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Ab Antibody 

C4BP C4b-binding protein 

CCP Complement control protein 

CEACAM Carcinoembryonic antigen-related cellular adhesion molecule 
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CSF Cerebrospinal fluid 

DAF Decay accelerating factor 
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MAC Membrane attack complex 

MAPK Mitogen-activated protein kinase 

MHC Major histocompatibility complex 

MLST Multilocus sequence typing 

Opa Opacity protein 

PAM Plasminogen binding streptococcal M-like protein 

PAMPs Pathogen associated molecular patterns 



PID Pelvic inflammatory disease 

PRR Pattern recognition receptors 

PTSAgs Pyrogenic toxin superantigens 

SLO Streptolysin O 

SLS Streptolysin S 

SPEs Streptococcus pyrogenic exotoxins 

TLR Toll-like receptor 

TNF Tumor necrosis factor 
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An experience worth remembering

As a PhD student I have taken several postgraduate courses in microbiology 
and infection biology as part of my education. One of these courses was a 
field study in Ghana, Africa in December 2004. Nine of us research students 
and nine medicine students had the opportunity to gain some perspective to 
what infectious diseases and research are really about. During our stay we 
visited hospitals in Accra, Cape Coast and HoHoe in the Volta region. One 
of the main health issues in Ghana, and in the rest of Africa, is the personal, 
social and economic impact of malaria and most of the patients we met were 
also malaria patients. In Cape Coast, we also visited Ankaful leprosy 
hospital with patients coming from all over Ghana for treatment against 
leprosy as well as other diseases caused by Mycobacterium related species. 
Many of the patients were children suffering from buruli ulcer, an infection 
caused by M. ulcerans. This skin disease usually begins with a painless 
nodule in the skin, which, if left untreated, leads to massive skin ulceration. 
The children at this hospital were often in pain due to the infection or the 
scarring after recovery. I played cards with a young boy who could not 
straighten his arm due to massive scarring. We also visited a small village 
outside of HoHoe and met a young girl who had scabies all over her body 
but could not afford treatment. We visited tuberculosis patients in a prison 
hospital in Cape Coast and we went to a children’s AIDS clinic in Accra. As 
you may understand my visit to Ghana did not leave me unaffected. There 
were many more experiences during our stay that gave me a better 
understanding of infectious diseases and what my own research was really 
about. Many of the diseases I have mentioned are currently treatable, but for 
those that are not yet treatable… just wait and we will get there! Even 
though my contribution to the field of infectious diseases is tiny, it might not 
even be remembered in a few years, I would like to believe that what I have 
achieved might help someone, somewhere, some day.  
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1 Introduction

In this thesis I have investigated how Neisseria meningitidis, N. gonorrhoeae

and Streptococcus pyogenes interact with and influence the response of the 

host upon an infection. These three bacterial species have different 

appearances, growth requirements and infection routes but also share 

important similarities in host-cell interaction. However, before entering the 

world of bacteria it is important to know a few things about our immune 

system and how we can sense the presence of pathogens. I will concentrate 

on innate immunity, which is the first line of defence mechanisms that will 

be turned on upon an infection. The innate immune system needs no prior 

exposure to the pathogen to be able to react and it is constantly screening us 

to make sure our system is free of hostile microorganisms. The second line 

of defence is the adaptive immune system, which will help us develop a 

memory to recognise the pathogens upon repeated exposure, however this 

will not be discussed further. The results and discussions of papers I-IV are 

included in the running text where appropriate. 

1.1 Innate immunity  the complement system 

Complement is a highly conserved innate defence cascade of about 30 

proteins that interact with each other and the surrounding environment to 

recognise and kill pathogens. Activation of complement can be triggered by 

three pathways; the classical, alternative or lectin pathway – depending on 

the nature of the foreign molecule and the activating surface (figure 1). The 

classical pathway is activated primarily by the interaction of C1q binding to 
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immune complexes of immunoglobulin M (IgM) and G (IgG), complexed 

with antigens, or by C1q binding directly to the surface of the pathogen. The 

alternative pathway does not depend upon the presence of immune 

complexes and leads to the deposition of C3 fragments on the target cells. 

The protein C3 is produced in the liver and is then cleaved into C3a and C3b 

by enzymes in the blood. If there are no pathogens in the blood, the C3a and 

C3b protein fragments will be deactivated by complement regulators. The 

lectin pathway shares several molecules with the classical pathway and is 

activated by binding of mannose binding lectin (MBL) to carbohydrates 

expressed on pathogens which are not generally found on host cells. All 

three pathways converge and lead to either the opsonisation and recognition 

of immune cells leading to phagocytosis, or the destruction of non-self cells 

and target organisms through formation of the membrane attack complex 

(MAC, C5b-9) [1]. Thus, the complement system has the potential to be 

extremely damaging to host tissues and requires that its activation must be 

tightly regulated. This regulation occurs through complement control 

proteins (CCPs) that are present at a higher concentration in the blood than 

the complement proteins themselves. Some CCPs are present on the 

membranes of host-cells preventing them from being targeted by 

complement. Regulating proteins include C4b-binding protein (C4BP), 

factor I, decay accelerating factor (DAF), complement regulator 1 (CR1), 

membrane cofactor protein (CD46), factor H [2], CD59 [3], vitronectin (S 

protein) [4] and clusterin (complement lysis inhibitor) [5].  
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Figure 1. Activation and regulation of the complement system. The classical 
pathway is initiated by C1q complexed or bound directly to the bacterial surface. 
The lectin pathway is initiated by mannose binding lecting interacting with 
carbohydrates (mannose) on the bacterial surface. The alternative pathway is 
initiated by complement deposition (C3b) on the bacterial surface. The C5 
convertases (C4b2a3b and C3bBbC3b) initiate the formation of the membrane attack 
complex (MAC) by cleavage of C5 to C5a and C5b. C5b forms a trimolecular 
complex with C6 and C7. After insertion into a cell membrane, C8 and multiple 
molecules of C9 bind to the complex. As a result the pore-forming MAC is 
assembled and cell lysis occurs. Negative regulators of the complement include 
C4bp, factor I, decay accelerating factor (DAF), complement receptor 1 (CR1), 
CD46, factor H, S protein and clusterin.  

1.1.1 CD46

CD46 was identified as a complement binding protein of human peripheral 

blood cells and demonstrated to be a cofactor for the factor-I-mediated 

degradation of C3b and C4b [6]. CD46 consists of four homologous 

complement control repeats (CCP-1, -2, -3, -4), an alternatively spliced 

region enriched in serine, threonine and proline (STP domain), a 12 amino 

acid domain whose function is undefined and a hydrophobic transmembrane 

region. CD46 contains one of two nonhomologous cytoplasmic tails of either 

16 or 23 amino acids (termed CYT-1 and CYT-2) with signalling motifs at 

the carboxyl terminus. The four most common expressed isoforms of CD46 
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that arise by alternative splicing are called BC1, BC2, C1, and C2 with B 

and C referring to the STP-rich modules, and to either the cytoplasmic tail 1 

or 2 [2] (figure 2). 

The ubiquitous expression and function of CD46 makes it an attractive 

receptor for many pathogens [7, 8]. To date five pathogens have been 

observed to interact with CD46, including the measles virus, adenovirus, 

herpesvirus, pathogenic Neisseria and S. pyogenes [9-14]. Studies of the 

CD46–measles virus interaction has revealed that CCP 1 and 2 are necessary 

for pathogen interaction [15]. CCP 1 and 2 are also important for the CD46–

adenovirus interaction whereas human herpesvirus 6 requires CCP–2 and 3 

[16]. Pilus-mediated adhesion of N. gonorrhoeae and interactions with the 

streptococcal M protein both require regions in CCP 3 and 4 [12, 17]. 

Figure 2. CD46 is a 50-65 kDa type I transmembrane glycoprotein. Beginning at the 
N-terminus, it consists of four homologus complement control repeats (CCPs). 
Measles virus, adenovirus, herpes virus, N. gonorrhoeae and S. pyogenes use 
different CCPs as receptor binding sites. 



15

1.2 How do we know that the pathogens are there? 

Host cell pattern recognition receptors (PRRs) recognise and become 

activated by highly conserved microbial structures called pathogen-

associated molecular patterns (PAMPs). These microbial structures are 

usually surface exposed molecules such as cell wall proteins or 

peptidoglycans but they also include deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) from various microorganisms. One group of PRRs 

are the toll-like receptors (TLRs) which play a pivotal role in cell activation 

in response to PAMPs. Thus far, ten TLRs have been identified in humans 

(figure 3), as reviewed by Kawai et al. 2006 [18].  

Figure 3. Human toll-like receptors and their ligands. 
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2 The genus Neisseria

Neisserial species are gram-negative, mostly non-pathogenic diplococci of 

the normal flora that colonise primarily the nasopharynx of both animals and 

humans. The two human specific pathogens are N. gonorrhoeae (gonococci) 

and N. meningitidis (meningococci). Classification is based on phenotypic 

characteristics of variable outer membrane structures such as capsule (N.

meningitidis), serogroup; major outer membrane proteins (porins), serotype; 

other outer membrane proteins (opacity proteins, Opa), serosubtype; 

lipooligosaccharide (LOS), immunotype [19]. Additional typing can also be 

performed by multilocus sequence typing (MLST) [20], which uses 

nucleotide sequence determination to identify alleles of housekeeping genes 

and can rapidly identify hypervirulent meningococci. Both gonococci and 

meningococci colonise mucosal surfaces, but generally at different locations 

in the human body. They also cause different diseases but are taxonomically 

alike and share about 80% of their DNA base sequences along with many 

virulence factors. However, one important difference between the strains is 

the meningococcal polysaccharide capsule which has a considerable 

influence on virulence in the host [21] and will be discussed later.  

2.1 Neisseria gonorrhoeae

N. gonorrhoeae causes the sexually transmitted disease gonorrhoea. It 

mainly infects the mucosal epithelium of the male urethra and the female 

cervix but may also infect the rectum, throat and conjunctiva of the eye. In 

males, gonorrhoea is usually associated with urethral discharge and painful 
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urination. Untreated, gonorrhoea can spread from the urethra to infect the 

prostate gland, seminal vesicles, Cowper’s glands, and the epididymis, 

which, if inflamed and scarred, can lead to sterility. In women, the urethra or 

cervix is affected, although sometimes the infection is so mild that it goes 

unnoticed, particularly with inflammation of the cervix. Symptoms include a 

cloudy vaginal discharge, abnormal menstruation and painful urination. If 

women do not detect any symptoms and the infection is left untreated, it can 

lead to pelvic inflammatory disease (PID) resulting in ectopic pregnancy and 

infertility. About 10% of infected men and 50% or more of the infected 

women have asymptomatic infections and these asymptomatic carriers 

constitute the major reservoir for gonococci. When the disease is detected, 

gonorrhoea can be treated with antibiotics. However, antibiotic resistance of 

N. gonorrhoeae is increasing, including resistance to ciprofloxacin a widely 

used oral treatment [22] and to date there is no effective vaccine to prevent 

gonorrhoea.  

2.2 Neisseria meningitidis

N. meningitidis is one of the few bacterial pathogens that causes a disease 

which is fatal within hours. This is particularly worrying since between 60-

90% of all cases occur in children under the age of five [23]. The 

development of a functional vaccine is hampered by the fact that at least 12 

serogroups have been identified. Those serogroups associated with 

meningococcal disease are predominantly serogroups A, B, C and less 

commonly serogroups W135 and Y. Polysaccharide vaccines that offer 

protection against infection with meningococcal serogroups A, C, Y and W-

135 are effective in older children and adults and have been widely used 

[24]. Serogroup B contributes significantly to the burden of meningococcal 

disease in many industrialised countries where both epidemic and endemic 

serogroup B infections occur. Vaccines effective against specific strains 
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responsible for serogroup B epidemic disease have been developed, but the 

development of a safe serogroup B vaccine that is cross protective against 

multiple strains and is effective in infants and young children remains a 

challenge. Despite these difficulties, promising vaccine candidates will arise 

from a better understanding of meningococcal pathogenesis and genetics of 

serogroup B meningococci. Reviewed by Zimmer et al. 2006 [25].  

N. meningitidis primarily infects the upper respiratory tract in humans and 

may present with mild symptoms such as headache, nausea and abdominal 

pain. Concerns arise from the more serious manifestation of infection, which 

can be generally divided into two types: (1) meningitis and (2) fulminant 

disease or septicaemia. N. meningitidis is the most frequent cause of 

epidemic episodes of cerebrospinal meningitis. Illness results if the organism 

enters the bloodstream which may lead to access to the meninges, the 

membranes surrounding the brain and spinal cord. In up to 30% of patients 

the bacterium establishes a sustained infection of the bloodstream and 

releases an endotoxin that increases the permeability of blood vessels. As a 

result, blood pressure decreases and the subsequent septic shock can result in 

the destruction of organs. Without immediate treatment patients may rapidly 

become unresponsive and die within hours of onset of a meningococcal 

infection [26].  

2.3 Virulence factors of pathogenic Neisseria 

A characteristic feature of both pathogenic Neisseria species is the enormous 

variability in the antigenic properties and expression of surface components. 

The modulation of outer membrane lipooligosaccharide and pili is thought 

primarily to reflect an immune evasion mechanism, allowing the bacteria to 

escape innate and acquired host defences. Furthermore, variation of outer 

membrane proteins facilitates the interaction of the bacteria with multiple 

host cell types. 
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2.3.1 Type IV pili and pilus associated proteins 

Pili are adhesive hair-like organelles that protrude from the surface of 

bacteria (figure 4). Neisserial type IV pili serve diverse functions, including 

adhesion, microcolony and biofilm formation, natural transformation and 

immune evasion [27]. They are 6 nm in diameter and can be up to several 

micrometers in length. Neisserial pili also perform force-driven contraction, 

so called twitching motility, to enhance their contact with target surfaces 

[28-31].  

The pilus fibre of Neisseria is composed primarily of pilin subunits called 

PilE, an 18–22 kDa polypeptide, arranged in helical formation [32]. The 

pilins of N. gonorrhoeae and N. meningitidis undergo primary sequence 

variation in nature and the laboratory [33]. Pilus variation occurs through a 

variety of genetic mechanisms at rates of 104 per cell division [34]. Small 

alterations in the primary structures of neisserial pilins cause changes in 

immunoreactivity, post-translational modification and adhesive function [35-

37]. Non-piliated gonococcal and meningococcal derivatives may express 

soluble pilin (S-pilin). Instead of maturation of the pilus fibre, cleaved pilin 

monomers are released into the bacterial surroundings [38]. However, 

primary cultures of clinical isolates of both N. gonorrhoeae and N.

meningitidis have shown to be invariably piliated emphasising the 

importance of pilus expression upon infection [39].  

To date 12-15 proteins are thought to be involved in neisserial pilus 

formation. Important Pil proteins for the assembly and stabilisation of the 

pilus structure are mentioned as follows. The PilC protein is located at the 

tip of the pilus structure [40] serving as an adhesin [41] and also in the 

membranes of both piliated and non-piliated bacteria [42]. PilC is thought to 

be involved in pilus assembly [41] as well as regulation of pilus retraction 

[43]. PilW is an outer-membrane protein necessary for the stabilisation of 

the fibres but not required for their assembly or surface localisation [44] .

Mutants failing to express pilD, pilF, and pilG genes are non-piliated and 
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show decreased competence for natural transformation [45, 46]. PilQ is an 

outer membrane protein serving as a gate for pilin assembly and surface 

exposure as PilE subunits translocate through the membrane. PilQ proteins 

are also thought to stabilise the structure and perform modifications to the 

pilus structure [47, 48]. PilT is essential for pilus retraction and is considered 

the ‘motor’ of neisserial twitching motility [49], which is the ability of 

bacteria to move on solid surfaces.  

Figure 4. Electron micrograph image of N. gonorrhoeae and neisserial type IV pilus 
structure model. (www.shamrockstructures.com/proteins.htm).  

2.3.2 Lipopolysaccharides (paper I) 

Lipopolysaccharide (LPS) is found on the outer leaflet of the outer 

membrane of gram-negative bacteria. Bacterial lysis causes release of LPS 

that bind to a LPS-binding protein (LBP) circulating in the blood. This 

complex binds to a receptor molecule (CD14) found on the surface of host 
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cells and is followed by a toll-like receptor 4 (TLR-4) dependent response to 

the LPS, triggering the release of various cytokines including interleukin 

(IL) 1, IL-6, IL-8 and tumor necrosis factor (TNF). The induced cytokines 

then bind to cytokine receptors on target cells and initiate inflammation and 

activate both the complement pathway and the coagulation pathway [50, 51]. 

The LPS endotoxin consists of three components; a lipid A region 

embedded into the bacterial outer membrane; a core oligosaccharide region, 

including heptose and 2-keto-3-deoxymanno-octonic acid (KDO); and the 

O-specific side chain or O-polysaccharide. Each domain has distinct 

structural and functional properties. However, pathogenic Neisseria express 

an endotoxin that is structurally different from enteric gram-negative bacilli. 

These differences, which appear to be biologically important, occur in the 

composition and attachment of acyl chains to lipid A, phosphorylation 

patterns of lipid A, and the incorporation and phosphorylation of sugar 

residues in the LPS inner-core. Furthermore, there are no multiple repeating 

units of O-antigens, therefore neisserial LPS is referred to as 

lipooligosaccharide (LOS) (figure 5) [52, 53]. Similar to LPS, the LOS 

interaction with human cells results in the production of proinflammatory 

cytokines and chemokines, that are important in the pathogenesis of 

meningococcal disease [54, 55]. The morbidity and mortality of 

meningococcal sepsis are directly correlated with levels of circulating 

meningococcal LOS [54, 56]. 
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Figure 5. Neisserial LOS structure. 

In paper I we investigated the pathogenic role of N. meningitidis

serogroup B LOS variable strains [57]. In our study, wild-type meningococci 

(NMB strain) of serogroup B and mutants with defined mutations in 

enzymes required for LOS assembly were used to further determine the role 

of the LOS structure in meningococcal virulence. Variations of 

meningococcal LOS (alpha) chain and inner core structures are known to 

occur at high frequencies and to influence pathogenesis [53].  

We observed that the wild-type strain that express a full-length LOS was 

associated with the lowest levels of adhesion compared to the Hep2 

(GlcNAc) KDO2-lipid A (pgm) mutant and the KDO2-lipid A (gmhB)

mutant, which was highly adherent to cultured epithelial cell. In contrast to 

adhesion, invasion of meningococci into epithelial cells was best correlated 

with the wild type capacity to produce LOS whilst all LOS mutants 

investigated had delayed invasion kinetics or was unable to invade host 

epithelial cells compared to the wild type. Furthermore, the mutant lacking 

Hep2-KDO2-lipid A (rfaK) showed similar mortality rate to the wild-type 

strain in a CD46 transgenic mouse model [58]. Mortality was also correlated 

with higher levels of bacteremia, meningococci in the cerebral spinal fluid 
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and the induction of inflammatory cytokine responses. Thus, the ability of 

meningococci to rapidly enter and survive in the bloodstream after invasion 

and cause early high-level bacteremia is an important virulence factor, and 

this effect is related to LOS structure. In summary, we could identify the 

importance of LOS integrity in neisserial pathogenesis. The complete LOS 

structure was highly associated with the resistance to serum bactericidal 

activity and to the severity of proinflammatory cytokine induction. However, 

we could also conclude that meningococcal mutants deleted for LOS chain 

structures but retaining inner-core heptoses, although more sensitive to 

whole mouse blood, remained significantly virulent. This indicates that not 

only the integrity of the LOS structure is important for meningococcal 

virulence it may also be strain specific host interactions that strongly affect 

the outcome of disease.  

2.3.3 Opacity proteins

Opa proteins are integral outer membrane proteins that undergo phase 

variation (i.e. expression of each Opa protein can be independently switched 

to an ‘on’ or ‘off’ state). A single gonococcal strain can encode up to 12 Opa 

proteins, whereas meningococci usually encode three to four Opa proteins 

[59]. Opa proteins are not required for initial colonisation of the host, as 

human volunteer challenge experiments with non-opaque strains result in 

successful colonisation. However, colonies re-isolated from these volunteers 

almost invariably express Opa proteins, suggesting a strong selection 

pressure towards the expression of Opa proteins in vivo [60, 61].  

2.3.4 Porins

Porins are the most abundant outer membrane protein in pathogenic 

neisserial species. Porins from N. gonorrhoeae and N. meningitidis share 60–

70% amino acid sequence homology [62, 63] and undergo moderate 
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antigenic variability [19]. Neisserial porins function as pores and are 

essential for bacterial survival as they modulate the exchange of ions 

between the bacteria and the surrounding environment [64]. Porins have 

been shown to translocate into host mitochondria and the effects on host cell 

apoptosis remains controversial [65-67]. The interaction between porins and 

mitochondria has been shown to either induce or be protective against 

apoptosis. Neisserial porins also have an immunomodulatory or proliferative 

effect on immune cells [68, 69] and have been shown to influence the 

development of serum resistance [70, 71]. 

2.3.5 Meningococcal capsule and serum resistance 

Complement-mediated bactericidal activity of serum is one of the most 

important components of host defence that participates in the clearance of N. 

gonorrhoeae and N. meningitidis from the bloodstream. This is illustrated by 

the fact that persons deficient in complement proteins including C3, terminal 

complement components and properdin (factor P) are predisposed to 

recurrent episodes of meningococcemia as well as disseminated gonococcal 

disease. Unlike gonococci, meningococci have a polysaccharide capsule, and 

animal infection models, whole-blood models and bactericidal assays 

performed with a variety of different meningococcal strains of various 

serogroups have demonstrated that the polysaccharide capsules expressed by 

meningococci are a prerequisite for resistance to the action of the human 

complement system [72-76]. Furthermore, studies using genetically and 

structurally defined capsule-, LOS-, and sialylation-altered mutants of wild-

type group B and group C meningococcal strains, demonstrated that while 

encapsulation was essential, the LOS structure played a contributory role in 

the ability of group B meningococci to resist bactericidal activity of non-

immune normal human serum [71, 72, 77]. The main mechanism of 

complement evasion by group B meningococci is the inhibition of 

membrane attack complex (MAC) insertion by the presence of their 
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polysaccharide capsule. LOS structure combined with capsule expression 

may further prevent MAC insertion. In addition but in contrast to earlier 

mentioned investigations, recent data suggests that the capsule of N.

meningitidis serogroup C can inhibit LOS-induced cytokine secretion from 

immune cells via binding of LOS receptor complexes indicating a new 

virulence property of meningococcal polysaccharides [78].  

Isolates of N. gonorrhoeae can be classified as serum sensitive or serum 

resistant on the basis of their resistance against complement-mediated killing 

[79]. Sialylation of gonococcal lipooligosaccharide (LOS) and porins 

mediate serum resistance by factor H binding. Porins can also regulate the 

classical pathway by binding to C4b-binding protein [71].  

2.4 Adhesion and invasion 

Adherence to host cell surfaces is often the first step in the establishment of 

bacterial disease. For extracellular pathogens, adherence allows bacteria to 

resist the mechanical clearance mechanisms of the host. For intracellular 

pathogens adherence is often a prerequisite for uptake (invasion). Adhesins 

are bacterial components that mediate the interaction between the bacterium 

and the host cell surface. Bacterial engagement of host cell receptors can be 

a means of targeting a pathogen to a particular niche, stimulating signalling 

pathways, establishing persistent infections and inducing invasion. 

Interestingly it is becoming more apparent that certain host receptors are 

utilised by many different pathogens [7, 80].  

2.4.1 Type IV pilus receptors 

Infection by pathogenic Neisseria is mediated by interaction between the 

type IV pili and cellular receptors including CD46 [13] and I-domain 

containing integrins, such as complement receptor 3 (CR3) [81-83]. Type IV 
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pili establish the initial bacterial contact with the mucosal surfaces of the 

urogenital tract or the nasopharynx, helping to overcome the electrostatic 

repulsion forces between the two negatively charged surfaces of the 

eukaryotic cell and the bacterium. 

Adherence of Neisseria to CD46 is correlated with the expression of the 

PilC protein [40]. However, the role of CD46 in neisserial pathogenesis is 

not fully understood. Studies have shown that the highest levels of CD46 

expression do not correlate with high levels of bacterial adhesion [84]. Also, 

in primary cells and cervical tissue, CD46 is expressed on the basolateral 

surface and not the apical cervical surface [85], which is the initial contact 

site for gonococci. Therefore, it is possible that CD46 may not serve as an 

initial pilus receptor on cervical epithelial cells. Interestingly, outer 

membrane proteins from Neisseria have been shown to trigger a transient 

calcium release from intracellular storages in these cells, which can be 

blocked by CD46 monoclonal antibodies indicating that CD46 is capable of 

transducing a Ca2+ signal through the host cell [86]. It has also been shown 

that bacterial adhesion promotes phosphorylation of CD46 cytoplasmic tail 2 

and aggregation of a kinase (c-Yes) at the site of gonococcal microcolony 

formation. Association of activated c-Yes with the CD46 tail upon infection 

may serve to localise signalling machinery to the sites of bacterial attachment 

and in turn engage pathways that are normally used for cell–cell or cell–

substrate adhesion [87]. Taken together these data indicate that the 

interaction between CD46 and pathogenic Neisseria may not be a receptor-

ligand interaction but rather a pathway for Neisseria to induce signals into 

the host cell possibly promoting bacterial adherence. There are also 

indications of CD46 down-regulation on epithelial cell surfaces during an 

infection of gonococci, and an accumulation of CD46 in the supernatant [88, 

89]. The loss of CD46 from the host cell surface may be an adaptation 

subsequent to the loss of adhesion molecules for invading pathogens.  
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Studies by Edwards et al. (2001), (2002) and (2005) [81-83], suggest that 

I-domain-containing integrins could potentially serve as gonococcal pilus 

receptors. Complement receptor 3 (CR3) exists as an integrin heterodimer 

and is expressed on primary cervical epithelial cells and has been observed 

to interact with gonococcal pili. Furthermore, endocytosis that is mediated 

by CR3 occurs independently of a pro-inflammatory response suggesting it 

may be a factor in the asymptomatic nature of cervical gonorrhoea. In 

addition, CR3 is not expressed by male urethral epithelial cells, instead 1 1

and 2 1 integrins appears to interact with gonococci indicating that the 

mechanisms used by N. gonorrhoeae to cause infection in females are 

distinct from those used to cause infection in males.  

2.4.2 Opacity protein receptors 

Neisserial Opa proteins have been shown to engage multiple host receptors 

expressed on a variety of cell types. Almost all currently characterised 

meningococcal and gonococcal Opa proteins can be grouped into two major 

classes according to their binding specificity for human surface receptors: 

the OpaHS-type proteins (heparan sulphate-recognising Opa proteins), and 

the large group of OpaCEA-type proteins (Opa proteins recognising 

carcinoembryonic antigen (CEA) or related molecules). Heparan sulphate 

proteoglycans (HSPGs) are receptors on human cells [90] and OpaHS is also 

able to bind extracellular matrix (ECM) proteins such as vitronectin and 

fibronectin [91, 92]. By using these ligands as bridging molecules, OpaHS

can indirectly engage integrins v 3 and 5 1 on human cells, inducing 

integrin-mediated uptake into epithelial cells [91]. Integrins appear to 

contain key targets for many pathogens trying to contact host cells. Several 

pathogens express adhesins that directly engage integrins such as 

enteropathogenic Yersinia species [93]. Gram-positive bacteria such as 

Staphylococcus aureus [94] or Streptococcus pyogenes [95] have also 



28

evolved a number of surface proteins binding matrix components of their 

host. However, the majority of characterised meningococcal and gonococcal 

Opa proteins display binding specificity for human surface receptors of the 

CEACAM family that harbour the CD66 epitope. Upon CEACAM 

binding, OpaCEA-positive bacteria can be internalised by professional 

phagocytes (granulocytes and macrophages), but also by other cell types 

such as epithelial and endothelial cells [96].  

2.5 Host responses to neisserial infections (paper II)

Studies of neisserial type IV pili and twitching motility as well as other 

virulence factor interactions with host cells reveal distinct responses of 

cytokine production, signalling and apoptotic gene transcriptional changes 

[97-99]. Furthermore, type IV pili induce cytoskeleton and plasma 

membrane rearrangements  [21, 100-102]. Gonococcal and meningococcal 

infections further increase the expression of host CEACAM receptors [103, 

104], thereby facilitating increased bacterial invasion. In addition, 

gonococcal invasion increases the amount of intercellular adhesion molecule 

1 (ICAM-1), which binds to 2-integrins on neutrophils and other 

inflammatory cells, inducing migration of neutrophils to the site of infection 

[105].  

Bacterial adherence to the epithelial cell layer activates a rapid response 

of the transcription factor nuclear factor kappa B (NF- B). This results in 

upregulation of transcription of inflammatory cytokines and chemokines 

including TNF, IL-1 , IL-6 and IL-8. IL-1  acts as a chemotactic factor for 

macrophages and neutrophils and shares many functions with TNF including 

increased polymorphonuclear cell (PMN) activity. IL-6 is a major activator 

of B-cells and induces release of acute phase proteins, whilst IL-8 is a major 

neutrophil attracting and activating chemokine [106]. The major pro-

inflammatory cytokines that have been detected in the cerebral spinal fluid of 
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patients with meningococcal meningitis are IL-1 , IL-6, and TNF [107-110]. 

Furthermore, high levels of IL-10, an anti-inflammatory cytokine, have been 

observed in sera from patients with meningococcal septic shock [111]. An 

over production of pro- and anti-inflammatory cytokines may lead to 

increased vascular permeability, hypotension, multiple organ failure and 

ultimately death [112].  

In paper II our main objective was to further characterise the interaction 

between encapsulated and piliated meningococci, and piliated or non-piliated 

gonococci with epithelial cells during the first hours of adhesion that precede 

internalisation of the bacteria. We undertook microarray experiments to 

study genes involved in inflammation and adhesion [99]. We observed that 

the type IV pili and the level of adherence might have an important impact 

on the gene response of host cells. After six hours of infection, most of the 

regulated genes induced by piliated Neisseria were cellular receptors or 

proinflammatory molecules. Thus, piliated bacteria induce a gene expression 

pattern that may be crucial for adherence and for initiating the invasion 

process. For example, a number of genes were regulated only by piliated 

gonococci including the adhesion molecules E-cadherin and P-cadherin, 

integrin- 1, and a number of receptors including the ephrin receptors EphA2 

and EphA4, IL-2R  and death receptor 6. This suggests that changes 

induced by adhesion result in regulation of cell surface associated molecules. 

Our study showed that meningococci generally induced an earlier response 

than gonococci in the epithelial cells. The meningococcal capsule may be the 

reason for this strong and early induction of host gene response.  

In addition to gene regulation in host cells, the neisserial genome is also 

affected by host cell interaction. Several studies suggest that upon cell 

contact pathogenic Neisseria modulate the regulation of their own genes 

belonging to five major categories: adhesion genes, host-pathogen crosstalk 

genes, amino acid biosynthesis genes, genes involved in DNA metabolism, 
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and genes encoding hypothetical proteins as reviewed by Claus et al. 2007

[113]. 

2.5.1 Antimicrobial peptides 

As discussed above, gonococcal and meningococcal infections elicit 

numerous responses in host cells including modulation of the cell surface 

and production of cytokines [100, 114]. In addition, they also stimulate the 

production of antimicrobial peptides and they activate the complement 

system and phagocytic cells. Antimicrobial peptides are present at the 

epithelial cell layer and can act instantly upon an infection of bacteria [115, 

116] and therefore play an important role in innate host defences [117]. They 

act by disrupting the membrane of the target microbe, resulting in lysis and 

killing of the microorganism. However, Neisseria has developed potent ways 

to overcome or avoid being killed by antimicrobial peptides. For example, N.

meningitidis utilise multiple mechanisms including an efflux pump and lipid 

A modification as well as the type IV pilin secretion system to modulate 

levels of cationic antimicrobial peptide resistance [118]. Furthermore, N.

gonorrhoeae downregulates expression of the human antimicrobial peptide, 

LL-37 [119].  
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3 Streptococcus pyogenes

3.1 Characterisation of the genus Streptococcus

Streptococci are gram-positive bacteria arranged in chains of varying length 

and can be either pathogenic or commensal to a broad range of hosts. Within 

the host streptococci are often found colonising mucosal surfaces of the 

mouth, nose and pharynx. However, under certain circumstances they may 

also inhabit the skin, heart or muscle tissue [120].  

The classification of streptococci is based on their capacity to lyse red 

blood cells on blood agar plates and are divided into three distinct types 

consisting of  (incomplete ‘green’ haemolysis),  (complete haemolysis) 

and  (no haemolysis). Pathogenic streptococci of man include Streptococcus

pyogenes (group A streptococci, GAS), S. agalactiae (group B streptococci, 

GBS) and S. pneumoniae. The -haemolytic streptococci, to which S.

pyogenes belongs, have also been divided into specific serotypes based on 

their cell-surface associated M and T proteins [121], which are often closely 

linked [122]. More than 150 different serotypes have been classified based 

on the M protein so far [123] while the T-protein is a useful addition to M 

typing for epidemiologic studies of S. pyogenes outbreaks. The T protein 

was recently found to represent the backbone of a pilus-like structure of S.

pyogenes [124] indicating that it may be important for adhesion and invasion 

of target cells as in the case of pili in gram-negative bacteria. Furthermore, 

recent data suggests that streptococcal T antigens function as virulence 

factors in vivo, but they also indicate that the pilus-like structure is not 

essential for the most common form of streptococcal skin disease [125].  
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3.2 Adhesion and receptor interactions 

Attachment of S. pyogenes to pharyngeal or dermal epithelial cells is the 

most important initial step in colonisation of the host. Specific adhesion 

between receptors and ligands increases the chance of survival. Thus, 

without strong adherence mechanisms S. pyogenes would not be able to 

attach thoroughly to host tissues and could be removed by mucous or 

salivary fluid flow resulting in removal from the epithelial cell layer. In S. 

pyogenes infections, as with many other pathogens, the adhesion process 

involves multiple adhesins [126-128].  

Hasty et al. 1992 [128] have suggested a two-step model of attachment 

where low affinity primary adhesion is mediated by the bacterial cell wall 

component lipoteichoic acid [129] that is followed by a stronger and more 

specific binding, by fibronectin-binding protein [130-132] or the S. pyogenes

M protein [133-135]. Three different fibronectin-binding proteins have been 

shown to participate in attachment of certain S. pyogenes strains to 

respiratory epithelial cells [136], Langerhans’ cells [137], or HEp-2 cells 

[138]. However, these proteins are absent on some clinically important 

serotypes, including M serotypes 1 and 3, that are two of the most common 

serotypes involved in pharyngitis and invasive infections [128, 130, 132, 

135, 139]. Thus, the type of adhesin utilised for specific binding may vary 

depending on the streptococcal strain and type of host cell and tissue 

involved. On the other hand, the capsule of S. pyogenes is also thought to be 

necessary for adhesion to epithelial cells. It may function as a universal 

adhesin for most S. pyogenes strains associated with human infection, 

permitting attachment of the bacteria to epithelial cells by a mechanism that 

is independent of strain or serotype-specific expression of alternative ligands 

[136, 140]. Other adhesins that have been described for S. pyogenes include

a vitronectin-binding protein, a collagen-binding protein and a 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [141-143]. Several 
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host cell proteins have been implicated in attachment or adherence to S.

pyogenes including fibronectin [144], fibrinogen [145], the hyaluronate-

binding receptor CD44 [140] and the membrane cofactor protein CD46 

[146].  

Okada et al. 1995 [146] showed that the C repeat domain of the M 

molecule is responsible for CD46 cell recognition. In their study, purified 

CD46 could inhibit the adherence of S. pyogenes to keratinocytes and the M 

protein was found to bind directly to CD46, whereas mutant M proteins 

lacking the C repeat domain did not bind CD46. Furthermore, Rezcallah et 

al. 2005 [147] investigated the role of CD46 in S. pyogenes invasion of 

human lung epithelial cells. They suggested that in addition to the 

extracellular matrix protein fibronectin, the cytoplasmic tail of CD46 is 

required for invasion by S. pyogenes. Moreover, similar to the findings in the 

field of Neisseria, CD46 may not only be utilised as a receptor but also as a 

component within a signalling pathway as suggested by Price et al. 2005 

[148]. In their study S. pyogenes was observed to employ CD46 for the 

induction of immunosuppressive/regulatory phenotypes in T cells.  

3.3 Internalisation of S. pyogenes

It has also been shown that S. pyogenes may also invade epithelial cells after 

initial adherence [149] and intracellular persistence has been shown to play 

an important role in streptococcal pathogenesis. Failure to eradicate 

streptococci from the throat in patients with recurrent tonsillitis indicates that 

the intracellular environment may be a good place for the bacteria to avoid 

host defence mechanisms [150, 151]. Protection from host defences inside 

the epithelial cell suggests that streptococci have evolved mechanisms to 

resist killing by non-phagocytic cells [152]. Alternatively, auto-phagosomes 

of epithelial cells have been implicated to mediate the elimination of 

intracellular S. pyogenes [153]. Internalisation of S. pyogenes may lead to 
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invasion of deeper tissues [149], however, there are studies suggesting that 

low virulence is associated with internalisation [150]. Both theories be 

correct depending on the site of invasion, i.e. the skin or throat epithelium. 

High-frequency invasion into non-phagocytic cells is mediated by M-protein 

and/or fibronectin-binding proteins [154, 155]. However, internalisation of 

S. pyogenes is relatively inefficient and most cell-associated bacteria remain 

extracellular. Instead of internalisation of streptococci into epithelial cells, 

binding of S. pyogenes to epithelial surface receptors has been shown to 

induce destabilisation and opening of intercellular junctions [156]. This 

suggests that the defects in epithelial integrity might facilitate para-cellular 

translocation of the bacteria through the epithelium and into deeper tissues. 

3.4 Host response to S. pyogenes infections 

Microbial entry into the epithelium is an active process that requires 

signalling from the invading pathogen to the host cell, although the specific 

signalling pathways differ for different microorganisms [157]. The 

interaction between the invading pathogen and the host epithelium leads to 

the activation of epithelial gene expression [158]. The genetic profiles of 

infected epithelial cells has been shown to predominantly reflect pro-

inflammatory responses [159-161]. These chemokines/cytokines ultimately 

trigger a cascade of inflammatory responses leading to recruitment of 

mediator cells, including polymorphonuclear leukocytes, lymphocytes, and 

macrophages, into the local infected region. The activation of NF- B and 

MAP kinase (MAPK) signalling pathways to produce inflammatory 

mediators plays an essential role in the host response to pathogenic 

organisms [106, 162]. Furthermore, some pathogenic bacteria induce 

apoptotic cell death by the activation of a cellular death program [163-165]. 

Apoptotic cell death in response to bacterial infection is thought to remove 

infected and damaged epithelial cells and to restore epithelial cell growth 
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regulation and epithelial integrity. S. pyogenes induced apoptosis may be 

triggered by the cellular stress responses in response to cellular invasion 

[166, 167].  

Neutrophils are an essential line of defence against invading 

microorganisms including S. pyogenes. The ability of neutrophils to 

eradicate bacteria is innate and thus not dependent on previous pathogen 

exposure. Upon an infection by S. pyogenes, the bacteria, like other 

microorganisms, may be phagocytosed by neutrophils after surface 

deposition of complement [168, 169]. Neutrophil mediated killing of 

streptococci is very efficient. Therefore, to establish infections in humans, S.

pyogenes must avoid the phagocytosis and subsequent killing by neutrophils 

[121, 168, 170, 171]. Although a very efficient host defence system already 

exists at the epithelial cell layer, neutrophils provide even more protection 

for the host. However, invasive S. pyogenes occasionally establishes a 

deeper infection. Depending on both the virulence of the strain and the host 

susceptibility [172], severe invasive infections may lead to toxic shock and 

necrotising fasciitis due to the induction of high levels of inflammatory 

cytokines like IL-1 , IL-6 and TNF. As mentioned previously, non-specific 

or misdirected release of cytotoxic agents is often the underlying cause of 

inflammatory disorders [173].  

3.5 Virulence factors and complement resistance 

S. pyogenes has a broad range of disease manifestations and are therefore 

classified as important human pathogens. Examples of mild S. pyogenes

infections include pharyngitis (‘strep throat’) and a localised skin infection 

called impetigo. Severe diseases caused by this pathogen include meningitis, 

arthritis, necrotising fasciitis (NF) and puerperal sepsis. These diseases have 

been suggested to be associated with specific serotypes, for example M 

serotype 2 has been predominantly found in clinical puerperal sepsis cases 
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[174] while serotypes M1 and M3 are commonly associated with severe 

invasive soft tissue infections [175]. For initial colonisation of a host and 

during an ongoing infection, S. pyogenes is dependent on a large number of 

virulence factors to out-compete the normal flora and to escape host defence. 

Important virulence factors include cellular antigens, such as the capsule, a 

variety of surface proteins and cell-bound or secreted toxins and enzymes, 

which will be briefly described below.  

3.5.1 Hyaluronic acid capsule 

The S. pyogenes capsule is composed of a polymer of hyaluronic acid [176] 

that allows the bacterium to go unrecognised by the host. It is chemically 

similar to hyaluronate found in human connective tissue and for this reason 

it is a poor immunogen. Detection of antibodies raised against streptococcal 

hyaluronic acid have been difficult to demonstrate in people [177]. The S. 

pyogenes capsule is also thought to prevent access of phagocytes to opsonic 

complement proteins, such as C3 bound to the bacterial surface thus 

preventing phagocytosis [170, 171]. The mechanism of resistance to 

phagocytosis does not appear to be dependent on the amount of C3 

deposited on the surface of the streptococci [178].  

3.5.2 Streptolysins

Most strains of S. pyogenes produce two haemolytic toxins: streptolysin S 

and streptolysin O. These toxins have the ability to damage the tissue by 

insertion into the host cell membrane resulting in transmembrane pore 

formation and osmotic cell lysis [152, 179]. Streptolysin S (SLS) is a non-

immunogenic polypeptide that exists primarily in a cell-bound form and is 

responsible for the -haemolytic phenotype produced by S. pyogenes on 

blood-agar plates. It has structural similarities to other gram-positive 

bacterial bacteriocins, a family of molecules that are toxic to other bacterial 
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cell membranes and sometimes exhibit haemolytic or cytolytic properties. 

Thus, SLS production may help S. pyogenes to out-compete other bacteria 

for colonisation of epithelial surfaces [180, 181]. Streptolysin O (SLO) is an 

immunogenic single-chain protein that induces a vigorous antibody response 

when it binds to the host cell membrane via cholesterol to form pores [182]. 

Measurement of anti-streptolysin O antibodies in humans is used as an 

indicator for recent streptococcal infection [161].  

3.5.3 Exotoxins 

S. pyogenes produces a variety of exotoxins, including the streptococcal 

pyrogenic exotoxins (SPEs), so called superantigens, that have been 

implicated in severe invasive streptococcal diseases as reviewed by Kotb et

al. 1995 [173]. Superantigens are bi-functional molecules that utilise at least 

two types of receptors expressed on different mononuclear cells of the 

immune system [183, 184]. Pyrogenic toxin superantigens (PTSAgs) 

stimulate T cells by binding both the invariant region on major 

histocompatibility complex (MHC) class II molecules and specifically the 

variable  chain of the T-cell receptor. This activity has been termed 

superantigenicity because extensive T-cell proliferation results in a massive 

cytokine release, which is believed to contribute to the most severe effects of 

streptococcal toxic shock syndrome (STSS) [173, 185].  

Another S. pyogenes exotoxin is streptokinase, a thrombolytic agent that 

dissolves vascular blood clots, termed thrombi. While the ability to clot is 

essential to life, the process must be carefully regulated. Inappropriate clot 

formation, especially in the brain or lungs, can be life threatening. Human 

fibrinogen is abundant in plasma and is also present in the extracellular 

matrix, where it contributes to inflammation and blood clotting by the 

conversion of fibrinogen into fibrin molecules [186]. Blood clots consist of a 

plug of platelets enmeshed in a network of insoluble long fibrin threads. 

Approximately 12 protein-clotting factors, which circulate in the blood as 
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inactive precursors, are activated by proteolytic cleavage and become active 

proteases for other factors within the system. Plasminogen, which binds to 

the fibrin molecules in a clot, is activated upon cleavage into plasmin. 

Plasmin has proteolytic capacity to digest fibrin, thus dissolving the clot in a 

highly regulated process. Streptokinase acts by stimulating the conversion of 

plasminogen to plasmin [187]. Consequently, streptokinase activity can 

manifest inappropriate dissolving of blood clots, leading to the opening of 

capillaries without others closing in compensation and consequently blood 

leakage. Blood pressure declines abruptly as blood pools in the capillary 

network. Thus, S. pyogenes secreted streptokinase is commonly associated 

with the risk of anaphylaxis.  

3.5.4 C5a peptidase and ScpC protease (paper III) 

C5a peptidase is a serine peptidase that is anchored to the streptococcal cell 

wall [188]. C5a peptidase (also called ScpA) targets a specific component of 

the human immune defence by cleavage of the chemotactic complement 

factor C5a, a polypeptide generated after activation of the complement. C5a 

is the most important anaphylatoxin because it activates the expression of 

various inflammatory cytokines, including TNF, IL-1 , IL-6, and IL-8 in a 

wide range of cells [189]. S. pyogenes recruits C5a to the bacterial surface 

[190], whereupon it is degraded by cell-associated C5a peptidase. It has also 

been shown that another important S. pyogenes virulence factor, the 

streptococcal cysteine proteinase, SpeB releases biologically active 

fragments of C5a peptidase that subsequently inactivate C5a at a distance 

from the bacterium [191]. Thus, C5a peptidase inhibition of C5a 

recruitment and activation of phagocytic cells to the infectious site, 

highlight the importance of C5a peptidase [192, 193].  

In paper III we investigated the effect of another S. pyogenes protease, 

which had the ability to degrade an important chemotactic factor, IL-8. 

Similar to C5a, IL-8 has the ability to recruit neutrophils o the site of 
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infection and thus is an important defence factor. The effect of the protease, 

named ScpC or SpyCEP, was first observed by Hidalgo-Grass et al. 2004 

[194], but identified more carefully by Edwards et al. 2005 [195]. The latter 

could show that IL-8 was specifically cleaved within the C-terminal and that 

the residual components of IL-8 were inactive in their chemotactic capacity. 

Furthermore, by using a murine model of human NF Hidalgo-Grass et al. 

2006 [196] demonstrated that ScpC could degrade KC (murine IL-8 

homologue) locally in infected skin tissues, inhibiting polymorphonuclear 

cell (PMN) recruitment. Intrigued by these findings we speculated that 

invasive streptococcal disease may also have systemic effects, in addition to 

NF, and thus investigated the role of ScpC in an experimental sepsis model. 

We constructed an ScpC mutant and in accordance with Hidalgo-Grass et al.

2006 [196], we observed that the ScpC mutant was incapable of degrading 

IL-8 in vitro and subsequently, observed a stimulated infiltration of immune 

cells into muscle tissue of subcutaneously infected mice. Interestingly, mice 

infected intravenously demonstrated significantly higher bacteremia levels 

when infected with the ScpC mutant compared to the wild type, however KC 

levels in serum was unchanged. Also, the ScpC mutant induced higher serum 

levels of C5a and IL-6 compared to the wild type, although they had similar 

numbers of infiltrating neutrophils in the blood. Our data suggests that the 

presence of ScpC in S. pyogenes may reduce the stimulation and activation 

of immune cells in sepsis. In addition, infection with the ScpC mutant led to 

a higher mortality compared with the parent strain, most likely due to 

elevated serum levels of C5a, IL-6 and perhaps other inflammatory 

cytokines. This indicates that the presence of ScpC may be important for the 

outcome of S. pyogenes induced septic disease.  
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3.5.5 M and M-like proteins (paper IV) 

Genes related to the M protein gene (emm) are called the M gene 

superfamily and include immunoglobulin-binding proteins, M-like proteins 

and M proteins. The M gene superfamily is controlled by mga, a positive 

transcriptional regulator and the family members are cell surface proteins 

that are able to bind to immunoglobulins in a non-antigenic manner, a 

property that is thought to help them evade the immune response of the host 

[197]. The immunoglobulin-binding proteins interact with immunoglobulins 

outside their antigen-combining site in the Fc region of the immunoglobulin 

molecule. All invasive-disease clinical isolates bind IgA, IgM and IgG 

whereas strains associated with septicaemia and non-invasive throat 

infections rarely have immunoglobulin binding capabilities [198, 199]. The 

plasminogen-binding streptococcal M-like protein (PAM) binds both 

plasmin and plasminogen [200]. PAM has been implicated in the 

establishment of S. pyogenes skin infections such as impetigo but is also 

associated with a variety of other disease states [201].  

The M protein (figure 6), a major surface protein and virulence factor of 

S. pyogenes, is anchored within the cell membrane and extends as an -

helical coiled-coil dimer to the surface where it appears as a fibril. The 

structure of the M protein includes a hypervariable amino-terminal region 

that confers serotype specificity, a mid region that is also variable and a 

highly conserved carboxy-terminal region [202, 203]. The M protein is a 

potent inducer of inflammation as it interacts with TLR2 on human 

peripheral blood monocytes [204]. 
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Figure 6. S. pyogenes M proteins appear as a fibrils extruding from the surface of the 
bacteria. The N-terminal region confers the serotype specificity of S. pyogenes as 
well as the C4bp binding site. The conserved region binds to CCP 3 and CCP 4 of 
CD46 on host cells. Electron micrograph: Vincent Fischetti PhD. The Laboratory of 
Bacterial Pathogenisis and Immunology, The Rockefeller University, New York, 
New York 10021 © 1995. Structure model of M protein: 
http://www.ratsteachmicro.com/Streptococci Notes/HCOE CAI Review Notes 
Streptococci.htm. 

Spontaneous mutations in the M protein occur within strains and thus, not 

all M proteins have the same structure or function [205]. Generally, the M 

proteins are thought to inhibit phagocytosis, which is a primary virulence 

mechanism for survival in tissues. The anti-phagocytic activity of M proteins 

is mainly due to their binding of complement regulatory proteins such as 

factor H and factor H-like protein 1, which inhibit complement deposition 

via the alternative pathway [206, 207]. M proteins also bind to fibrinogen 

(Fg) and human C4b-binding protein (C4BP) [208, 209], which inhibit the 

classical pathway of complement activation. Strains rich in M protein and 

capsule expression are extremely virulent to humans, and such mucoid 

strains cause deeply invasive infections [171, 210].  
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Based on studies with a genetically engineered M6 protein isolate from 

the pharynx, it was proposed that the conserved region of the M protein 

mediated adherence to the complement control cofactor CD46 molecule on 

keratinocytes [146]. However, the role of CD46 in M protein interaction 

with host cells varies depending on which S. pyogenes serotype the host is 

infected with [211]. In paper IV we were particularly interested in how an 

M6 serotype isolate would interact with CD46 during invasive disease. We 

observed that bacterial–induced cell death caused a loss of CD46 from the 

host cell surface. This was not the result of transcriptional down-regulation 

of CD46 but rather from cleavage of CD46 from the surface or release of 

cell membrane components containing CD46 into the supernatant. We 

postulated that the loss of CD46 was a result of cellular responses to the 

induction of cell death, as has been shown by Cole et al. 2006 and Elward et

al. 2005 [212, 213]. When we mixed S. pyogenes with released CD46 from 

apoptotic epithelial cells and measured the level of CD46 on the bacterial 

surface we observed that a small population (5%) of bacteria bound released 

CD46. Limited access to CD46 in the cell supernatant could be one reason 

for low bacterial numbers that bound CD46. Therefore, we continued to 

investigate whether recombinant CD46 would also bind S. pyogenes. The 

bacterial population that bound recombinant CD46 (rCD46) increased as 

expected. Specifically, the level of rCD46 binding to the bacterial surface 

was dependent on the bacterial growth phase and varied between 0.6% (lag 

phase) to 45% (mid log phase). We speculated that the binding of CD46 

could be a survival advantage for the streptococcal population. Ex vivo

experiments using blood collected from transgenic mice expressing human 

CD46 and wild type mice show that the M6 serotype grew better in blood 

collected from CD46 transgenic mice compared to blood from control mice. 

Also, in vivo data revealed higher bacteremia levels and higher mortality in 

CD46 transgenic mice compared to control mice when infected with 

streptococcal M6 serotype. These data indicate that CD46 may protect the 
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bacteria from phagocytosis and/or extracellular killing suggesting CD46 

confer a ‘host-like’ protective layer reducing complement deposition and 

thus recognition by immune cells. In summary, the shedding of CD46 from 

apoptotic cells may lead to complement activation on host cells and 

disruption of the epithelial layer that would facilitate bacterial invasion into 

deeper tissues as well as the release of CD46 from epithelial cells. Earlier 

reports have shown that soluble CD46 is present in human plasma, tears and 

seminal fluid and that microbial infections may increase the level of CD46 in 

body fluid [214]. Further spreading of the bacteria into deeper tissues and the 

ability of S. pyogenes to bind released CD46 may have an important impact 

for the outcome of disease. Evasion of the immune response contributes to 

bacterial virulence and the role of CD46 in S. pyogenes immune evasion 

during invasive disease has not been reported earlier.  
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4 Aims of this investigation 

The general aims of this thesis were to investigate the interactions between 

host epithelial cells and pathogenic bacteria. More specifically, the aims 

involved studying the host response and the role of bacterial virulence 

factors in the development and outcome of disease caused by pathogenic 

Neisseria. Furthermore, this thesis involved investigation of immune evasion 

strategies by Streptococcus pyogenes, including interactions with host 

receptors and chemokines. 

Specific aims: 

Investigate the role of LOS structural integrity in virulence of 

Neisseria meningitidis.

Study the host response to infection with pathogenic Neisseria. 

Analyse the effect of Streptococcus pyogenes ScpC protease in 

sepsis.

Study the role of CD46 in invasive Streptococcus pyogenes disease. 
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5 Conclusions

Host responses to pathogenic Neisseria infections demonstrate novel 

changes in gene expression of adhesion molecules, cytokine 

production and signalling proteins. 

The structural integrity of pathogenic Neisseria lipooligosaccharide

(LOS) is important for pathogenesis in vivo.

Streptococcus pyogenes can bind released CD46 from apoptotic 

cells and rCD46 and may be protected in invasive disease as a result 

of the ‘host-like’ coating.  

The ScpC protease of Streptococcus pyogenes affects the outcome of 

sepsis. Bacteria lacking the ability to degrade IL-8 are more virulent 

to the host after blood infection. 
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