davon ausgehend, dass bakterielle Oberflächenproteine eine wichtige Rolle bei der 

Erreger-Wirtszell-Interaktion spielen, beschäftigt sich der zweite Teil dieser These [chapter 
5] mit der Immunantwort auf Oberflächenantigene und deren möglicher Modulation durch 

Temperatur. Die meisten Oberflächenproteine erwiesen sich unabhängig von der 

Temperatur als immunogen. Der Vergleich der verschiedenen Immunseren zeigte aber auch, 

dass Temperaturstress zu einer modulierten Expression bestimmter Antigene führte. Hierzu 

zählten die Virulenz-assoziierten Oberflächenproteine MRP, das bei 42°C abreguliert war, 

und AdiS, das bei 42°C aufreguliert war. Zusammenfassend lässt sich schlussfolgern, dass 

die Wachstumstemperatur deutliche Verschiebungen des Expressionsprofils immunogener 

Proteine von S. suis hervorrufen kann, was vermutlich zu unterschiedlichen 

Immunreaktionen des Wirtes führt. 

Die vorliegende Arbeit hat dazu beigetragen, die komplexen Erreger-Wirt-

Interaktionen von S. suis besser zu verstehen. Die Ergebnisse sind außerdem 

Ausgangspunkt für zukünftige Studien zu Pathogenitätsmechanismen von S. suis. 

 

 122



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 

 

 



 Appendix  

List of figures and tables 
 

Figure 1-1: Hypothetical model of the pathogenesis of S. suis infection. .........................19 
Figure 2-1: Double immuno fluorescence (DIF) microscopy of adherence and 

invasion of S. suis co-cultivated with HEp-2 epithelial cells. ..........................34 
Figure 2-2: Comparison of HEp-2 cell adherence and invasion of S. suis after 

growth in THB vs. TSB.. .................................................................................35 
Figure 2-3: Detection of encapsulation of S. suis strains by LRR staining and 

transmission electron microscopy.. ................................................................36 
Figure 2-4: FESEM analysis of the invasion process in HEp-2 cells infected with S. 

suis strain A305.. ............................................................................................37 
Figure 2-5: FESEM analysis of the invasion process of HEp-2 cells infected with 

S.suis strain A5439.........................................................................................38 
Figure 2-6: Inhibition of invasion of S. suis by sucrose.....................................................40 
Figure 2-7: Intracellular survival of S. suis in HEp-2 cells as studied by antibiotic 

protection assay.. ...........................................................................................40 
Figure 2-8: TEM of ultrathin sections of HEp-2 cells infected with strain A305.................41 
Figure 2-9: Co-localisation of LAMP1 with S. suis in HEp-2 cells. ....................................42 
Figure 2-10: Determination of endosomal acidification by co-localisation of 

LysoTracker with S. suis in HEp-2 cells infected with S. suis strains 
A305 or A5503................................................................................................43 

Figure 2-11: Survival of S. suis in acidic environment.. ......................................................44 
Figure 3-1: Phagocytosis (top) and intracellular killing (bottom) of S. suis strains by 

murine phagocyte cell lines J774 and RAW. ..................................................65 
Figure 3-2: Phagocytosis of S. suis strain 10 by porcine neutrophils and 

monocytes.. ....................................................................................................66 
Figure 3-3: Resistance of different S. suis strains to phagocytic killing by porcine 

leukocytes.......................................................................................................67 
Figure 3-4: Susceptibility of S. suis to killing in porcine immune blood.............................67 
Figure 4-1: Phase contrast images of porcine endothelial cell lines PEDSV and 

PBMEC ..........................................................................................................78 
Figure 4-2: Adherence of S. suis strains to endothelial cells PEDSV and PBMEC, 

respectively, as analysed by antibiotic protection assay. ...............................79 
Figure 5-1: Serum antibody responses in pigs immunised with different fractions of 

S. suis as determined by ELISA. ....................................................................92 
Figure 5-2: Serum antibody responses in pigs immunised with different fractions of 

S. suis as determined by Western blot analysis using WCP32 or WCP42 
as antigen. ......................................................................................................93 

Figure 5-3: Serum antibody responses in pigs immunised with different fractions of 
S. suis as determined by Western blot analysis using each of the four 
different preparations as antigen. ...................................................................94 

Figure 5-4: Identification of temperature modulated proteins by absorbing pooled 
sera which WCP 32°C antigen. ....................................................................103 

Figure 5-5: Identification of MRP and AdiS by immunoblot analysis...............................104 
  

Table 2-1: Characterisation of invasive S. suis strains with respect to serotype, 
cytotoxicity and presence of virulence associated genes. ..............................35 

Table 2-2: AD activity expressed in whole cell lysates from different S. suis strains.......43 
Table 4-1: Invasion of PBMEC by S. suis. .......................................................................80 
 

 

 124



 

Acknowledgements 
 
I express my gratitude to my supervisor Prof. Dr. Peter Valentin-Weigand, who gave me the 

oportunity to come in contact with beautiful scientific and personal experiences. Without his 

help either in the scientific or in administrative problems nothing were possible.  

 

Special thanks to Dr. Ralph Goethe for his patience and precious advises in the laboratory 

work, from which I have learned very much, and for more than this. 

 

I am grateful to all my colleagues Tina Basler, Chirstoph Baums, Maren Blickwede, Markus 

Fulde, Petra Grüning, Sarvan Munjal, Thomas Rehm, Luciana da Silva, Sandra Sommer  

who maintained a pleasant  working atmosphere and have been close to me everyday being 

nice colleagues and friends. Nice memories with you will join me livelong. 

 

Special thanks to Sabine Jeckstadt, who gladly helped me very much, anytime when 

needed. 

 

I thank Jörg Merkel, for his “high qualified” help in many problems concerning mathematics 

and PC, including the finalisation of this thesis.    

 

Dr. Manfred Rohde, was the one who have done my thesis more attractive by providing me 

wonderful EM pictures. 

 

I thank to all people from the Institut für Mikrobiologie, Tierarztliche Hochschule Hannover, 

for being nice and helpful.  

 

The support I got from my wife and my family from Romania was of great value. Thanks all of 

you. 

 

Throughout this period of time, I received financial support from the Deutsche 

Forschungsgemeinschaft (DFG), Bonn, Germany (GRK 745). 

 

  

 



 

Erklärung 
 

 

Hiermit erkläre ich, dass ich die Dissertation „Interactions of Streptococcus suis with host 

cells“ selbständig verfaßt habe. Bei der Anfertigung wurden folgende Hilfen Dritter in 

Anspruch genommen: 

 

Die electronmikroscopischen Untersuchungen erfolgt mit Unterstützung durch Dr. M. Rohde, 

GBF, Braunschweig. 

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten 

(Promotionsberater oder anderer Personen) in Anspruch genommen. Niemand hat von mir 

unmittelbar oder mittelbar entgeltliche Leistungen für Arbeiten erhalten, die im 

Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen. 

 

Ich habe die Dissertation an folgenden Institutionen angefertigt: 

 

Institut für Mikrobiologie, Zentrum für Infektionsmedizin, Stiftung Tierärztliche Hochschule 

Hannover 

 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen ähnlichen 

Zweck zur Beurteilung eingereicht. 

 

Ich versichere, dass ich die vorstehenden Angaben nach bestem Wissen vollständig und der 

Wahrheit entsprechend gemacht habe. 

 

Hannover, den 01.09.2004 

 

 

Laurentiu Benga 

 



 

Curriculum vitae 

  
Name:    Laurentiu George Benga 

Date and place of birth:  11.03.1973, Recea, Brasov, Romania 

Education:    1991-1997  Faculty of Veterinary Medicine – Bucharest 

1997-1999 Postuniversitary School of Veterinary Medicine –  

Laboratory Diagnosis Specialisation - Bucharest 

1997-2001 worked as academic assistant at the Faculty of 

Veterinary Medicine from Bucharest - Department of  Infectious 

Diseases  

since October 2001- enrolled in the Ph.D. Program Veterinary 

Research and Life Science at Tierärztliche Hochschule 

Hannover, supported by a stipendium within the 

Graduiertenkolleg 745 „Mucosal Host-Pathogen-Interactions“ of 

the Deutsche Forschungsgemeinschaft (DFG). 

 
 

 


	General introduction
	Non-encapsulated strains reveal novel insights in invasion and survival of Streptococcus suis in epithelial cells
	Comparison of phagocytosis of Streptococcus suis by murine and porcine phagocytes
	Adherence of Streptococcus suis to porcine endothelial cells
	Chapter 5�Antibody responses to cell-wall associated proteins of Streptococcus suis
	5.1 Immunogenicity of murein-associated proteins from temperature stressed Streptococcus suis cultures
	5.2 Antibody responses to putative virulence associated surface factors AdiS protein and MRP after immunisation of pigs with temperature stressed Streptococcus suis culture fractions
	5.1 Immunogenicity of murein-associated proteins from temperature stressed Streptococcus suis cultures
	5.2 Antibody responses to putative virulence associated surface factors AdiS protein and MRP after immunisation of pigs with temperature stressed Streptococcus suis culture fractions

	Chapter 6�General discussion
	Chapter 7�Summary
	Chapter 8
	Zusammenfassung
	Appendix
	Erklärung


