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ABSTRACT 

Streptococcus agalactiae, (Group B Streptococcus, GBS) is a major causative organism of 

neonatal meningitis. GBS are grouped into nine different capsular serotypes (Ia, Ib, II-VIII). 

The pathogenesis and mechanism of disease are not fully understood. We hypothesise that 

during GBS meningitis, successful pathogen adherence and penetration of the meningeal 

cell barrier, induction of host cell death, and subversion of the innate immune response 

within the subarachnoid space, are critical steps in the pathogenesis of infection that allow 

the bacterium to gain access to the underlying brain. 

The aim of this study was to investigate the interactions in vitro of wild type (WT) 

and mutant GBS strains with cells derived from the human meninges and to investigate the 

nature of the host cell response. 

 Using a primary human meningioma cell culture model, monolayers were 

challenged with different serotypes of GBS (Ia, Ib, II, III, V) as well as mutants deficient in 

expression of β-haemolysin (β-h/c), PilB, Srr-1 and capsule. Crude β-h/c extracts were 

prepared from WT and mutant strains. Total bacterial association and invasion of cells was 

determined over time and visualised by scanning and transmission electron microscopy 

(SEM/TEM). Cell death was measured by release of lactate dehydrogenase (LDH) and 

confirmed by confocal microscopy. The lung surfactant dipalmitoylphosphatidylcholine 

(DPPC) was used to inhibit the cytotoxic effect of β-h/c on host cells. Experimental 

supernatants as well as a human whole blood infection model were examined for cytokine 

production in response to infection with GBS using sandwich immunoassays. 

 GBS caused monolayer disruption and cell death within 24h regardless of initial 

bacterial inoculum used (101-108 cfu/monolayer). GBS serotypes adhered to meningioma 

cells and appeared to follow similar growth and infection patterns in a time-dependent 

manner. By contrast, absence of β-h/c expression prolonged cell viability up to 36h. GBS 

association with meningeal cells was confirmed by SEM. Bacterial internalisation was 

detected with all serotypes by the gentamicin assay and serotypes Ia, III and V were more 

invasive of meningioma cells. The highest invasion level was shown by serotype Ia GBS, 

which was confirmed by TEM. The β-h/c toxin played a major role in induction of cell 

death. By contrast, the β-h/c deficient mutants showed a significantly reduced cytotoxic 

effect. Thus, GBS appeared to employ transcytosis and induction of cell injury as two 

mechanisms for penetration of the meningioma cell barrier. DPPC (3mg/ml) significantly 

reduced (by >65%) host cell injury induced by GBS and β-h/c extracts, suggesting a 

therapeutic benefit. Moreover, no significant production of proinflammatory cytokines by 

meningeal cells was induced by WT GBS or mutant strains. By contrast, GBS stimulated 

significant production of cytokines in human whole blood over time. 

 In summary, the ability of GBS to adhere to, invade, and induce cell death of 

meningioma cells suggests a mechanism for bacterial penetration of the pia mater to the 

underlying brain, which may correlate with the clinical picture of severe brain damage and 

permanent neurological sequelae observed in neonates with GBS infection.
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1.1 The genus Streptococcus 

The genus Streptococcus is a diverse collection of gram-positive bacteria that typically 

grow in pairs or chains (Greek: streptos = chain, coccus = round). They include 

commensal bacteria and a number of pathogens of medical importance. They are strong 

fermenters of carbohydrates and are mostly facultative anaerobes. Streptococci require 

rich media and usually 5% (v/v) CO2 for growth with an optimum temperature of 37˚C. 

When grown on blood agar, different species of streptococci can demonstrate partial α-

haemolysis (greenish discolouration), complete β-haemolysis (clear zone), or no 

haemolysis. Streptococci are catalase negative, non-spore forming and non-motile, but 

some species are encapsulated (Holt and Bergey, 1994). 

1.2 Classification of streptococci 

One of the earliest schemes for the differentiation of streptococci was proposed by 

Sherman (Sherman, 1937) who categorised streptococci into four main divisions: 

‘pyogenic’, ‘viridans’, ‘lactic’ and ‘enterococci’, based on their haemolysis and growth 

requirements. The recent classification system of streptococci is similar to Sherman’s 

scheme. However, modern molecular techniques and DNA analyses of bacterial 

genomes have played a major role in the differentiation and grouping of different 

species such that the genus Streptococcus now includes more than 50 species, divided 

into six main groups (Kilian, 2007) (Table 1.1). 

1.2.1 Lancefield grouping 

The Lancefield grouping is a serological classification method used to distinguish 

between different species among the ‘pyogenic’ group. The method was first described 

by Rebecca Lancefield (Lancefield, 1933) and is based on extraction of different 

polysaccharides in the streptococcal cell wall using hot hydrochloric acid. The extract is 

then treated with specific antibodies for antigen detection. Different groups are then 

designated as Lancefield groups (A, B, C, etc.). For example, Streptococcus pyogenes is 

designated as Lancefield group A, and Streptococcus agalactiae is designated as 

Lancefield group B. 
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Table 1.1: The genus Streptococcus 

Group Species Haemolysis Reservoir 

Pyogenic group S. pyogenes 

S. agalactiae 

S. equisimilis 

β 

β 

β 

Human 

Human, cattle 

Human 

Mitis group S. pneumoniae 

S. mitis 
α 

α 
Human 

Human 

Anginosus group S. anginosis α, β Human 

Salivarius group S. salivarius 

S. thermophilus 
− 

– 

Human 

Dairy products 

Bovis group S. bovis –, α Cattle, sheep, human 

Mutans group S. mutans –, α, β Human 

−, non-haemolytic. Adapted from Kilian (2007). 

1.3 Streptococcus agalactiae (Group B Streptococcus) 

Lancefield’s group B streptococcus (GBS), Streptococcus agalactiae, is an important 

commensal organism and pathogen of humans and animals. It mainly inhabits the 

gastrointestinal tract and is also carried in the vagina of 12-27% of women (Johri et al., 

2006). Group B streptococcus was first recognised as a cause of bovine mastitis and it 

was first reported as a pathogen in humans in 1938 (Fry, 1938). Since the 1960s, it has 

been considered a leading cause of human neonatal infections and an important 

pathogen in human adults with high rates of morbidity and mortality (Kilian, 2007).  

1.3.1 Laboratory identification 

The classical identification of Streptococcus agalactiae in the clinical laboratory is 

based on the isolation of the organism from clinical specimens. Group B streptococci 

show β-haemolytic appearance on blood agar and a positive reaction for the catalase 

enzyme. Using the Gram strain, GBS show a purple colouration (gram-positive) and 

round-shaped bacteria arranged in long chains (Kilian, 2007) (Figure 1.1). The 

presumptive identification of GBS is made by the detection of the CAMP factor (named 

after its discoverers; Christie, Atkin, Munch-Peterson), where up to 98% of isolates 

show a positive reaction (Picard and Bergeron, 2004). Commercial latex agglutination 

kits for the detection of Group B antigen in cultures have also become available for the 

use in clinical laboratories. 
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Figure 1.1: Group B streptococcus (GBS). (A) Colonies on blood agar plate showing complete 

haemolysis (clear zone) of red cells around bacterial growth. (B) Gram stained field showing 

gram-positive cocci arranged in chains under light microscopy. (Images from author).

(B)

(A)
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1.3.2 The typing of S. agalactiae 

The typing of S. agalactiae is based on the identification of the capsular polysaccharide 

(CPS) antigens produced by the organism. The group B streptococcal capsular 

polysaccharide (CPS) is composed of repeating units of glucose, galactose, N-

acetylglucosamine and N-acetylneuraminic acid (sialic acid) and is linked to the 

peptidoglycan layer in the bacterial cell wall through a phosphor-diester bond (Edwards 

et al., 2006). The differences in the structure of the repeating units give rise to the 

different capsular serotypes in GBS (Figure 1.2). 

Serotyping using specific antisera is a phenotypic method that is used to classify 

GBS isolates based on detecting capsule expression. By contrast, genotypic methods are 

based on the detection of cps genes and include pulsed-field gel electrophoresis (PFGE), 

and multilocus sequence typing (MLST) (Ramaswamy et al., 2006). In addition, 

polymerase chain reaction (PCR) is often used for molecular serotyping of GBS isolates 

using the variable region of the cps locus to confirm the phenotype (Kong et al., 2002). 

PFGE is a molecular method used to separate large DNA fragments (>20kb) which is 

achieved by the periodic change of the direction of the electric field in the agarose gel, 

resulting in the formation of distinct DNA profiles (Dale and Park, 2004) and has been 

successfully used in genotyping of GBS isolates (Benson and Ferrieri, 2001). 

MLST is a sequence-based typing method used for the unambiguous 

characterisation of bacterial strains. The method involves sequencing of approximately 

500 base pair (bp) fragments of housekeeping genes and is applicable to many bacterial 

strains, for example, Neisseria meningitidis (Maiden et al., 1998) and Streptococcus 

pneumoniae (Enright et al., 2000). In a study of 152 GBS isolates using seven 

fragments of housekeeping genes, MLST was used to genetically characterise and 

discriminate with sufficient power between isolates of GBS (Jones et al., 2003b).  

MLST can be a valuable tool in understanding the diversity and the emergence of 

epidemic clones and potential virulence (Sorensen et al., 2010). Moreover, data from 

MLST can be reliably compared between different laboratories, making the technique 

applicable for epidemiological studies and outbreak investigations. For instance, PFGE 

and MLST were used in an outbreak investigation of 5 cases of GBS infections in a 

neonatal intensive care unit (NICU). Upon characterisation of the 5 GBS strains, both 

the PFGE and MLST results revealed that 3 of these strains were identical and were 

likely to have been transmitted in the unit from a common source, whereas the other 2 
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strains were distinguishable by these methods and the infection was more likely to have 

occurred independently (MacFarquhar et al., 2010). 

At present, there are a total of 9 GBS capsular serotypes (Figure 1.2), designated 

Ia, Ib, II, III, IV, V, VI, VII and VIII (Hickman et al., 1999). In addition, there are non-

typeable (NT) GBS isolates, which are strains that fail to react with CPS antisera 

(Ramaswamy et al., 2006). These strains can arise from mutation in the production of 

CPS antigen by the organism, or the production of an uncharacterised polysaccharide 

(new serotype) that is not detected by current serotyping methods (Elliott et al., 2004). 

It has been reported that 12% of all GBS isolates can be non-typeable (Palacios et al., 

1997). More recently, a new provisional serotype (IX), which seems to be most closely 

related to serotype Ib, has been proposed for a collection of 8 GBS isolates from 

Denmark (Slotved et al., 2007). 

Capsular serotyping of GBS using DNA microarray has been reported (Wen et 

al., 2006). DNA microarray is a molecular method that involves the amplification of 

target DNA and its subsequent hybridization with labelled probes on a solid phase for 

the detection of specific binding. The cpsH gene, which encodes CPS polymerases in 

GBS, was used to identify 88 GBS reference strains (n=9) and clinical isolates (n=79) 

that included all 9 traditional capsular serotypes. This method of serotyping using 

microarray has been shown to be specific and reproducible, where it identified all tested 

GBS serotypes (Wen et al., 2006), however the study did not included NT isolates. 

As the distribution of NT isolates among adults has increased since the mid-

1990s (Farley, 2001), other methods have been proposed as more specific alternatives to 

conventional Lancefield serotyping. Recently, a Dot Blot Hybridisation method has 

been evaluated in comparison with the gold standard Lancefield capillary precipitin 

method (Borchardt et al., 2004). Although the agreement between the two methods was 

95%, the hybridisation method was able to assign a serotype to 99% of 306 studied 

GBS isolates, whereas 89% of isolates were assigned a Lancefield serotype. 
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Figure 1.2: Structural differences in GBS capsular polysaccharide. The differences in the 

structure of repeating units of the capsular polysaccharide give rise to the nine GBS serotypes 

(Ia, Ib, II-VIII). Adapted from Edwards et al. (2006). 
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1.4 Group B Streptococcal disease 

1.4.1 GBS disease in human adults 

GBS are an increasingly significant cause of adult invasive disease, especially in the 

elderly and in adults with underlying diseases such as diabetes mellitus, cirrhosis and 

neurological impairment. A study from the US showed that the rate of GBS disease in 

non-pregnant adults doubled from 3.6 per 100,000 in 1990 to 7.2 per 100,000 in 2007 

(Skoff et al., 2009). The study also demonstrated that during the period of 2005-2006 

that 78% of infections (n=1933) were caused by serotypes Ia (24%), II (13%), III (11%) 

and V (29%) (Skoff et al., 2009). In adults, GBS can cause skin and soft tissue 

infections, bone infections, pneumonia, endocarditis and meningitis. In one series it was 

reported that GBS was responsible for 4% of all cases of bacterial meningitis in adults 

(Domingo et al., 1997).  

In addition, GBS can cause disease in pregnant women. Although GBS may be 

viewed as a normal commensal of the female genital tract (Johri et al., 2006), the spread 

of GBS via the ascending route during pregnancy can lead to amniotic infection, 

chorioamnionitis and endometritis, which can result in abortions, preterm and stillbirths 

(Schuchat, 1999) 

1.4.2 GBS disease in human neonates 

The incidence of GBS infections in neonates in the US is estimated at 0.34 per 1,000 

live births (Phares et al., 2008). In the UK and Ireland, the incidence was estimated at 

0.72 per 1,000 live births (Heath et al., 2004). Vertical transmission of GBS to the 

foetus from the colonised mother occurs in about 50% of neonates and about 1% of 

these neonates develop infection (Heath and Schuchat, 2007). GBS disease in neonates 

can occur as early-onset disease (EOD) or late-onset disease (LOD) (Table 1.2 and 

Figure 1.3).  

Early-onset disease occurs principally in infants aged 0-7 days. Around 80% of 

all neonatal infections due to GBS occur as early as <1week of age (Schuchat, 1998). 

EOD is dominated by serotypes Ia, III and V with transmission of GBS vertically from 

the colonised mother to the foetus either when amniotic membranes are ruptured and/or 

during birth (Shet and Ferrieri, 2004). Intact amniotic membranes are thought to provide 

protection against GBS infection of the foetus as it was demonstrated that GBS 

serotypes Ia and III failed to invade primary amnion cells in vitro (Winram et al., 1998). 
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By contrast, late-onset disease is dominated by serotypes III, Ia and V and principally 

occurs in neonates 7 days to 3 months of age (Shet and Ferrieri, 2004) and is transmitted 

horizontally (nosocomial) from maternal sources or non-maternal sources such as other 

infected neonates (Easmon et al., 1981). A surveillance of neonatal GBS invasive 

disease in England and Wales showed that cases of EOD were dominated by GBS 

serotypes III (37%), Ia (32%) and V (13%), whereas cases of LOD were dominated by 

serotype III (67%) and followed by serotype Ia (17%) (Weisner et al., 2004). 

Furthermore, a population-based surveillance of invasive GBS disease during 1999 to 

2005 in the US revealed that 96% of neonatal cases are caused by serotypes Ia, Ib, II, III 

and V (Phares et al., 2008). 

 

Table 1.2: Early and late-onset neonatal GBS disease 

 Early-onset disease Late-onset disease 

Onset (days) 0-7 7-90 

Typical clinical 
presentation 

Respiratory distress 

Pneumonia 

Sepsis 

Sepsis 

Meningitis 

Transmission Vertical 

(in utero or during birth) 

Horizontal 

(nosocomial transmission) 

Dominant serotypes 
(percent distribution) 

Ia (32.8%) 

III (28.2%) 

V (19%) 

III (50.5%) 

Ia (27.3%) 

V (14.1%) 

Adapted from Shet and Ferrieri (2004). 

1.5 Risk factors for neonatal and adult GBS infections 

Several factors have been associated with increased susceptibility for neonatal infection, 

particularly with early-onset disease. Maternal colonisation with GBS during pregnancy 

is a pre-requisite for the development of early-onset neonatal GBS infection. Risk 

factors include premature delivery (<37 wks), low birth weight (<2,500g), previous 

delivery with GBS disease, prolonged time between membrane rupture and delivery 

(>18hrs), GBS bacteriuria during pregnancy, low maternal level of anticapsular 

antibody (Fernandez and Baker, 1999;Pettersson, 2007), previous stillbirth or 

miscarriage, mother’s age <20yrs and chorioamnionitis (Fernandez and Baker, 1999). 

Nonetheless, not all cases present with clinically identifiable risk factors and the 

percentage of mothers of neonates with early-onset disease that present with one or 

more risk factors was reported to be 58% (Heath et al., 2004). 
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A Swedish cohort study investigated the Body Mass Index (BMI) of mothers as 

a risk factor for early-onset disease. This study showed an 80% increased risk of 

neonatal GBS disease with maternal BMI >30. The reasons for this association are not 

clear but it has been proposed that obesity influences a change in the gut microflora 

allowing colonisation by GBS (Hakansson and Kallen, 2008).  

Adult GBS disease has been associated with certain risk factors such as old age 

(around 60yrs), residence in nursing facilities and in patients hospitalised with 

nosocomial disease (Farley, 2001). Some underlying chronic conditions have also been 

implicated with GBS disease in adults, including cirrhosis and diabetes mellitus 

(Jackson et al., 1995). 

1.6 Clinical manifestation and outcome 

1.6.1 Clinical presentation 

The clinical presentation of neonatal disease varies between early and late-onset disease 

(Table 1.2). In early-onset disease, respiratory distress is the initial manifestation and 

presents in 80% of cases (Shet and Ferrieri, 2004) and will progress to pneumonia and 

septicaemia in 9% and 83% of cases, respectively. Meningitis is present in 7% of early-

onset neonatal disease (Phares et al., 2008). By contrast, the initial presentation of late-

onset disease includes fever, lethargy and tachypnoea, but reported rates of respiratory 

distress are lower (Shet and Ferrieri, 2004). Sepsis and meningitis are present in 65% 

and 27% of cases, respectively (Phares et al., 2008). 

Clinically, the difference between sepsis and meningitis in infants cannot 

reliably be distinguished by differences in clinical signs, and the diagnosis of meningitis 

is largely based on a positive culture of the CSF sample (Gaschignard et al., 2011). 

Nonetheless, it is been reported that meningitis cases in infants are under-diagnosed due 

to the technical difficulties of performing lumbar punctures (LP), especially among 

infants with very low birth weight (<1,500g) (Stoll et al., 2004). 

Adult GBS disease manifests itself in many clinical syndromes and common 

clinical presentations include cellulitis and foot ulcers, especially in diabetic patients, 

which can progress into osteomyelitis. Breast cellulitis has been reported in patients 

with a history of breast cancer or who have undergone invasive procedures such as 

lumpectomy and axillary node dissection (Farley, 2001). Other clinical presentations of 

GBS disease in adults include pneumonia, urinary tract infection, endocarditis and 

meningitis. Recurrent infections, defined as GBS infection with more than one episode 
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caused by the same strain, have been reported in about 4% of cases of adult GBS 

disease, especially in cases of endocarditis and osteomyelitis (Harrison et al., 1995).  

1.6.2 Outcome of GBS disease 

Disease outcome for survivors of neonatal GBS infections include permanent 

neurological sequelae, hearing loss, seizures and mental retardation. A prospective 

study of children in England and Wales previously infected with meningitis showed that 

out of 49 children infected with GBS, 18 (36%) had long term permanent sequelae such 

as disability, cerebral palsy, hearing problems and developmental impairment (Stevens 

et al., 2003). Another prospective study in the US reported that 11 (22%) of neonates 

who had GBS meningitis developed neurological sequelae including seizures, 

hypertonicity, dysphagia and hearing loss at the time of hospital discharge (Levent et 

al., 2010).  

Disease mortality in newborns has decreased over the last three decades, from 

55% in the 1970s and 10% in the 1980s to 4-6% in the 1990s (Schuchat, 1998). A more 

recent estimate from the period 1999-2005 in the US reported a 5.7% fatality rate for 

early-onset disease, compared with 4% fatality for late-onset-disease (Phares et al., 

2008). This significant decline in mortality has been attributed to the successful 

implementation of intrapartum antibiotic prophylaxis (IAP) guidelines that were 

introduced by the Centres for Disease Control (CDC) in 1996 (Schrag et al., 2000). By 

contrast, case fatality rate with adult GBS disease was reported in approximately 10% 

of cases (Phares et al., 2008). 
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1.7 Treatment and prevention 

1.7.1 Treatment of GBS disease 

Penicillin G remains active against GBS and is the simplest drug of choice for treating 

GBS infections. Other effective agents in vitro include ampicillin, vancomycin and 

cephalosporins (Daley and Garland, 2004), although vancomycin is reserved for second 

line infections caused mainly by coagulase negative staphylococci. GBS remain largely 

susceptible to penicillin, ampicillin and vancomycin, however, a recent report showed 

resistance of GBS isolates to erythromycin and clindamycin was 32% and 15%, 

respectively, and resistance in serotype V to these two agents was twice as high 

compared with other serotypes (Phares et al., 2008). Aminoglycosides (e.g. gentamicin) 

provide synergistic killing activity against GBS when used in combination with 

aminopenicillins (penicillin or ampicillin). This combination of antibiotics is the 

treatment of choice in neonatal disease and can be initially used in neonates for 72h 

until culture results are available. Once GBS is confirmed, penicillin alone may be used 

for the rest of suggested duration of treatment (Quagliarello and Scheld, 1997). The 

duration of treatment of invasive GBS infection in the neonate presenting without 

meningitis is usually 10 days, however, in neonates presenting with meningitis, the 

treatment has a minimum of 14 days but may reach up to 3 weeks (Shet and Ferrieri, 

2004). 

For the treatment of adult GBS disease, penicillin G remains a recommended 

antibiotic of choice. In cases of resistance or allergy, other antibiotics may be 

considered such as erythromycin and clindamycin. Other alternatives include, 

vancomycin, first-, second-, and third-generation cephalosporins. Gentamicin can be 

used in combination with ampicillin or penicillin G as they provide a synergistic effect 

against GBS (Baker et al., 1981). When treating adult GBS infections, the duration of 

therapy is crucial for treatment success and in preventing recurrent infections and 

relapse. The duration should be two weeks at minimum, and depending on the situation, 

may be extended for at least 4 weeks, particularly in endocarditis which is usually 

treated for 6 weeks. Furthermore, surgical intervention may be considered for treatment 

success, especially in deep tissue and bone infections. In extreme cases associated with 

diabetes and peripheral neuropathy, an amputation may be required (Farley, 2001). 
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1.7.2 Prevention of GBS disease 

1.7.2.1 Chemoprophylaxis 

In response to the emergence of GBS as an important cause of neonatal disease in the 

1960s and its continued rise thereafter, a strategy for the prevention of GBS disease has 

been proposed. The Centres for Disease Control (CDC) and the American College of 

Obstetricians and Gynaecologists (ACOG) and the American Academy of Paediatrics 

(AAP) issued recommendations for the prevention of early-onset GBS disease and the 

use of intrapartum antibiotic prophylaxis (IAP) (1996a;1996b;1997). These 

recommendations were later revised by the CDC in 2002 and 2010 (Schrag et al., 

2002a;Verani et al., 2010). 

The recommendations included two strategies for the prevention of GBS disease 

by identifying pregnant women who should receive IAP. The first strategy, which is 

culture-based, recommends administration of antibiotic prophylaxis (penicillin or 

ampicillin) to women who are screened for GBS carriage in rectal and vaginal samples 

collected at 35 to 37 weeks of pregnancy. In the second, risk-based strategy, where 

screening cultures are not performed, antibiotic prophylaxis is given to pregnant women 

who are identified with one or more risk factors for GBS disease. The implementation 

of these recommendations was shown to decrease the incidence of GBS disease from 

1996 to 2003 by 70% (Baltimore, 2007). A population-based study of 5144 live births 

in the US reported that the culture-based strategy was >50% more effective than the 

risk-based strategy in preventing neonatal GBS disease (Schrag et al., 2002b). 

In the UK, the Royal College of Obstetricians and Gynaecologists (RCOG) 

published guidelines for the prevention of neonatal GBS disease (RCOG, 2003). The 

RCOG prevention strategy recommended the administration of IAP to pregnant mothers 

using the risk-based approach, which included risk factors such as a previous pregnancy 

with GBS disease, prolonged ruptured membranes (≥18h), intrapartum fever (>38ºC), 

and bacteriuria during pregnancy. The recommendation for IAP becomes stronger when 

two or more factors are identified. However, the guidelines did not adopt the culture-

based approach for the administration of IAP for the prevention of GBS neonatal 

disease as it argues that currently there is not enough evidence that routine 

bacteriological screening is beneficial or cost-effective (RCOG, 2003). 



 

 16 

1.7.2.2 Vaccines 

The use of vaccines has been proposed as potentially the most effective approach 

against GBS neonatal disease and has been given a high priority for research in the UK 

(Law et al., 2005). It has been estimated that GBS vaccination could prevent 50 deaths 

and 59 severe disability cases in the UK, as well as preventing preterm and stillbirths 

caused by GBS infections. GBS vaccination was proposed to be given initially to 

pregnant women early in their third trimester to allow sufficient placental transfer of 

maternal antibodies to the foetus. If such vaccines prove to be effective, a future 

vaccination scheme could possibly include adolescent girls (Law et al., 2005).  

Although the relative stability in GBS serotype distribution is acting in favour 

for the production of a vaccine (Jordan et al., 2008), pharmaceutical companies remain 

hesitant to develop a cost-effective GBS vaccine, this is justified as the use of IAP has 

greatly reduced the prevalence of GBS infections and also for legal concerns in carrying 

out clinical trials, especially in pregnant women (Law et al., 2005). 

Currently, there are no licensed GBS vaccines available (Verani et al., 2010). 

However, a capsular polysaccharide-based tetanus toxoid (CPS-TT) conjugate GBS 

vaccine against serotype II GBS showed good immunogenicity (IgG peaking after 

2wks) after a single intramuscular dose in 75 healthy non-pregnant women (Baker et al., 

2000). Another study of GBS serotype V capsular polysaccharide-protein conjugate 

vaccines were tested in 35 healthy non-pregnant women and induced at least 4-fold 

increase in anti-CPS IgG antibodies in >93% of subjects (Baker et al., 2004). 

The inclusion of GBS serotypes in a multivalent vaccine is an important issue to 

be considered. It has been proposed that a tetravalent vaccine would provide coverage 

against a substantial percentage of GBS isolates encountered in clinical practice in the 

US. For instance, serotypes Ia, II, III and V are associated with >90% of GBS disease in 

paediatric patients (99% of EOD and 94% of LOD), and in 82% of non-pregnant adults 

(Harrison et al., 1998). Another report from Germany suggested that a trivalent vaccine 

(serotype Ia, III and V) would provide protection against 84% and 94% of GBS isolates 

in EOD and LOD, respectively (Fluegge et al., 2005). 

Nonetheless, GBS components other than the capsular polysaccharide have also 

been proposed for use in vaccine development. A pilus-based vaccine may be a 

potential target for a universal vaccine production in GBS. An in vivo study showed that 

a GBS pilus-based vaccine provided protection in mice against all tested GBS strains 

belonging to 9 different GBS-pilus groups (Margarit et al., 2009), however, further 
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studies are needed to investigate protection and tolerance of pilus-based vaccines in 

humans. 

Although current efforts are focused on developing a vaccine for the prevention 

of neonatal disease, the potential benefit of vaccination in non-pregnant adults has not 

been sufficiently addressed (Farley, 2001). It has been suggested that a GBS vaccine for 

non-pregnant adults would be particularly beneficial for elderly adults (>65yrs) since 

they are a high risk group for invasive GBS infections (Edwards and Baker, 2005). 
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1.8 Pathogenesis of neonatal GBS infection 

The pathophysiology of GBS infection in neonates that leads to the major clinical 

presentations of pneumonia, septicaemia and meningitis has still not been fully 

elucidated. GBS infection is believed to involve several key events, during which GBS 

employ several virulence mechanisms that allow successful adherence and invasion of 

host cell barriers, evasion of innate immune clearance mechanisms and penetration of 

the blood-cerebrospinal fluid (BCSF) and blood-brain (BBB) barriers (Figure 1.3).  

 

Figure 1.3: Stages and onset of GBS infection in the neonate. The disease progresses in 

different stages starting from the initial colonisation in the genital tract of the mother with GBS 

until the bacteria gain access to the CSF through penetrating the blood-CSF barrier, eventually 

leading to brain damage. 
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1.8.1 Adherence to human epithelial cells 

GBS is carried in the genital tract of 12-27% of healthy women and the organism 

appears to adhere to vaginal epithelial cells, which allows it to colonise these sites, 

particularly under low pH conditions. It has been demonstrated that bacterial adhesion 

to epithelial cells is enhanced by up to 20-fold at acidic conditions (pH 4) and such low 

pH conditions occur favourably on the vaginal mucosa (Tamura et al., 1994). The 

attachment of GBS to host cells involves the interaction of bacterial adhesins with 

several surface components of the extracellular matrix (ECM) of the host, such as 

fibronectin, fibrinogen and laminin. Several virulence factors expressed by GBS have 

been investigated for their role in adherence to host cells (Table 1.3). 

Lipoteichoic acid (LTA), a proteinaceous surface component of the GBS cell 

wall, may play an important role in mediating bacterial adherence to adult and neonatal 

epithelial cells. Pre-treatment of GBS strains with anti-LTA monoclonal antibodies or 

albumin resulted in marked inhibition of adherence to buccal epithelial cells in vitro, by 

up to 58% and 84% respectively. The level of adherence appeared to correlate with the 

amount of LTA produced by the bacteria and pre-incubation of epithelial cells with 

exogenous LTA resulted in 70-83% inhibition of bacterial binding, which suggested a 

potential role of LTA in adherence to epithelial cells (Teti et al., 1987). 

The C5a peptidase (SCPB), encoded by the scpB gene, is a surface protein with 

protease activity that cleaves the complement component and chemo-attractant C5a 

(Spellerberg, 2000). The SCPB was shown to bind to solid-phase fibronectin (Tamura 

and Rubens, 1995) and purified SCPB was found to bind directly to fibronectin on the 

surface of lung epithelial cells in a dose dependent-fashion (Cheng et al., 2002).  

The glycoprotein laminin is a major component of ECM. The laminin binding 

(Lmb) lipoprotein, which is expressed by all GBS serotypes, has been proposed to 

promote cell adhesion by binding to host laminin upon cellular injury. Lmb in GBS has 

been demonstrated to bind to human laminin in a study using lmb mutant strains 

constructed by targeted mutagenesis. Observed adherence of the two independent lmb 

mutant strains to immobilised laminin was reduced by 75% compared to the wild type 

(serotype Ia) adherence level. This observation was further confirmed by the diminished 

adherence of bacteria to immobilised laminin by up to 60% upon pre-treatment of the 

wild type strain with recombinant Lmb protein (Spellerberg et al., 1999). 

The role of the fibrinogen binding protein FbsA in mediating GBS adherence to 

fibrinogen on lung epithelial cells was assessed using FbsA mutants constructed from 
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GBS wild type strains exhibiting different adherence levels. Deletion of the fbsA gene 

resulted in significantly decreased adherence by all strains. Anti-FbsA monoclonal 

antibodies and competitive inhibition experiments using purified FbsA protein 

demonstrated reduced binding of GBS to epithelial cells. Furthermore, plasmid-

mediated expression of fbsA in Lactococcus lactis, which normally does not bind to 

human fibrinogen, resulted in significant levels of detectable adherence to lung 

epithelial cells. However, cell invasion by L. lactis was not detected, suggesting that the 

FbsA protein may not promote bacterial invasion (Schubert et al., 2004). 

Pilus-like structures have recently been described on Group B streptococcus 

serotype III and VIII isolates. These protein structures were found to extend from the 

bacterial surface and have been visualised using immuno-gold electron microscopy and 

the expression level of the GBS80 protein in GBS serotypes III and VIII appeared to 

correlate with the length of the pili (Lauer et al., 2005). Genomic analysis of eight GBS 

strains revealed the presence of two genetic islands, PI-1 and PI-2 (the latter existing in 

two variants PI-2a and PI-2b). These islands are likely to be part of an operon necessary 

for pilus formation by encoding for three cell-wall anchored LPXTG proteins and two 

sortase enzymes (Rosini et al., 2006). A recent study has indicated that all clinical GBS 

isolates carry at least one of the three genetic islands and as shown in a mouse model, a 

vaccine containing the three pilus types could provide protection against infection from 

all GBS serotypes (Margarit et al., 2009). 

To further understand the assembly and role of pili in GBS, a structural and 

functional analysis of pili proteins in serotype III was carried out (Dramsi et al., 2006). 

The GBS strain expressed one major surface protein termed Gbs1477 and two minor 

surface proteins termed Gbs1474 and Gbs1478, which are encoded by the srtC3-4 locus. 

The assembly of these three subunits into the pilus structure involved two class C 

sortase enzymes, whereas the anchoring of the pilus into the cell wall involved a class A 

sortase enzyme. Furthermore, in vitro adhesion assays using human epithelial cells 

A549 demonstrated a significant reduction in adhesion to host cells by the Gbs1478− 

mutant compared with its parent strain, whereas adhesion with the Gbs1474− strain was 

less pronounced. By contrast, the mutation in the Gbs1477− strain showed no effect on 

adhesion on host cells. The study showed that the Gbs1478 protein bears the adhesive 

properties of the pilus, which is incorporated along with the Gbs1474 protein (minor 

components) into the Gbs1477 backbone (major component) to form the pilus protein 

(Dramsi et al., 2006). These GBS pili components were later named PilA (Gbs1478), 

PilB (Gbs1477) and PilC (Gbs1474) (Konto-Ghiorghi et al., 2009). 
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Recently, the role of the rga gene (regulation of glycosylated adhesin) in the 

adherence of GBS to epithelial cells was explored (Samen et al., 2011). In this study, it 

was shown that the ability of the ∆rga mutant to adhere to lung epithelial (A549) cells 

was higher than the parent strain (serotype III). In addition, the ∆rga mutant 

demonstrated 40% higher binding capacity to human fibrinogen than the parent strain. 

By using an rga complemented strain (using a plasmid vector), both the adherence to 

A549 cells and the binding to human fibrinogen were restored to wild type levels. These 

results suggested that the rga gene represses the ability of GBS to bind to epithelial cells 

and to human fibrinogen. 

Furthermore, the role of the rga gene on the transcription level of GBS was 

investigated. The transcription levels of the ∆rga mutant showed decreased mRNA 

expression levels of the srr-1 (encoding a serine rich repeat glycoprotein) and pilA 

genes by 5-fold and 24-fold, respectively; however, there was a 1.5-fold increased 

transcription level of the fbsA gene, compared to the parent strain. The complemented 

strain showed expression levels of these genes that are similar to the parent strain. This 

demonstrated that the rga gene controls the expression of key virulence genes in GBS 

and suggests a potential role of the rga in the regulation of GBS components that are 

involved in adherence and pili formation (Samen et al., 2011).
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1.8.2 Invasion across epithelial cells 

GBS invasion of the human host is believed to require the expression of specific 

bacterial invasins and several virulence factors that promote host cell entry leading to in 

utero infection and systemic dissemination have been explored (Table 1.3). Evidence of 

GBS (serotype III) entry into human alveolar epithelial cells in vitro in a dose and time -

dependent manner has been reported and electron microscopy has demonstrated the 

presence of intracellular GBS within membrane bound vacuoles (Rubens et al., 1992).  

Injury to human pulmonary epithelial cells during GBS infection has been 

attributed to expression of the β-haemolysin/cytolysin and may suggest a possible role 

in cellular invasion. The β-h/c is an oxygen-stable toxin with a predicted size of 78kD 

and it exhibits a pore forming action on cellular membranes (Nizet, 2002). Comparison 

of wild type GBS strains (serotypes III, Ia and V) with their β-h/c deficient isogenic 

mutants has demonstrated a significant decrease in intracellular invasion of epithelial 

cells by the mutant strains (Doran et al., 2002). Moreover, cellular injury as a 

mechanism for disseminating bacteria was investigated by measuring lactate 

dehydrogenase (LDH) release from infected lung epithelial cells. In these experiments, 

cells infected with the mutant strain did not induce LDH release even at high bacterial 

doses, whereas GBS haemolytic strains were cytotoxic, with high levels of LDH release 

through damaged cell membranes occurring with low bacterial doses (Doran et al., 

2002). The dipalmotyl phosphatidylcholine (DPPC), a major constituent of lung 

surfactant, has been reported to have neutralising properties on the cytotoxic effect of 

the GBS haemolysin (Marchlewicz and Duncan, 1980). Treatment of lung epithelial 

cells with DPPC (500µg/ml) exhibited over 90% reduction in LDH release for up to 4 

hours of infection with haemolytic strains or when treated with GBS β-haemolysin 

extracts. This study also demonstrated that decreasing the concentration of DPPC to 

100µg/ml correlated with increased LDH release and cell injury (Nizet et al., 1996). 

In addition, the GBS fibrinogen binding protein (FbsB), encoded by the fbsB 

gene, has been proposed to play an important role in bacterial invasion (Gutekunst et 

al., 2004). Binding studies have demonstrated that the N-terminal region of the FbsB 

protein recognises the αA-subunit of human fibrinogen. Further in vitro studies using a 

cell culture model of human lung epithelial cells infected with an FbsB− mutant revealed 

that cell invasiveness was reduced by 70% compared with the wild type FbsB+ strain 

(serotype III). Moreover, complementation by re-introduction of plasmid-mediated 

expression of FbsB to the mutant led to increased GBS invasion similar to wild type 
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levels. Unlike the FbsA protein, deletion of FbsB expression did not affect adherence of 

GBS to epithelial cells (Gutekunst et al., 2004). 

Internalisation of GBS by host cells has been suggested to occur in an alpha C 

protein (ACP)-mediated pathway, which may explain an important step in the transition 

from colonization to active infection. The alpha C protein, encoded by the bca gene, is a 

surface protein expressed by GBS serotypes Ia, Ib and II (Baron et al., 2004). Bacterial 

translocation in cervical epithelial cells has been hypothesised to occur by the 

interaction of ACP with host cell glycosaminoglycan (GAG) that requires actin 

rearrangement for uptake. This association of ACP with GAG was shown to be 

inhibited by treating the cells with soluble GAG as well as with heparin and 

cytochalasin D in a concentration dependent manner (Baron et al., 2004). 

The interaction of the SCPB protein (a C5a peptidase) of GBS with the 

fibronectin receptor on epithelial cells can also potentially influence cellular invasion. 

The addition of soluble fibronectin to human A549 epithelial cells increased invasion of 

a GBS wild type strain (serotype Ia) by up to 32%, whereas invasion by a SCPB− 

mutant was not increased. The interaction of the SCPB with fibronectin was 

hypothesised to activate unknown cell receptors leading to cytoskeletal changes in the 

cells that promoted uptake of the bacterium (Cheng et al., 2002). 

The effect of polysaccharide capsule and sialic acid residues on the invasiveness 

of GBS has also been investigated (Gibson et al., 1993). Using a cell culture of human 

endothelial cells, the ability of two mutants devoid of capsule (CAP−) and sialic acid 

(SA−) expression to invade the cells was determined. The mutants demonstrated a 

significant increase in invasion by approximately 3-fold when compared to their parent 

capsulated strain (serotype III), which suggests that the presence of the polysaccharide 

capsule may attenuate the ability of GBS to invade. However, there were no significant 

differences between the CAP− and SA− mutants, which indicated that the attenuation 

could be attributed to the presence of the sialic acid residues in the capsule (Gibson et 

al., 1993). 

A study by Valentin-Weigand et al. (1997) provided further information 

regarding the process by which GBS are able to invade host cells. Using invasion assays 

and by testing different known inhibitors of endocytosis (including cytochalasin D, 

genistein, actinomycin and nocodazol), the invasion of epithelial cells (HEp-2) by GBS 

(serotype III) was completely inhibited in the presence of cytochalasin D (0.5 µg/ml), 

indicating that internalisation is an actin microfilament-dependent process. Furthermore, 

the concentration of calcium (Ca2+) in the medium appeared to influence invasion, 



 

 24 

where invasion was significantly reduced in the absence of calcium, and invasion 

increased by increasing the concentration of extracellular calcium up to 2.5mM, but 

there was no significant increase in invasion when a higher concentration of calcium 

was tested (5mM). The study demonstrated that calcium is required during the 

internalisation of GBS by HEp-2 epithelial cells and has also a concentration-dependent 

effect on invasion (Valentin-Weigand et al., 1997). 

Intracellular invasion or host cell damage may not be the only routes that GBS 

uses to penetrate host barriers. GBS transcytosis was shown to occur via a paracellular 

route independent of bacterial internalisation. Using electron and fluorescent 

microscopic studies, GBS (serotype V) was observed to intimately associate with 

intracellular junctions in a human cervical epithelial cell model without affecting 

monolayer integrity (Soriani et al., 2006). 
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Table 1.3: GBS virulence factors involved in cell adherence and invasion 

Virulence factor Encoding gene In vitro model Role Reference 

Lipoteichoic acid dlt operon Buccal epithelial cells Adherence to epithelial cells (Teti et al., 1987) 

C5a peptidase scpB Lung epithelial cells Cleaves C5a 

Binds fibronectin 

Cell invasion 

(Cheng et al., 2002) 

Laminin binding protein lmb Immobilised laminin Binds to human laminin (Spellerberg et al., 1999) 

FbsA fbsA Lung epithelial cells Binds to fibrinogen 

Cell adhesion 

(Schubert et al., 2004) 

Pili srtC3-C4 locus Lung epithelial cells Adhesion to host cells (Dramsi et al., 2006) 

Regulation of glycosylated 
adhesin 

rga Lung epithelial cells and 
human fibrinogen 

Regulates adherence (Samen et al., 2011) 

β-haemolysin/cytolysin cylE Pulmonary epithelial cells Cell injury and invasion (Doran et al., 2002;Nizet 
et al., 1996) 

FbsB fbsB Pulmonary epithelial cells Binds to fibrinogen 

Cell Invasion 

(Gutekunst et al., 2004) 

Alpha C protein bca Cervical epithelial cells Binds to host 
glycosaminoglycan 

(Baron et al., 2004) 

Polysaccharide 
Capsule/Sialic acid 

cps gene cluster Endothelial cells Attenuates invasion (Gibson et al., 1993) 
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1.8.3 Entry into the neonate bloodstream and evasion of immune clearance 

After successful penetration of lung epithelial cells, GBS gain access to the blood 

stream, and the infection develops into either an uncontrolled bacteraemia or is cleared 

by the host, a process that depends on efficient uptake of GBS by phagocytic cells and 

the production of factors that enhance opsonisation such as specific antibodies and 

complement proteins. Although GBS bacteria appear to possess virulence factors that 

allow it to escape the host immune response and to resist phagocytic killing (Table 1.4), 

the mechanisms are not fully understood.  

In common with other capsule expressing pathogens, the GBS capsule plays an 

important role in preventing phagocytosis by the host. A thick capsular polysaccharide 

(CPS) is expressed by the vast majority of GBS serotypes and is encoded by a cps-gene 

cluster consisting of 12 genes and is composed of repeating units of glucose, galactose, 

N-acetylglucosamine and N-acetylneuraminic acid (sialic acid) (Spellerberg, 2000). The 

sialylated CPS has been shown to inhibit activation of the alternative complement 

pathway and to prevent C3 deposition on the wild type bacterium (serotype III) by 

eight-fold compared with deposition observed with either of the sialic acid or the 

capsule deficient mutants (Marques et al., 1992). This study also investigated the 

phagocytic killing (by human peripheral blood leukocytes) of the wild type and 

compared it with results of the sialic acid and capsule deficient mutants and reported a 

higher rate of killing of mutant strains (86% and 92% respectively) compared with only 

33% killing of the encapsulated wild type strain. The quantity of capsule present can 

also be an important factor, which was demonstrated by the observation of increased C3 

binding levels on different GBS strains with decreasing capsule index values, 

suggesting an inverse correlation between C3 deposition on the bacterium and capsule 

production (Marques et al., 1992). 

Recently, a new adhesin, BibA (GBS immunogenic bacterial adhesin), 

expressed on the surface of GBS was identified and proposed as a novel virulence factor 

with anti-phagocytic properties (Santi et al., 2007). The BibA protein is a polypeptide 

of 630 amino acids, has an LPXTG anchoring domain and is encoded by the bibA gene. 

The bibA gene was identified in all 24 strains of different GBS serotypes; however, 

surface expression of the protein was shown in only 14 (56%) of these strains. The 

protein specifically binds to the C4 binding protein (C4bp) of the classical complement 

pathway. A comparison of wild type GBS (serotype V) and bibA deficient mutant 

demonstrated a 5-fold impaired capacity of the mutant to replicate in human blood. In 
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addition, the influence of BibA protein expression for GBS survival of the phagocytic 

activity of polymorphonuclear leukocytes (PMNLs) was investigated by incubating 

opsonised bacteria with PMNLs for 3hours: these experiments demonstrated that only 

21% of the bibA mutant avoided phagocytosis, compared with 52% of the wild type 

strain, thus suggesting that expression of BibA protein on the surface of GBS bacteria is 

a mechanism for avoiding host innate defence (Santi et al., 2007). 

CspA, a surface protein with protease-like activity, has also been identified as a 

novel virulence factor in GBS that promotes resistance to phagocytic clearance. 

Infection of neonatal rats with a serotype III wild type GBS (cspA+) and a cspA− mutant 

demonstrated a significant role for the protein in virulence as indicated by a 10-fold 

difference in LD50 between the two strains. Opsonophagocytic studies also showed a 

lower growth index for the mutant strain by 46%, indicating a higher sensitivity to PMN 

killing, compared to the isogenic wild type strain. The apparent protective effect of the 

CspA protein was hypothesised to be due to the ability of the cspA+ strain to degrade 

fibrinogen to fibrin on the surface of the bacteria, leading to the formation of 

macroscopic bacterial aggregates, which in turn, reduced the opportunity for opsonins to 

bind to the bacterial surface (Harris et al., 2003). 

Another GBS virulence factor with anti-phagocytic properties is the surface 

expressed penicillin binding protein PBP1a. PBPs are generally involved in preserving 

cell shape and in cross-linking of the peptidoglycan layer in the bacterial cell wall 

(Ghuysen, 1991). The PBP1a is a membrane anchored protein, encoded by the ponA 

gene, which was shown to exhibit anti-phagocytic properties that did not affect C3 

deposition, thus suggesting a mechanism independent of the anti-phagocytic activity of 

the capsular polysaccharide in GBS (Jones et al., 2003a). When used to infect rat 

alveolar macrophages in vitro, the ponA mutant demonstrated a higher sensitivity to 

phagocytic killing (90%) compared with the parent strain (20%), indicating an 

important function in resistance to uptake and clearance by phagocytes, possibly by 

mediating resistance to antimicrobial peptides (AMPs) (Jones et al., 2007). 

Additionally, the role of PBP1a was investigated in resistance to host innate 

defence components such as AMPs (Hamilton et al., 2006). AMPs are proteins encoded 

by the cathelicidin and defensin gene families and are produced by both epithelial cells 

and immune effector cells (Gallo and Nizet, 2003). A recent study has demonstrated 

higher sensitivity of a ponA mutant to killing by cationic AMPs (Hamilton et al., 2006) 

compared with the wild type strain. The higher survival of GBS in the presence of 

AMPs indicates an important function of the PBP1a protein in conferring resistance to 
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innate immune defence by a mechanism that does not modify the surface charge of the 

bacterium or have an effect on the integrity of the cell wall in GBS (Hamilton et al., 

2006). 

 The ciaR/H (response regulator) genes are a two component regulatory system 

discovered in GBS that was shown to play an important function in bacterial survival 

within host cells (Quach et al., 2009). Using a wild type GBS strain (serotype III) and 

its isogenic ∆ciaR mutant, it was demonstrated that mutant bacteria were significantly 

more susceptible to killing by human neutrophils and murine macrophages. In addition, 

the ∆ciaR strain was more sensitive to killing by polymyxin B and murine cathelicidin 

AMPs. These observations were also confirmed upon exposure of the two strains to 

various oxidants, including hydrogen peroxide, hypochlorite and lysozymes, where the 

mutant strain showed significantly less ability to survive in the presence of these 

oxidants. The role of the ciaR gene was further investigated in vivo by injecting both 

wild type and mutant strains in mice to induce bacteraemia. It was shown that by 72h 

post injection that the wild type strain was recovered from the blood, brain and spleen in 

significantly higher numbers than the mutant strain. These findings suggest an 

important role of the ciaR gene in the intracellular survival of GBS and their resistance 

to phagocytic killing. 

The production of the β-h/c by GBS has also been linked to resistance to 

immune clearance, possibly by induction of apoptosis in phagocytes (Liu et al., 2004). 

Comparison of wild type GBS (serotype Ia) and its derived β-h/c deficient mutant 

(∆cylE) using oxidant killing studies demonstrated that the mutant strain was less 

resistant to oxidative damage and showed 10-fold lower levels of survival within 

murine macrophages compared to the parent strain. Using trypan blue stain, 

macrophages challenged with wild type bacteria showed marked reduction of viability; 

conversely, macrophages challenged with the mutant strain remained unaffected. In 

addition, using both an ex vivo whole human blood assay and an in vivo murine 

infection model, the ∆cylE mutant strain was readily cleared from blood, whereas the 

wild type strain was able to survive and proliferate, leading to the death of 10/13 of 

infected mice within 24h (Liu et al., 2004). 

Moreover, the inhibitory effects of DPPC for the cytotoxicity of the GBS β-h/c 

have also been tested on murine macrophages. In this study, addition of DPPC (2mg/ml) 

led to an increase in macrophage viability and clearance of wild type GBS to levels 

observed similarly with the haemolysin deficient strain (Liu et al., 2004). These 

findings suggest that the β-h/c may play a significant role in GBS survival and 
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avoidance of host defence clearance mechanisms possibly by acting as an oxidative 

burst inhibitor and inducer of apoptosis in macrophages. 

The potential role of the PilB protein in the survival of GBS within the host has 

been explored (Maisey et al., 2008b). Using survival assays, a ∆pilB mutant 

demonstrated a significant reduction in the ability to survive following incubation with 

human neutrophils as well as with murine macrophages when compared with the 

survival of the parent (GBS serotype V) strain. In addition, heterologous expression of 

PilB protein in Lactococcus lactis, a non-pathogenic bacteria, resulted in >4-fold 

increase in resistance to killing by neutrophils and macrophages. These findings were 

also confirmed using a mouse model where the wild type strain demonstrated a greater 

recovery after 24h of injection in comparison with the ∆pilB mutant. The mechanism of 

increased survival by the strain expressing PilB protein has been associated with 

resistance to killing by cationic AMPs of the host, but not with hydrogen peroxide or 

hypochlorite. The expression of PilB protein did not affect the surface charge on the 

bacterium, but it was suggested to bind to the AMP molecule before it could damage the 

bacterium by pore-formation (Maisey et al., 2008b). 
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Table 1.4: GBS virulence factors involved in evasion of immune clearance 

Virulence factor Encoding gene Infection model Proposed function Reference 

Polysaccharide 
capsule/sialic acid 

cps gene cluster Human leukocytes Inhibits activation of complement and 
prevents C3 deposition on bacteria 

(Marques et al., 1992) 

BibA bibA PMNL Resists phagocytic killing by binding to C4bp (Santi et al., 2007) 

CspA cspA PMNL Prevents opsonisation by cleaving fibrinogen 
to fibrin on surface of bacteria 

(Harris et al., 2003) 

Penicillin binding 
protein (PBP1a) 

ponA Rat alveolar MØ, 
human neutrophils 

Inhibits uptake by phagocytes 

Inhibits killing by AMPs 

(Jones et al., 2003a); 
(Hamilton et al., 2006) 

CiaR ciaR Human neutrophils, 
murine MØ, and mice 

Enhances intracellular survival and resists 
oxidative killing 

(Quach et al., 2009) 

β-haemolysin/ 

cytolysin 

cylE Human neutrophils, 
murine MØ and mice 

Induces phagocyte apoptosis, inhibit 
oxidative damage, and resists phagocytic 
clearance 

(Liu et al., 2004) 

PilB pilB Murine MØ and 
human neutrophils 

Resist phagocyte killing by binding to AMPs (Maisey et al., 2008b) 

PMNL, polymorphonuclear leukocytes; MØ, macrophages; AMPs, antimicrobial peptides.  
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1.8.4 Sepsis (inflammatory response in blood) 

The failure to clear GBS from the blood stream gives rise to the establishment of 

bacteraemia in the neonate and the activation of a host inflammatory response by means 

of several immunological triggers and mediators (Table 1.5). 

The pattern by which cytokines are produced in response to exposure to GBS 

has been explored (Kwak et al., 2000). The intracellular and extracellular production of 

tumour necrosis factor (TNF-α) and interleukins IL-1β, IL-6 and IL-8 were measured 

from human mixed mononuclear cells (MMCs) that have been stimulated by heat-killed 

GBS (serotype III). Results demonstrated that the levels of extracellular cytokines (IL-

1β, IL-6 and IL-8) appeared after the expression of intracellular cytokines, whereas the 

expression of intracellular and production of extracellular TNF-α was found to occur 

simultaneously, suggesting the role of TNF-α in triggering the secretion cascade of 

other cytokines. Furthermore, there was significant production of interferon gamma 

(IFN-γ) and IL-12 from MMCs by heat-killed GBS. Conversely, LPS (1µg/ml) from E. 

coli failed to induce production of these two cytokines (Kwak et al., 2000). The study 

highlighted the critical role of TNF-α and the unique role of IFN-γ and IL-12 in GBS-

induced sepsis.  

GBS were examined for their capacity to induce the secretion of TNF-α as a 

mediator of host inflammatory response from human cord blood monocytes. Heat-killed 

GBS bacteria (serotype III), as well as an uncapsulated isogenic mutant, were shown to 

induce similar levels of TNF-α (1.8ng/ml by 24h). Further investigations of specific 

purified bacterial cell wall components such as lipoteichoic acid (LTA), peptidoglycan 

(PG) and group B polysaccharide (GB-PS), using concentrations of 10µg/ml of each, 

revealed that both PG and GB-PS were able to elicit the highest TNF-α release at 8h 

(80% and 60% respectively of total TNF-α induced by whole killed bacteria). This 

study indicated that different bacterial cell wall components in GBS may not all be 

directly involved, but may act in a synergistic manner, to induce a host immune 

response during sepsis (Vallejo et al., 1996). 

Different GBS isolates may vary in their capacity to induce an inflammatory 

response in the host. A study compared the expression of different cytokines from cord 

blood mononuclear cells (CBMNCs) upon stimulation for 24h with 8 colonising GBS 

strains and 14 clinical isolates from neonates with sepsis. The levels of IL-6 induced by 

the sepsis strains were significantly higher than the colonising strains (9.1 and 4.6 ng/ml 

respectively). By contrast, the induction of TNF-α was higher with sepsis strains (5.1 
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versus 4 ng/ml) but did not reach significance. The results from the study were not 

conclusive, possibly due to the small sample number, but the presence of strain-specific 

virulence factors in GBS that are involved in cytokine expression was suggested 

(Berner et al., 2001). 

The difference in the cytokine response of neonate and adult blood to 

stimulation by GBS was compared. Mononuclear cells isolated from cord blood 

(CBMNCs) and adult blood (ABMNCs) were stimulated with a serotype Ib heat-killed 

GBS (107 cfu/ml), LPS (2μg/ml) and LTA (2μg/ml), and the levels of IL-6 and TNF-α 

were determined after 24h of exposure. When stimulated with heat-killed GBS, 

CBMNCs demonstrated a significantly higher IL-6 and TNF-α levels than when 

stimulated with LPS or LTA. By contrast, when stimulated with heat-killed GBS, LPS 

and LTA, ABMNCs produced similar levels of IL-6 and TNF-α with no significant 

differences, which indicated a higher susceptibility of cord blood to stimulation with 

heat-killed GBS than adult blood (Berner et al., 2002).  

A comparison of cytokine production (TNF-α, IL-6, IL-8 and IL-1β) from cord 

blood and adult blood induced by clinical isolates from neonates with sepsis (GBS, 

Escherichia coli and Staphylococcus epidermidis) was carried out (Mohamed et al., 

2007). Upon stimulation with heat-killed GBS, TNF-α was the first cytokine induced 

from whole blood followed by IL-8, then IL-6 and IL-1β. After 2h of incubation of cord 

blood with GBS, the levels of IL-6 and IL-8 were significantly higher than levels in 

adult blood. In addition, although an equal number of each type of bacteria was used 

(104 cfu/ml), the secretion levels of cytokines were different. For instance, after 2h of 

stimulation, E. coli induced higher levels of IL-6 than GBS, whereas GBS induced 

higher levels of IL-1β than induced by S. epidermidis. This study showed that secretion 

of cytokines in response to infection is both time- and pathogen-dependent, which may 

be an indicator of bacterial virulence. The study also demonstrated that stimulation of 

cord blood induces significantly higher levels of pro-inflammatory cytokines than adult 

blood, which may explain the elevated cytokine production and overall picture of sepsis 

in neonates (Mohamed et al., 2007). 

Human monocytes have been used to study the secretion of cyclooxygenase-2 

(COX-2) upon exposure to GBS (Maloney et al., 2000). The cyclooxygenase enzymes 

(COX) convert arachidonic acid to prostanoids such as prostaglandins and 

thromboxanes. The COX-2 is an isoform and is involved in the inflammatory response 

and its expression is induced by bacterial products and cytokines (Smith et al., 1996). It 

was demonstrated that the production of prostaglandin-E2 and thromboxane-B2 by 
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human monocytes was stimulated after exposure to heat-killed (serotype III) GBS 

(2.5x106 cfu/ml) over a period of 18hrs with significant production starting as early as 

6h post exposure. It was also demonstrated in these experiments that the production of 

these prostanoids by GBS-stimulated monocytes was inhibited by NS-398, a known 

inhibitor of COX-2. 

Furthermore, the induction of COX-2 secretion was also analysed, and it was 

shown that mRNA for COX-2 was expressed by 2h post exposure to GBS and reached a 

peak by 6h. It was also shown that addition of exogenous IL-4 and IL-10 markedly 

decreased COX-2 production levels by GBS-stimulated monocytes. The study did not 

explore GBS-specific components that were likely to stimulate this response from 

monocytes. However, it was suggested that the polysaccharide capsule may not be 

involved as it was demonstrated that a capsule-deficient mutant induced similar levels 

of COX-2 compared with other encapsulated GBS clinical isolates (Maloney et al., 

2000). The results from this study indicated that the production and regulation of COX-

2 may have an important role in the clinical picture of septic shock syndrome caused by 

GBS, and may be further explored as a potential target for treatment. 

The role of the β-h/c in the pathophysiology of GBS sepsis has also been 

investigated (Ring et al., 2002). In these experiments, a live serotype III GBS strain and 

two isogenic mutants expressing hyper-haemolytic (HH) and non-haemolytic (NH) 

activity of β-h/c were injected intravenously into rabbits (109 cfu/rabbit). The HH 

mutant resulted in the death of 67% of challenged rabbits within 8hrs of injection. By 

contrast, the wild type strain (WT) and the NH mutant induced a mortality of 27% and 

13% (respectively) of challenged rabbits. Furthermore, 30min after injection, all 3 

strains demonstrated viable counts of 105 cfu/ml, but the NH strain failed to establish 

progressive growth in the blood where bacterial counts of this strain declined to 103 

cfu/ml after 3h of injection. By contrast, the WT strain produced the highest bacterial 

counts in the blood (6x105 cfu/ml) after 8hrs of injection. Although injection with the 

HH strain did not result in higher bacterial counts than the WT, infection with the HH 

strain was associated with higher mortality rates, which demonstrated the cytotoxic 

effect of higher expression of the β-h/c toxin (Ring et al., 2002).  

Further investigations of blood chemistry of challenged rabbits demonstrated a 

66-fold increase in lactic dehydrogenase in the HH group, compared to a less than 10-

fold increase with the WT and NH groups. In addition, as a measure of hepatocellular 

damage, the serum levels of aspartate aminotransferase and alanine aminotransferase 

were markedly increased (by 260- and 26-fold, respectively) in the HH group, but only 
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slightly increased in the WT and NH groups. Histopathological examination of liver 

tissue showed the formation of microabscesses and necrotic foci in the HH group, 

compared to normal histological findings in the NH group. The study clearly 

demonstrated the association of the expression of the β-h/c on mortality and induction 

of liver failure during GBS sepsis and also indicated a potential benefit in targeting the 

β-h/c toxin for treatment (Ring et al., 2002).  

GBS may be pressured to undergo a phenotypic switch during systemic 

infections. Two variants of a serotype Ib GBS strain isolated from an adult with toxic 

shock syndrome were investigated (Sendi et al., 2009). Initial phenotypic analysis 

revealed one variant that showed high-haemolysis/low-capsule expression (HH/LC) and 

another variant that showed low-haemolysis/high-capsule (LH/HC) expression. Both 

variants were confirmed to be from the same clonal origin using PFGE. Genetic 

analysis using PCR revealed a variation in the covR regulatory gene, where the HH/LC 

variant demonstrated a 3-bp deletion in the gene sequence. These two variants were 

shown to be phenotypically stable for at least 7 passages. Further investigations showed 

that both variants induced similar levels of IL-1β and TNF-α from peripheral blood 

mononuclear cells (PBMCs), however the HH/LC variant induced significantly higher 

levels of IL-8 (at an MOI of 1 for 2h). The results from this study indicated that the 

expression of two major virulence factors in GBS (β-h/c and capsule) during infection is 

a dynamic process that could be regulated and/or pressured. Such phenotypic changes 

can potentially influence the host inflammatory response during infection. 
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Table 1.5: Inflammatory mediators involved in GBS sepsis 

GBS component or 
property 

Markers investigated Cells tested Remarks References 

HKB  TNF-α, IL-1β, IL-6, 
IL-8, IFN-γ, IL-12  

Mixed 
mononuclear 
cells 

Induction of all tested cytokines 

TNF-α may trigger inflammatory 
cascade. 

(Kwak et al., 2000) 

CPS and cell wall 
components 

TNF-α Cord blood 
monocytes 

CPS may not be involved in induction 
of TNF-α. 

(Vallejo et al., 1996) 

Colonising and 
sepsis strains 

IL-6 and TNF-α Cord blood 
mononuclear 
cells 

Sepsis strains induce higher levels of 
IL-6 and TNF-α. 

(Berner et al., 2001) 

HKB and LTA IL-6 and TNF-α Cord and adult 
mononuclear 
cells 

Cord cells more susceptible for 
induction of IL-6 and TNF-α by GBS 
than adult cells. 

(Berner et al., 2002) 

HKB COX-2  Human 
monocytes 

GBS induce COX-2, but CPS may not 
be involved. 

(Maloney et al., 2000) 

Live bacteria Lactic dehydrogenase, 
aspartate and alanine 
aminotransferases 

Animal model 
(rabbit) 

Induction of liver enzymes correlates 
with β-h/c production 

(Ring et al., 2002) 

Live bacteria (β-h/c 
and CPS variants) 

IL-1β, TNF-α and IL-8 Mononuclear 
cells 

Expression of β-h/c associated with 
higher induction of IL-8 

(Sendi et al., 2009) 

CPS, capsular polysaccharide; HKB, heat-killed bacteria; TNF, tumour necrosis factor; IFN, interferon; IL, interleukin; COX-2, Cyclooxyginase-2 
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1.8.5 Meningitis (penetration of Blood-CSF barrier) 

1.8.5.1 Anatomy of the human subarachnoid space (SAS) and leptomeninges  

In order to appreciate the environment within which meningitis occurs, a description of 

the anatomy of the human subarachnoid space (SAS) and leptomeninges is presented. 

The meninges is a thin anatomical structure, consisting of three closely associated yet 

distinct membranes - the dura mater (pachymenix), the arachnoid and the pia mater - 

that cover intimately the brain and spinal cord (Figure 1.4). The arachnoid and pia 

mater are separated by the SAS and they are connected by trabeculae that traverse this 

fluid containing space (al-Rodhan et al., 1991; Gray and Fedorko, 1992; Weller, 1995a; 

Weller, 1995b). The arachnoid, pia mater and trabeculae are composed primarily of 

meningothelial cells and varying amounts of extracellular connective tissue and together 

they comprise the leptomeninges and present a considerable surface area of cells to the 

SAS (al-Rodhan et al., 1991;Weller, 1995a;Weller, 1995b). 

i) The dura mater 

The dura (“hard”) mater (“mother”) is a dense, fibrous sheet, composed of tough, non-

elastic connective tissue that is intimately associated with the skull. It is a relatively 

thick membrane composed of two histologically similar layers, an outer or endosteal 

region and an inner or meningeal region (al-Rodhan et al., 1991;Weller, 1995a;Weller, 

1995b). The innermost meningeal layer is attached to the arachnoid and there is no sub-

dural space (al-Rodhan et al., 1991). 

ii) The arachnoid 

By contrast to the thick dura mater, the arachnoid is a delicate membrane consisting of 

several layers of translucent, tightly packed barrier cells that adhere tightly to the dura 

mater. The arachnoid trabeculae that traverse the SAS consist of loosely organised, 

‘spindly’ cells connecting the arachnoid to the pia mater (al-Rodhan et al., 1991). The 

SAS contains cerebrospinal fluid (CSF) and the larger blood vessels that traverse the 

surface of the brain. Although the human arachnoid is similar to the arachnoid of other 

mammals it is considerably thicker (Alcolado et al., 1988). Histologically, 

meningothelial cells within the arachnoid are characterised by the presence of 

desmosomes and, uniquely for the meninges, of tight junctions (Nabeshima et al., 1975 

;Alcolado et al., 1988). Due to the fact that these tight junctions are impermeable to 
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CSF, protein macromolecules, water, ions and other soluble materials, their presence 

confers upon the arachnoid membrane the role of a physiological barrier (Waggener and 

Beggs, 1967;Nabeshima et al., 1975). 

The arachnoid trabeculae are present in the form of sheets or narrow cords that 

traverse the SAS at irregular intervals from the deep layers of the arachnoid down to the 

pia mater. Trabeculae enclose the blood vessels of the SAS within a collagen core and 

they are also coated in leptomeningeal cells, which become continuous with the pia 

mater at the interface of these cells (Alcolado et al., 1988). These particular 

leptomeningeal cells appear to be specialised fibroblasts with long cytoplasmic 

processes and they attach to the arachnoid layer and cells of the pia mater with 

desmosomes and gap junctions (Lopes and Mair, 1974;Schachenmayr and Friede, 

1978). 

iii) The pia mater 

The pia (“soft”) mater (“mother”) is a delicate membrane formed from one or two 

layers of leptomeningeal cells, which completely covers the surface of the brain and 

spinal cord as well as entering the cerbellar sulci (Figure 1.4) (Alcolado et al., 

1988;Weller, 1995a;Weller, 1995b). Cells of the pia mater are similar to arachnoid 

trabecular cells, being flattened and joined by desmosomes and gap junctions, but with 

tight junctions normally absent (Alcolado et al., 1988;al-Rodhan et al., 1991;Weller, 

1995b;Weller, 1995a). Despite its delicate and thin nature, the pia mater appears to 

form a regulatory interface between the CSF and the surface of the brain. The pia mater 

separates the SAS from the subpial space, which is the space between the pia and the 

basement membrane of the glia limitans on the surface and the perivascular spaces of 

the brain (Alcolado et al., 1988;Zhang et al., 1990). The barrier properties of the pia 

mater probably have a role in protecting the brain from metabolites and particulate 

matter present in the CSF (Hutchings and Weller, 1986), including bacterial infection 

and inflammatory exudate. In addition, cells of the pia mater contain the 

neurotransmitter-degrading enzymes glutathione S-transferase (Carder et al., 1990) and 

catechol-O-methyl-transferase (Kaplan et al., 1981), which suggests an enzymatic 

barrier function.
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Figure 1.4: Structure of the human subarachnoid space and meninges. Adapted from Weller (1995a). 
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1.8.5.2 Pathogenesis of GBS meningitis 

The exact process by which GBS leave the blood and enter the cerebrospinal fluid 

(CSF) is not known and is still under extensive research. Several research groups have 

focused on the interactions of GBS with brain microvascular endothelial cells (BMEC) 

(Table 1.6). The BMECs are cells that regulate transport of molecules and maintain 

homeostasis of the central nervous system (CNS) as part of the blood-brain barrier 

(BBB) (Betz and Goldstein, 1986). Anatomically, invasion of the CSF by GBS must 

also be considered to occur directly through meningeal vessels, i.e. by penetration of the 

blood-CSF barrier presented by endothelial cells of thin-walled vessels within the SAS. 

 Using an in vitro model of human BMECs, GBS serotype III was examined for 

its ability to invade and survive within these cells as a primary step to invading the 

CSF/CNS (Nizet et al., 1997). Examination of infected BMECs using transmission 

electron microscopy demonstrated the presence of intracellular bacteria within 

membrane bound vacuoles. However, no intracellular replication of GBS was observed 

for up to 20h after uptake by BMECs. The study also investigated the differences of 

GBS strains belonging to 5 different wild serotypes in their ability to invade cell 

monolayers and demonstrated that the highest invasion was achieved by serotype III 

(5%) in comparison with 1-2.5% invasion observed by other serotypes (Ia, Ib, II and V). 

Furthermore, comparison of serotype III GBS strain with an isogenic capsule deficient 

mutant revealed that the presence of the polysaccharide capsule attenuated invasion of 

BMECs, with the wild type bacteria showing approximately a 50% reduction in 

invasion rate. This possibly suggested that the presence of capsule rendered GBS less 

efficient in invading BMECs. The findings from this study provided evidence that GBS 

invasion of BMECs was a possible first step to gaining access to the CSF/CNS (Nizet et 

al., 1997). 

 The role of the invasion associated gene (iagA) in GBS invasion of human 

BMECs has been investigated using an iagA mutant strain. Determination of bacterial 

invasion showed a significant 4-fold decrease in invasion of BMECs by the ∆iagA strain 

compared with the GBS (serotype III) parent strain; however, mutation had no 

significant effect on adherence or on bacterial survival inside BMECs. Further studies 

aimed at identifying the product encoded by the iagA gene revealed a 

glycosyltransferase protein that synthesises the glycolipid diglucosyldiacylglycerol 

(DGIcDAG) (Doran et al., 2005). Glycosyltransferases are known to synthesise 

glycolipids that act as cell membrane anchors for lipoteichoic acid (LTA) in Gram-

positive bacteria (Neuhaus and Baddiley, 2003). It was demonstrated that the loss of 
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glycosyltransferase activity impaired anchoring to LTA, resulting in high detectable 

levels of LTA on the cell surface of the iagA mutant strain compared with the wild type 

strain. The iagA gene product was proposed to be involved in LTA-mediated invasion 

of BMECs by GBS by synthesising a membrane glycolipid anchor for LTA (Doran et 

al., 2005). 

The role of the β-haemolysin/cytolysin in GBS in the interaction with human 

BMECs was also explored (Nizet et al., 1997). Invasion studies were carried out 

comparing a wild type (serotype III) GBS strain with its derived hyper-haemolytic (HH) 

and non-haemolytic (NH) mutants. Data demonstrated a lower invasion level by the HH 

strain and a higher invasion by the NH strain compared with invasion level achieved by 

the parent strain. This phenomenon was hypothesised to occur as a consequence of 

higher cell damage achieved by the HH mutant, which allowed antibiotics used in the 

assay to enter cells and kill intracellular bacteria resulting in lower viable counts. 

However, further studies to determine the correlation of lactate dehydrogenase (LDH) 

release with cell damage were carried out and demonstrated a 50% LDH release 

induced by an MOI of 1,250 of the parent strain, whereas an MOI of 20 of the HH 

mutant was required to induce a 50% LDH release compared with no induction of LDH 

release by the NH mutant even at an MOI as high as 2,500 (Nizet et al., 1997). These 

data suggested a strong correlation between the cytotoxic effects of the β-h/c produced 

by GBS and injury of BMECs, which may be a possible mechanism that facilitates GBS 

access to the CNS and progression to meningitis.  

In addition, the role of the β-h/c in inducing cytokine release from human 

BMECs was investigated. A β-h/c extract from wild type GBS (serotype V) stimulated 

secretion of IL-8 (0.2ng/ml) from BMECs 4h after exposure to a level significantly 

higher than extracts from a mutant strain (<0.1ng/ml). Nonetheless, whole live wild type 

GBS bacteria were able to stimulate an even higher level of IL-8 release (>0.25ng/ml), 

which was attributed to the presence of other virulence factors in addition to β-h/c 

(Doran et al., 2003). 

The laminin binding protein (Lmb) is a surface expressed lipoprotein that is 

expressed by all known serotypes of GBS (Spellerberg et al., 1999) and has been tested 

for its role in facilitating GBS adherence and invasion of human BMEC. Analysis of the 

interaction of serotype Ia wild type GBS and its two isogenic lmb mutants (lmb-k1 and 

lmb-k2) revealed that Lmb does not play a significant role in adherence to BMEC. 

However, a significant reduction by 74% and 69% of invasion was detected with the 

two mutant strains, respectively (Tenenbaum et al., 2007). 
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 The pilus proteins PilA and PilB, that are expressed on the surface of GBS and 

involved in pilus formation, have been investigated for their functional roles in 

interaction with human BMECs. In vitro studies using mutant strains deficient in either 

PilA or PilB expression were generated from a serotype V GBS strain, demonstrated 

that the PilA protein is potentially involved in adherence of GBS to BMECs, whereas 

the PilB protein mediates bacterial invasion (Maisey et al., 2007). These findings were 

further confirmed by transformation of Lactococcus lactis, a non-invasive non-adherent 

Gram-negative bacterium, using pilA and pilB expression vectors, where expression of 

PilA and PilB proteins by L. lactis resulted in a significant 20-fold increase in adherence 

and a 50-fold increase in internalisation by BMECs, respectively. These results 

suggested a potential role of pili in mediating the interaction of GBS with the brain 

endothelium (Maisey et al., 2007). 

 The mechanism of GBS internalisation by human BMECs was proposed to 

occur by formation of microvillus-like projections on the surface of host cells that leads 

to the uptake of bacteria. The activation of tyrosine phosphorylation proteins that results 

in rearrangement of host actin cytoskeleton was hypothesised as a possible mechanism 

of invasion (Shin et al., 2006). Inhibition of a serotype III GBS invasion was examined 

using tyrosine phosphorylation inhibitors such as genistein (tyrosine kinase inhibitor) 

and PP2 (Src-family tyrosine kinase inhibitor) and demonstrated a significant reduction 

of invasion by genistein, but not by PP2, which indicated that Src-family tyrosine 

kinases may not be involved in internalisation. 

Further analysis aimed at investigating the role of focal adhesion kinase (FAK) 

in invasion of BMECs. FAK is a tyrosine kinase expressed by many mammalian cells 

that is involved in integrin signalling and actin polymerisation of the cell (Parsons, 

2003) and was previously shown to play a significant role in uptake of E. coli by 

embryo fibroblasts (Alrutz and Isberg, 1998). Exposure of a BMEC cell lysate to GBS 

for 30min resulted in increased phosphorylation of FAK, compared with unexposed 

cells. Furthermore, GBS invasion of BMECs expressing a dominant negative FAK was 

significantly decreased in comparison with invasion of control BMECs. The results 

from this study demonstrate the capacity of GBS to activate FAK leading to invasion of 

BMECs (Shin et al., 2006). 

The Srr glycoproteins have also been considered as GBS adhesins and invasins 

(van Sorge et al., 2009). The Srr glycoproteins are serine-rich repeat (srr) proteins that 

mediate the interaction of streptococci with different human cell types including 

epithelial and endothelial cells (Stinson et al., 2003;Samen et al., 2007). Two Srr 
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proteins have been described in GBS, the Srr-1 and Srr-2: the latter is solely expressed 

in serotype III GBS strains and has been linked to increased virulence (Seifert et al., 

2006). In a study by van Sorge et al. (2009), a serotype V GBS strain expressing Srr-1 

was analysed to determine its role in interaction with brain endothelium. Adherence and 

invasion studies using a ∆srr-1 mutant demonstrated significant decreases in adherence 

(~ 50%) and invasion (~70%), compared with the parent strain. A significant decrease 

of BMECs invasion was also confirmed by comparison of a serotype III expressing Srr-

2; and serotypes Ia and Ib expressing Srr-1 proteins with their respective ∆srr mutants. 

 Moreover, injection of the wild type and the ∆srr-1 mutant into mice 

demonstrated significantly higher bacterial counts after 4 days in brain tissue of mice 

infected with wild type bacteria. Further histopathological examination of brain tissue 

using histochemistry staining showed greater levels of meningeal shrinking, tissue 

damage and neutrophil infiltration in the brain tissue of mice infected with wild type 

strains compared with the normal histological findings in mice that did not develop 

meningitis following infection with mutant strains (van Sorge et al., 2009). Results from 

this study provided strong evidence of the role of Srr glycoproteins in mediating 

penetration of brain endothelium and the development of meningitis. 

The role of the CiaR in the survival of GBS in hBMECs has been investigated 

(Quach et al., 2009). Using a wild type (serotype III) GBS strain and its ∆ciaR mutant, 

it was demonstrated that the mutant strain was less able to survive within BMECs, 

where the number of recovered mutant bacteria was significantly less than those 

determined by the wild type strain by 16h post infection. This suggested a potential role 

of the CiaR in mediating intracellular survival of GBS within BMECs. Furthermore, it 

was shown using infection studies that deletion of the ciaR gene did not have significant 

effects on the adherence or invasion of BMECs, nor on the haemolytic activity of the 

mutant strain compared to its parent strain. 

The hyper-virulent GBS adhesin (HvgA) is a surface protein expressed by GBS 

that mediates adherence to human brain microvascular endothelial cells (MVECs) (Tazi 

et al., 2010). The study has initially characterised 651 clinical GBS isolates using 

MLST and showed that ST-17 was responsible for approximately 80% of neonatal 

meningitis in the period of 2006-2009, suggesting that this particular clone is hyper-

virulent. A capsular serotype III GBS (ST-17), expressing HvgA, and its derived ∆hvgA 

mutant were used to investigate the role of the HvgA in the mediating CNS infection. In 

vitro adherence studies showed a significant reduction in adherence (by approximately 

50%) by the mutant to MVECs. Furthermore, using an animal model, meningitis was 
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induced in mice by intravenous inoculation of the wild type and the ∆hvgA mutant 

strains. The results demonstrated that both the WT and the mutant induced similar 

levels of bacteraemia after 48h of inoculation, however, mutant bacterial counts in the 

brain were significantly reduced. These findings were confirmed using real-time 

imaging of CNS infection, where increased bioluminescence was observed in the brain 

of infected mice with the WT bacteria after 20h of infection, whereas no emission was 

detected from animal brains infected with the mutant strain. The study by Tazi et al. 

(2010) provided evidence that the HvgA protein mediates adherence to MVECs and that 

the is linked to hyper-virulence in GBS, suggesting an important role in the context of 

neonatal meningitis. 

Recently, the virulence of GBS has been reported to be regulated by the covR 

(Control of virulence Response) gene (Lembo et al., 2010). Using a murine sepsis 

model, a GBS ∆covR mutant was compared to its parent strain (serotype Ia). Mice 

infected with the mutant strain showed an increased susceptibility to infection leading to 

death within 2 days. This was in contrast to the survival of infected mice with the wild 

type strain for up to 20 days after infection. In addition, the number of recovered 

bacteria from the brain of infected mice was significantly higher with the ∆covR mutant, 

which suggested that covR is associated with the regulation of the virulence in GBS and 

their ability to penetrate the blood-brain barrier. 

Furthermore, adherence and invasion studies using a cell culture model of 

BMECs demonstrated no significant effect of expression of covR on adherence; 

however, the mutant strain showed a marked reduction in invasion of the cells 

compared to the wild type. Further studies using Evans blue dye and measuring trans-

endothelial electrical resistance, showed that infection with the mutant strain resulted in 

an increase in the permeability and a decrease in the integrity of the BMEC monolayer. 

These observations which explain, in part, the ability of the ∆covR strain to induce 

higher mortality in infected mice than the wild type, despite the diminished ability to 

invade the brain endothelium (Lembo et al., 2010). The study of Lembo et al. proposed 

therefore an important role of the covR gene in regulating virulence in GBS, and 

possibly in contributing to the transition from a colonisation to GBS disease.
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Table 1.6: GBS virulence factors involved in the pathogenesis of meningitis 

Virulence factor Encoding gene Proposed function Reference 

Polysaccharide 
capsule 

cps gene cluster Attenuates cell invasion (Nizet et al., 1997) 

iagA iagA LTA-mediated invasion (Doran et al., 2005) 

β-haemolysin/ 

cytolysin 

cylE Cell invasion by pore 
formation 

(Nizet et al., 1997) 

Lmb lmb Promotes cell invasion (Tenenbaum et al., 2007) 

PilA pilA Promotes cell adherence (Maisey et al., 2007) 

PilB pilB Promotes cell invasion (Maisey et al., 2007) 

Srr-1 glycoprotein srr-1 Promotes cell invasion (van Sorge et al., 2009) 

CiaR ciaR Enhances intracellular 
survival 

(Quach et al., 2009) 

HvgA hvgA Mediates adherence 
Enhances virulence 

(Tazi et al., 2010) 

CovR covR Regulation of virulence (Lembo et al., 2010) 
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1.8.5.3 Brain damage following meningitis 

GBS meningitis is clinically associated with severe brain damage, and it has been 

reported that over a third of survivors of neonatal GBS meningitis suffer from a long 

term outcome of the disease and permanent neurological sequelae such as hearing loss, 

cerebral palsy, seizures and mental retardation (Stevens et al., 2003). During the course 

of the infection in humans, it has been shown using cranial CT scans that GBS can 

cause severe dilatation of the ventricles and induce encephalomalacia (softening of 

brain tissue) in the neonate’s brain leading to blindness (Iijima et al., 2007). Moreover, 

postmortem examination of a neonate’s brain with GBS meningitis also showed loss of 

brain structural integrity and a thin purulent exudate was also observed on the surface of 

the brain and ventricles (Truemper et al., 1987). 

Another report of 10 neonates diagnosed with GBS ventriculitis (inflammation 

of the fluid in the ventricles) showed, using CT scans, marked hydrocephalus, 

ventricular enlargement and diffuse cerebral oedema in the neonate brain. Despite 

medical intervention using intravenous antibiotics and ventriculoperitoneal shunt 

placements, 7 neonates developed significant neurologic defects (Miyairi et al., 2006). 

The brain damage induced by GBS has been investigated in experimental 

models of meningitis. Using a rat model, histopathological examination of coronal brain 

sections of infected rats was done to evaluate the neuronal injury in the hippocampus. In 

comparison with uninfected controls, 86% of infected animals with GBS (serotype III) 

demonstrated clusters of shrunken cells and a pyknotic form of cell injury (condensation 

of nuclear chromatin), indicating that the cells were undergoing apoptosis. Further 

studies of this type of cell death using caspase-3 and TUNEL staining demonstrated that 

GBS induce apoptosis in cells of the dentate gyrus independently of caspase-3 activity 

(Bifrare et al., 2003). 

Moreover, examination of brain tissue of mice that developed meningitis 

following infection with GBS (serotype V) demonstrated, using histochemistry staining 

(hematoxylin and eosin stain), that GBS can induce meningeal thickening, and brain 

tissue destruction as well as neutrophil infiltration 4 days after intravenous injection of 

the bacteria (van Sorge et al., 2009).  

Some studies have aimed to understand the mechanism of neural injury that is 

induced during GBS meningitis. The induction of apoptosis of microglia (host immune 

cells in the CNS) by GBS (serotype III) has been explored (Lehnardt et al., 2007). The 

study demonstrated a dose-dependent induction of apoptosis in microglia (derived from 
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mice) by GBS and that the reduction of the viability of microglia was independent of 

GBS LTA. In addition, the study showed that the induction of microglia cell death by 

GBS is mediated by Toll-like Receptor-2 (TLR2) to activate caspase-8 but not caspase-

3 in the apoptotic cascade. The induction of apoptosis in microglia may lead to the 

deterioration of host defence in the CNS and the findings in this study provided a 

possible mechanism that explains the ability of GBS to establish and spread in the brain 

tissue. 

Recently, the role of the β-h/c in neural damage has been investigated in a rat 

model of neonatal meningitis (Reiss et al., 2011). It was shown that the haemolysin 

deficient mutant stain induced significantly less apoptosis in the cortex and the 

hippocampus of infected rats compared to its corresponding wild type GBS strain 

(serotype III) after 18h of infection. It was also observed in these experiments that the 

extent of neuronal cell damage that was induced by each of the wild type and the mutant 

was 10-fold higher in the hippocampus than in the cortex. In addition, histopathological 

examination of brain tissue of rats of different ages revealed that the cell damage was 

significantly higher in younger rats than in older ones (age 7 and 11 days postnatal, 

respectively), suggesting a higher susceptibility to neuronal injury in younger animals. 

Furthermore, primary neurons obtained from embryo rats were treated with GBS 

β-h/c extracts and showed a time- and dose-dependent induction of apoptosis. When 

viewed by transmission electron microscopy (TEM), treated cells with extracts for 6h 

exhibited cell shrinking, mitochondrial damage and condensation of chromatin, as 

indicators of apoptosis. This study provided evidence of the role of the β-h/c as a 

neurotoxin and its ability to induce apoptotic injury in the brain tissue during GBS 

meningitis (Reiss et al., 2011).
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1.9 Meningioma cell culture model 

The in vitro culture model of human meningioma cells of the meningothelial 

histological subtype used in the current study was first described by Hardy et al. (2000). 

The meningioma cell culture model has been used to investigate the interaction of these 

cells in response to infection with N. meningitidis (Hardy et al., 2000;Christodoulides et 

al., 2002;Fowler et al., 2006) and several other meningitis causing bacteria such as E. 

coli, S. pneumoniae and H. influenzae (Fowler et al., 2004). In addition, the 

meningioma cell culture model has been analysed for gene expression using microarray 

technology following stimulation with N. meningitidis (Wells et al., 2001). 

The ability of N. meningitidis MC58 strain to associate with meningioma cells 

was examined using different variants of the strain variably expressing capsule, pili, and 

the Opa and Opc outer membrane proteins. Determination of total association with 

meningioma cells showed the highest association level was achieved by the MC58 

variant expressing Cap+ Pil+ Opa+ and Opc+, whereas the highest gentamicin survival 

was achieved by the Cap- Pil+ Opa- Opc+ MC58 variant. In addition, examination of the 

ability of N. meningitidis to invade meningioma cells using TEM demonstrated a more 

intimate association of the Cap- variant with cellular membranes, however, the presence 

of intracellular bacteria within membrane bound vacuoles was not confirmed, which 

suggests that of N. meningitidis may not be capable of invading meningioma cells 

(Hardy et al., 2000). 

The inflammatory response of meningioma cells due to infection with N. 

meningitidis was also explored. Monolayers of meningioma cells were challenged with 

N. meningitidis MC58 parent strain to analyse the expression and production of 

cytokine and chemokines. Results demonstrated an early mRNA expression of IL-6, IL-

8 and MCP-1 by 9h, but lower expression levels of RANTES and GM-CSF. 

Measurement of cytokine protein secretion at 24h demonstrated significant levels of IL-

6, and less secretion of IL-8 and MCP-1. However, RANTES and GM-CSF showed the 

lowest secretion levels compared with control cells, which was in agreement with 

transcription level results. By contrast, no significant mRNA expression or cytokine 

secretion by meningioma cells of IL-1α, IL-1β, TNF-α, MIP-1α, MIP-1β, TGF-β, IL-10 

or IL-12 was detected (Christodoulides et al., 2002). 

In another study, the interaction of meningitis causing bacteria including N. 

meningitidis, H. influenzae, S. pneumoniae and the neonatal meningeal pathogen E. coli, 

were investigated using the meningeal cell culture model (Fowler et al., 2004). 
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Association studies have demonstrated the ability of different concentrations ranging 

from 101
-108 cfu/ml of these pathogens to associate in dose-dependent levels over time 

with monolayers of meningioma cells, with N. meningitidis MC58 achieving the highest 

association level and H. influenzae Eagan showing the lowest association level. 

Confocal fluorescent microscopy was also used to demonstrate the viability of 

meningioma cells infected with 106
-108 cfu/monolayer of tested meningeal pathogens 

over time, which showed that the highest cytotoxicity of meningioma cells was 

achieved by infection with E. coli (>90%) by 24h. 

The ability of each pathogen to invade monolayers of meningioma cells was 

investigated using the gentamicin assay by measuring viable internalised bacteria and 

by TEM to visually confirm the presence of true invasion. Neither H. influenzae nor S. 

pneumoniae were able to invade meningioma cells by 9h, however N. meningitidis 

MC58 exhibited high numbers of internalised bacteria using the gentamicin assay, 

however, these results were not significant (P>0.05) as invasion was not inhibited with 

pre-incubation with cytochalasin D. By contrast, E. coli IH3080 exhibited a significant 

(P<0.05) difference in viable bacterial counts between gentamicin treated monolayers 

and pre-incubation with CD, suggesting that bacterial invasion took place by an actin 

microfilament dependent process. Furthermore, TEM results confirmed the presence of 

intracellular bacteria (E. coli IH3080) within membrane bound vacuoles after 9h of 

infection of meningioma cells (Fowler et al., 2004). 

 In addition, the study by Fowler et al. (2004) also investigated the capacity of 

the four meningeal pathogens to induce cytokine production by meningioma cells. N. 

meningitidis induced secretion of IL-6, IL-8, MCP-1, RANTES and GM-CSF. These 

results were similar to the findings of the previous study (Christodoulides et al., 2002). 

Conversely, all tested concentrations of S. pneumoniae failed to induce cytokine 

secretion, but H. influenzae was able to induce cytokine secretion by 24h expect for 

GM-CSF. E. coli did not induce secretion of IL-6, RANTES or GM-CSF, but secretion 

of IL-8 and MCP-1 was detectable by 24h, however these levels were 17-fold lower 

than those induced by meningococci. There was no detectable secretion of IL-1α, IL-1β, 

TNF-α, MIP-1α, MIP-1β, TGF-β, IL-10 or IL-12 induced by any of the four tested 

pathogens (Fowler et al., 2004). 
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1.10 Hypotheses and objectives of the project  

 In this study, the overall hypothesis to be tested is that the barrier properties 

and innate immune response of cells of the human leptomeninges are compromised by 

Streptococcus agalactiae (group B streptococcus) as a mechanism that allows bacterial 

infection to involve the underlying brain. 

 This central hypothesis will be tested with the in vitro model of meningitis, 

which is central to an experimental plan that has the following objectives:  

1. To determine of the dynamics of GBS infection with respect to adherence to and 

invasion of meningeal cell lines by major serotypes causing neonatal meningitis. 

2. To determine the cytotoxic effects of GBS infection on meningeal cell lines. 

3. To determine the nature of the inflammatory response of meningeal cell lines to 

infection with different GBS serotypes. 

4. To determine the role of the β-haemolysin/cytolysin, polysaccharide capsule, 

PilB and Srr-1 glycoprotein as virulence factors in GBS infection of meningeal 

cell lines. 

5. To use the meningeal cell lines to investigate the inhibitory effects of the lung 

surfactant DPPC against the cytotoxic effects of the β-haemolysin/cytolysin. 

6. To investigate the progression of GBS-induced sepsis using an in vitro human 

whole blood model of infection. 

7. To analyse and compare gene expression profiles of meningeal cells in response 

to infection with wild type and β-haemolysin/cytolysin deficient mutant strains. 

 Achieving these objectives will increase our understanding of the pathogenesis 

of neonatal meningitis caused by different serotypes of group B streptococci and the 

role of different virulence factors during infection, and to inform targets for new 

treatment strategies for alleviating the high levels of morbidity and mortality associated 

with the disease. 
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2.1 Bacterial strains 

In this study, 12 strains of group B Streptococcus agalactiae (GBS) of different 

capsular types were used. The presence of the group B capsular polysaccharide was 

confirmed on all GBS strains by serology using the Streptococcal grouping kit (Oxoid, 

Basingstoke, UK). Five of these strains were obtained from the American Type Culture 

Collection (ATCC) (LGC Promochem, Teddington, UK). Additionally, wild type GBS 

strains alongside their isogenic mutants that are deficient in β-haemolysin/cytolysin, 

capsule, PilB and Srr-1 glycoprotein production were obtained from K. Doran, 

Department of Biology, San Diego State University, California, USA. 

In addition, two bacterial isolates were included in experiments as quality 

control (QC) strains. Neisseria meningitidis MC58 serogroup B strain was isolated in 

Stroud, Gloucestershire in the mid 1980s from an outbreak of meningococcal infections 

(McGuinness et al., 1991) and characterised by immuno-blotting for the expression of 

major outer membrane antigens (Section 2.10). Escherichia coli IH3080 serogroup 

O18:K1 was originally a clinical isolate from a neonate presenting with meningitis 

(Nowicki et al., 1986) and was obtained from the National Institute of Public Health, 

Helsinki, Finland. A summary of all bacterial strains used in the study is shown in Table 

2.1. 

Bacterial strains were grown directly from liquid nitrogen stocks on appropriate 

solid media. GBS strains, N. meningitidis and E. coli were grown on Brain Heart 

Infusion (BHI) agar, GC agar, and Luria-Bertani (LB) agar respectively (Appendix I). 

BHI agar plates containing selective antibiotics (chloramphenicol and kanamycin; 

Appendix I) were also used to select for mutant GBS strains. Organisms were grown 

overnight in a humidified incubator with a 5% (v/v) CO2 atmosphere at 37˚C. 

In order to prepare suspensions of known concentrations of these strains 

(Appendix V), the optical density (O.D.) of an initial bacterial suspension was measured 

in 1% (w/v) SDS/0.1% (w/v) NaOH solution (Appendix IV) at a wavelength λ260nm 

using a Hitachi U-1100 spectrophotometer (Hitachi, Tokyo, Japan) in UV transparent 

cuvettes (Sarstedt, Nümbrecht, Germany). Table 2.2 lists the optical densities and 

corresponding concentration (cfu/ml) of different bacterial strains.
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Table 2.1: Bacterial strains used in the study 

Organism Capsular type ATCC Reference No. β-haemolysis Comments Reference 

G
B

S
 s

tr
ai

ns
 

A909 Ia BAA 1138 ++ Wild type (Madoff et al., 1991) 

A909 ∆cylE Ia −− - β-haemolysin deficient (Pritzlaff et al., 2001) 

H36B Ib BAA 1174 ++ Wild type (Lancefield et al., 1975) 

18RS21 II BAA 1175 ++ Wild type (Lancefield et al., 1975) 

NEM 316 III ATCC 12403 ++ Wild type (Glaser et al., 2002) 

2603V/R V BAA 611 ++ Wild type (Lancefield et al., 1975) 

COH-1 III BAA 1176 + 
Wild type, Hyper-

capsulated 
(Martin et al., 1988) 

COH-1 HY106 −− −− + Uncapsulated* (Yim et al., 1997) 

NCTC 10/84 V ATCC 49447 +++ 
Wild type, Hyper-

haemolytic 
(Wilkinson, 1977) 

NCTC 10/84 ∆cylE V −− - β-haemolysin deficient**  (Pritzlaff et al., 2001) 

NCTC 10/84 ∆pilB V −− +++ PilB deficient**  (Maisey et al., 2007) 

NCTC 10/84 ∆srr-1 V −− +++ Srr-1 deficient**  (van Sorge et al., 2009) 

O
th

er
 N. meningitidis MC58 B −− - Used as QC strain (McGuinness et al., 1991) 

E. coli IH3080 O18:K1 −− - Used as QC strain (Nowicki et al., 1986) 

- Non-haemolytic; + Weakly haemolytic; ++ Normo-haemolytic; +++ Hyper-haemolytic. 

* Kanamycin resistant at 1mg/ml; ** Chloramphenicol resistant at 2µg/ml. 
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Table 2.2: Bacterial suspensions and corresponding concentration 

Organism Concentration* (cfu/ml) 

G
B

S
 

A909 1.4x109 

H36B 1.4x109 

18RS21 1.4x109 

NEM 316 1.4x109 

2603V/R 1.4x109 

NCTC 10/84 2.0x109 

COH-1 1.5x109 

O
th

e
r N. meningitidis MC58 4.0x108 

E. coli IH3080 5.0x109 

* Based on O.D. value of 1.0 at λ260nm UV. 

2.2 Culture of human meningioma cells 

Human meningioma cells were obtained from surgically removed tumours as described 

previously (Hardy et al., 2000). Meningioma cell lines of the meningothelial (M61) and 

transitional (M53) histological subtypes were generated in a previous study and showed 

expression of the characteristic markers of desmosomal desmoplakin, epithelial 

membrane antigen, vimentin and cytokeratin (Hardy et al., 2000). The cells were grown 

in Dulbecco’s modified Eagles medium (DMEM) with Glutamax-1 and sodium 

pyruvate (Invitrogen, Paisley, UK) supplemented with 10% (v/v) foetal calf serum 

(Lonza, Slough, UK) that has been decomplemented (dFCS; Appendix IV). Antibiotics 

(penicillin 100IU/ml and streptomycin 10µg/ml; Lonza, Slough, UK) were used to 

ensure culture sterility. Cells were seeded into T75cm2 flasks (Greiner Bio-one, 

Frickenhausen, Germany) pre-coated with collagen (type I from rat tail, 5µg/cm2; 

Appendix II; Becton Dickinson, Oxford, UK). Cells were maintained in a 5% (v/v) CO2 

atmosphere at 37˚C and were grown to confluence. 

In this study, meningioma cells of the meningothelial/transitional histological 

subtypes between passage numbers 4-10 were used. For long term preservation, cells 

were added to DMEM containing 10% (v/v) dFCS and 10% (v/v) dimethylsulphoxide 

(DMSO; Appendix II; Sigma, UK) in sterile cryogenic vials (Nunc, Roskilde, Denmark) 

and were then frozen stepwise from -20˚C to -80̊C to liquid nitrogen (-270˚C).  
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2.2.1 Polymerase chain reaction (PCR) for detection of Mycoplasma 

Meningioma cell cultures were routinely tested for Mycoplasma contamination. 

Samples were prepared by taking 1ml of culture medium from a confluent cell culture 

and centrifuging at 500g for 5min. The supernatant was transferred to a fresh 1.5ml 

Eppendorf tube and centrifuged at 15,000g for 15min, the supernatant was then 

decanted and the pellet was suspended in 100µl of fresh culture medium. For PCR 

reaction setup, the PCR Mycoplasma Test Kit I/C (PromoCell, Heidelberg, Germany) 

was used. In each experiment, the kit negative and positive controls were included. For 

the sample mix, 2µl of suspended pellet samples, 22µl of rehydration buffer and 1µl of 

DNA polymerase were added to dehydrated PCR tubes. A PCR programme was 

established according to the manufacturer’s recommended settings (first cycle: 94˚C for 

2min; then 38 cycles: 94˚C for 30s, 55̊C for 30s, 72̊C for 40s; then final cooling to 4-

8˚C) and was run using a T3 thermal cycler (Biometra, Goettingen, Germany). After 

PCR, 10µl of each sample and of each control was run on a 2% (w/v) agarose gel 

(Appendix IV) using a 5mm comb, with electrophoresis at 100V for 40 min. The 

internal control band (479 base pair) and the positive reaction band (265-278 base pair) 

were visualised using a 2UV™ Transilluminator (BioDoc-It™ Systems, Upland, USA). 

All meningioma cell culture samples consistently tested negative for the presence of 

Mycoplasma contamination. 

2.3 Challenge of human meningioma cells with bacteria 

2.3.1 Measurement of total bacterial association 

Human meningioma cells were grown to confluence in DMEM containing 10% (v/v) 

dFCS with no antibiotics in 24-well cell culture plates (Greiner Bio-one, Germany) pre-

coated with collagen. Cell quantification was carried out using the improved Neubauer 

cell counting chamber and trypan blue stain. The average cell count in a 24-well plate 

was 3.3x104/well (±1x104 /well, n=7). Before bacterial challenge, the cells were 

maintained for 48h in DMEM containing 1% (v/v) dFCS. The medium was then 

removed and the monolayers were washed gently twice with warm phosphate buffered 

saline, pH 7.4 (PBS; Appendix IV) before adding bacterial suspensions. 

 GBS suspensions were prepared in DMEM containing 1% (v/v) dFCS from 

fresh overnight cultures of bacteria grown on BHI agar plates (Appendix I). Cell 
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monolayers were challenged with bacteria in triplicate, with 1ml volume per well. 

Bacterial suspensions were prepared as described in section 2.1. 

The concentration range of bacteria used was from low (101 and 102 cfu/ml) to 

intermediate (104 and 106 cfu/ml) to high (108 cfu/ml) and the corresponding 

multiplicity of infection (MOI) is shown in Table 2.3. Monolayers were incubated at 

time intervals up to 24h or 48h (depending on cell survival).  

In order to measure total bacterial association with cells, monolayers were 

washed gently 4 times with warm PBS, and then visually checked for integrity under an 

inverted light microscope. A lysis solution containing saponin (Sigma-Aldrich, Dorset, 

UK) prepared at a concentration of 1% (w/v) (Appendix II) was added to the wells 

(250µl/well) and incubated for 15 min at 37˚C. The lysate was collected and vortexed 

vigorously. Bacteria were quantified as viable counts by inoculating the lysate at 

appropriate dilutions onto BHI agar plates in triplicate and incubating overnight at 37˚C. 

Colony counts were carried out using a ProtoCOL model 60000 automated colony 

counter (Synoptics Ltd, Cambridge, UK). 

Cell monolayers were also challenged with N. meningitidis MC58 at an 

intermediate concentration (104 cfu/ml), and viable counts were done on appropriate 

agar plates (section 2.1). 

 

Table 2.3: Bacterial concentrations and equivalent multiplicity of infection 

Bacterial concentration (cfu/ml) MOI * (bacteria/cell) 

L
o

w
 

101 0.0003 

102 0.003 

103 0.03 

M
e

d
iu

m
 104 0.30 

105 3 

106 30 

H
ig

h
 107 300 

108 3000 
* Based on mean cell count of 3.3x104 cell/well 

 



 

59 

2.3.2 Measurement of bacterial invasion 

Monolayers established in 24-well cell culture plates were challenged in triplicate with 

bacterial suspensions of 104 cfu/ml (MOI=0.3) and incubated for up to 9h. In order to 

inhibit intracellular actin microfilament activity, monolayers were first pre-incubated 

with DMEM containing 2 µg/ml cytochalasin D (Sigma, Dorset, UK; Appendix II) for 

30 min before adding the bacterial suspensions. At given time points, and in order to 

quantify internalised bacteria, the cell monolayers were washed gently 4 times with 

warm PBS and then 1ml of DMEM containing 200µg/ml gentamicin (Sigma-Aldrich, 

UK) was added to wells and incubated at 37˚C for 90min. Monolayers were then 

washed 4 times with warm PBS and lysed using saponin and bacteria were quantified 

by viable counting on appropriate agar plates. E. coli IH3080 was included in the 

invasion experiments as a positive control strain, since it has been previously shown to 

invade human meningioma cells (Fowler et al., 2004). The percentage of invading 

bacteria (invasion rate) was calculated by dividing the number of internalised bacteria 

(gentamicin treated monolayers) at the time point by the number of bacteria in the initial 

inoculum at 0h (Rubens et al., 1992), as shown in the following formula: 

Invasion rate (%) = (internalised bacteria/initial inoculum) x 100 

Furthermore, the relative invasion of each strain was expressed as a percentage 

of the invasion rate of each mutant to the invasion rate of the parent strain, as shown in 

the following formula: 

Relative invasion (%) = (invasion rate of mutant/invasion rate of parent) x 100 

2.3.3 Statistical analysis 

A two-sample student t-Test was used to compare between the mean levels of 

internalisation in the presence and absence of cytochalasin D. In addition, the mean 

levels of internalisation of different GBS bacteria were compared. P values <0.05 were 

considered significant and suggested the ability of the bacteria to invade the cells. 
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2.4 Electron microscopy 

2.4.1 Scanning Electron Microscopy (SEM) 

Human meningioma cells were grown to confluence on collagen pre-coated transwells 

(ThinCertsTM, transparent, pore size 0.4 µm; Greiner Bio-one, Germany). After 

maintenance for 48h, cell monolayers were challenged for up to 24h with 104 cfu/ml 

bacteria in DMEM containing 1% (v/v) dFCS as described in section 2.3.1. Negative 

controls (uninfected cells) were also included. 

 At different time points, the cells were washed 4 times with warm PBS and were 

then processed for SEM. Transwells were fixed for a minimum of 1hour using a fixative 

solution [3% (v/v) glutaraldehyde and 4% (v/v) formaldehyde in 0.1 M PIPES (1,4-

Piperazinediethanesulfonic acid) buffer pH 7.2] and were rinsed twice in buffer solution 

(0.1M PIPES buffer) for 10min each. Then, a gradual concentration of ethanol [from 

30%, 50%, 70%, 95% and up to 100% (v/v)] was used to dehydrate the samples (10min 

for each step and 20min for the final step). Cutting of the transwell membranes was 

done during the ethanol dehydration steps. Next, the cut membranes were critical-point 

dried and mounted onto metal stubs for the final sputter coating step. Coated specimens 

were then viewed using the Quanta 200 scanning electron microscope (FEI, Hillsboro, 

USA) and several images were obtained for each specimen at magnifications of x4000 

and x8000. 

2.4.2 Transmission Electron Microscopy (TEM) 

Human meningioma cells were grown in T75cm2 tissue culture flasks (Greiner Bio-one, 

Germany) to confluence (1x106 cells/flask ±2x105, n=3) and maintained for 48h before 

infection. Monolayers in flasks were infected with 15ml of bacterial suspensions 

containing 2x104 cfu/ml to get an MOI of 0.3 (bacteria/cell), which was equivalent to 

the MOI used in the invasion experiments (section 2.3.2). At a given time point, the 

monolayers were washed 4 times with warm PBS and were gently scraped off from the 

flask in the presence of PBS using a cell scraper (Greiner Bio-one, Germany). The cell 

harvest was centrifuged at 625g to obtain a pellet. 

For TEM processing, the pellet was suspended in 0.5ml of fixative [3% (v/v) 

glutaraldehyde + 4% (v/v) formaldehyde in 0.1 M PIPES buffer, pH 7.2] for a minimum 

of 1hr. The cells were sedimented at 1,250g for 2min and then 2 drops of 5% (w/v) 

sodium alginate was added to the pellet and mixed gently. The mixture was ejected 
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(10µl at a time) into a 0.1M calcium chloride solution to form specimen balls, which 

were left to set for 15min. The specimen balls were rinsed twice in 0.1M PIPES buffer 

(pH 7.2) for 10min and were then fixed using post fixative [1% (w/v) osmium tetroxide 

in 0.1M PIPES buffer, pH 7.2] for 1hr. Samples were briefly rinsed twice in water, and 

then a 2% (w/v) uranyl acetate solution was used for staining for 30min. A series of 

gradual concentrations of ethanol [from 30%, 50%, 70%, 95% and up to 100% (v/v)] 

was used to dehydrate the samples (10min for each step and 20min for the final step). 

Samples were incubated overnight, on a rotor (2rpm), in spur resin at a 50:50 ratio with 

acetonitrile. After that, the samples were placed in fresh spur resin and polymerised in 

an electric oven at 60˚C for 20-24h. 

In preparation for microscopy, sample blocks were cut into thin sections using 

the Leica Reichert Ultracut E microtome (Leica, Wetzlar, Germany) using glass knifes 

and several sections per sample were fixed onto copper grids. Grids were stained using 

lead nitrate for 5min in the presence of NaOH capsules to absorb excess CO2. Then, 

grids were briefly rinsed in distilled water and air dried. Sample viewing was done 

using the H7000 transmission electron microscope (Hitachi, Japan) at 75Kv and under 

different magnifications ranging from x3000 to x20,000. 

2.5 Meningioma cell cytotoxicity assays with live GBS 

2.5.1 Release of lactate dehydrogenase (LDH) as a measure of meningioma cell 

cytotoxicity 

Human meningioma cells were grown to confluence in 96-well tissue culture plates pre-

coated with collagen. Cell quantification was carried out and the average count was 

6.8x103cells/well (±8x102, n=6). Confluent monolayers were maintained in DMEM 

containing 1% (v/v) dFCS for 48h prior to infection. Bacterial inocula were prepared in 

DMEM containing 1% (v/v) dFCS at concentrations that yielded similar MOIs to those 

of previous infection experiments (Table 2.3). The monolayers were washed twice with 

warm PBS and then 200µl/well of each bacterial inoculum was added to triplicate wells. 

Uninfected control wells were also included for measurements of spontaneous LDH 

release, maximum LDH release as well as blank wells for background reading. Plates 

were incubated in an atmosphere of 5% (v/v) CO2 for 9h and 24h at 37˚C. 

LDH measurements were carried out using the CytoTox 96® Non-Radioactive 

Cytotoxicity assay kit (Promega, UK). The lysis solution (20µl/well) was added to 

maximum LDH release wells 45min prior to each time point. Experimental medium 
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from each well was transferred to individual 1.5ml Eppendorf tubes and centrifuged at 

365g for 4min to pellet the bacteria and dead cells. Next, 50µl of supernatant from each 

tube was transferred to a 96-well measuring plate (Camlab, Cambridge, UK) to which 

50µl of substrate was added, followed by incubation in the dark at room temperature for 

30min. A stop solution (50µl/well) was added to all wells and the absorbance was read 

at 492nm using an iMark Absorbance Reader (Bio-Rad, USA).  

Cytotoxicity levels were calculated by dividing the average LDH release value 

of test by the average maximum LDH release value (from lysed, uninfected cells) using 

the following formula: 

LDH release of test (%) = (LDH release of test/maximum LDH release) x100 

2.5.2 Determination of meningioma cell viability using a LIVE/DEAD assay 

Meningioma cells were grown to confluence in collagen pre-coated transwells 

(ThinCertsTM, transparent, pore size 0.4 µm; Greiner Bio-one, Germany). Confluent 

monolayers were maintained for 48h in DMEM containing 1% (v/v) dFCS before 

challenge with bacterial strains. Suspensions of GBS strains were prepared (Appendix 

V) in DMEM containing 1% (v/v) dFCS and then added to the monolayers at MOIs 

ranging from 0.03-3000 bacteria/cell (Table 2.3). Negative (uninfected) control cells 

were also included in each experiment. At given time points, the monolayers were 

washed twice in warm PBS. Then, monolayers were stained using the LIVE/DEAD 

Viability/Cytotoxicity assay (Molecular Probes, Paisley, UK). The reagent mix 

(containing fluorescent dyes: calcein AM and ethidium homodimer) was prepared 

according to the manufacturer’s instructions and 300µl/well was added to all transwells. 

After incubation at room temperature in the dark for 30-45min, the transwell membrane 

was cut and placed on a glass slide with a coverslip applied onto the membrane with 

mounting medium (Dako, Ely, UK). If not viewed immediately, the samples were kept 

in the dark at 4ºC for up to 2 weeks. 

The fluorescent staining was viewed under a Leica SP-2 laser-scanning confocal 

microscope system (Leica, Wetzlar, Germany). Images were obtained by simultaneous 

two-channel scanning at 488 and 568nm to excite the FITC and PI signals, which are 

similar to the calcein AM (green dye) and ethidium homodimer (red dye) markers used 

in the assay. Maximum projection images were subsequently prepared from 25 optical 

sections obtained at a magnification of x40 under oil immersion. 
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2.6 Effect of dipalmotyl phosphatidylcholine (DPPC) on GBS infection of human 

meningioma cells 

2.6.1 Effect of DPPC on bacterial association to and invasion of meningioma cells 

In order to determine the effect of the surfactant DPPC (Sigma, Dorset, UK) on total 

bacterial association and invasion, meningioma cells grown in 24-well culture plates 

were treated with various concentrations (ranging from 1-3mg/ml) of DPPC stock 

(30mg/ml) solution prior to adding the bacterial inoculum (100µl of DPPC stock 

solution was added per 1m-well to obtain a final concentration of 3mg/ml). The DPPC 

solution was prepared fresh by dissolving 30mg of DPPC in 1ml of DMEM medium 

containing 1% (v/v) dFCS with sonication at 30microns for 2x30sec using a Soniprep 

150 sonicator ( MSE, London, UK). After addition of the bacterial inoculum at a final 

concentration of 104 cfu/ml, the culture plates were incubated for 6h and 9h. Wells 

containing cells not treated with DPPC were included at each time point for 

comparison. Total bacterial association and internalised bacteria were determined as 

described previously in sections 2.3.1 and 2.3.2. 

2.6.2 Effect of DPPC on GBS-induced host cell death 

i) Effect of DPPC on cell death measured using the LDH release assay 

In order to determine the effect of DPPC (0.5-3mg/ml) on the release of LDH (as an 

indicator of cell death induced by GBS), cells were grown in 96-well plates as described 

in section 2.5.1 and DPPC solution (20mg/ml) was prepared as described in section 

2.6.1. Bacterial suspensions that induced the highest LDH release were chosen for each 

strain based on the results from previous LDH release experiments. Bacterial 

suspensions were prepared at 2x the final required concentration. DPPC (30µl/well for a 

final concentration of 3mg/ml) followed immediately by the bacterial suspensions 

(100µl/well) were added and DMEM [containing 1% (v/v) dFCS] was added so that the 

final volume was 200µl/well. Infected wells with no DPPC were also included for 

comparison, which were setup by replacing the DPPC volume with DMEM [containing 

1% (v/v) dFCS]. Wells for spontaneous and maximum LDH release were included with 

and without DPPC, as well as black wells. The plates were incubated in a humidified 

incubator with a 5% (v/v) CO2 atmosphere at 37ºC until the desired time points. Sample 

handling and LDH measurements were carried out as described in section 2.5.1. 
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ii) Effect of time of addition of DPPC on cell death measured using the LDH release 

assay 

The effect of delaying the addition of the DPPC dose (3mg/ml) to infected meningeal 

cells was tested. In these experiments, 3 sets of triplicate wells were prepared to which 

DPPC was added to one set of wells at 0h, 3h and 6h. All wells were infected with the 

bacterial inoculum at 0h. LDH release measurements were carried out at 9h post 

infection. All experimental conditions were similar to those described above. 

iii) Effect of DPPC on cell death measured using the LIVE/DEAD assay 

In order to visually demonstrate the effect of DPPC (3mg/ml) on the viability of 

meningeal cells infected with live GBS strains, cells were grown to confluence in 

transwells as described in section 2.5.2. For comparison, a bacterial inoculum of 

equivalent MOI was chosen. DPPC stock solution (30mg/ml) was prepared (as 

described in section 2.6.1) and was added at a volume of 100µl/well. Then, 2x bacterial 

inoculum was added (500µl/well) and DMEM [containing 1% (v/v) dFCS] was added 

to a final volume of 1ml/well. Wells with no DPPC were included by substituting the 

volume of DPPC with DMEM. Negative uninfected controls were also prepared with 

and without DPPC. The plates were placed in a humidified incubator with a 5% (v/v) 

CO2 atmosphere at 37ºC for 9h. At this time point, processing of the transwells for 

LIVE/DEAD staining was carried out as described in section 2.5.2. 

2.7 Extraction of GBS β-haemolysin/cytolysin 

GBS strains were grown overnight on BHI agar plates. For each strain, a few colonies 

were emulsified in 5ml bijou tube containing 1.2ml of Todd Hewitt Broth (THB) 

(Oxoid, UK) and grown overnight as a static culture in a humidified incubator with a 

5% (v/v) CO2 atmosphere at 37˚C. The 1.2ml culture was then inoculated into a total 

volume of 25ml of fresh THB (1/20 of total volume). The culture was incubated until an 

O.D of 0.8 at λ600nm was reached (approximately 1.5-2hrs). The culture was 

centrifuged at 3,000g for 5min and the resulting bacterial pellet was washed twice in 

10ml of warm PBS and spun at 3,000g for 5min. The washed bacterial pellet was 

suspended in 3ml of warm PBS solution containing 0.2% (w/v) glucose and 1% (w/v) 

starch (Appendix IV) and incubated for 90min at 37˚C in an orbital shaking incubator 

(Gallenkamp, UK) at a speed of 100rpm.  
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After incubation, the suspension was centrifuged at 3,000g for 5min and the 

supernatant was sterilised using 0.22µm PES (polyethersulfone) filters (Millipore, USA) 

and was kept on ice throughout the process. The filtered extract was divided into several 

working aliquots and stored at -80˚C and was used within 2 days (Appendix VI). 

2.7.1 Determination of β-haemolysin activity 

The haemolytic activity of the β-h/c extracts was determined using sheep red cells 

(Marchlewicz and Duncan, 1980). Using 50µl of crude extract, a two-fold serial dilution 

of the extract was prepared using PBS in a U-shaped 96-well measuring plate (Sterilin, 

Stone, UK). Then, 50µl of 1% (v/v) suspension of sheep red cells (Oxoid, Basingstoke, 

UK; Appendix IV) was added to all wells, followed by 100µl of PBS. Negative and 

positive controls were included by adding 150µl of PBS (negative control) and 150µl of 

distilled water (positive control) to 50µl of red cell suspension. The final volume in all 

wells was 200µl. The plate was incubated at 37˚C for 30 min, followed by storage at 

4˚C for 2h. 

The haemolytic activity of the extract was then determined by measuring the 

release of haemoglobin (Hb) from the red cells spectrophotometrically. The content of 

wells was transferred to individual 1.5ml Eppendorf tubes and centrifuged at 625g for 

5min. Then, 130µl of supernatant from each tube was transferred to a measuring plate 

which was read at λ420nm using an iMark plate absorbance reader (Bio-Rad, USA). 

The Hb release was expressed as a percentage of total release of positive control using 

the following formula: 

Hb release of sample (%) = (A420 of sample/A420 of positive control) x100 

The end point (titre) of the crude extract was defined as the highest dilution of 

extract that induced 50% release of Hb from the red cell suspension. 

2.7.2 Determination of haemolytic units 

The number of haemolytic units (HU) per ml of extract was determined in order to use a 

known concentration of HU in subsequent experiments. A haemolytic unit of 1.0 was 

defined as the volume (highest dilution) of crude extract that induced 50% Hb release 

from 1ml of 1% (v/v) red cell suspension (Marchlewicz and Duncan, 1980). The 

concentration (HU/ml) of neat extract was calculated using the following formula: 
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Concentration of neat extract (HU/ml) = 1000 / (5x50/EP) 

Where, EP is the endpoint (dilution factor). 

50 is the volume of neat extract added to the first well. 

5 is the volume correction from 200µl well to a 1ml of red cell suspension (as in 

definition). 

The above part of the formula will obtain the number of HU in 1µl of extract. 

1000 is the volume conversion to obtain the number of HU in 1000µl (1ml) of extract. 

The calculation can be simplified by multiplying the end point value by a factor of 4 

(e.g. an extract with an end point of 128, would contain 512 HU/ml). 

2.8 Effect of β-haemolysin extracts on induction of meningioma cell death 

2.8.1 Effect of β-haemolysin extracts on cell death using the LDH assay 

In order to determine the effect of crude β-haemolysin extracts and the effect of DPPC 

(3mg/ml) on the release of LDH, meningeal cells were grown to confluence in 96-well 

plates and DPPC solution (20mg/ml) was prepared as described in section 2.6.1. The 

effect of extract alone (no DPPC) was determined by adding 100µl of neat extract and 

100µl of DMEM [containing 1% (v/v) dFCS] to monolayers (extracts from mutants 

were added in equal volumes). To test the effect of DPPC, the DPPC solution was 

added to the wells (30µl/well) followed immediately by 100µl/well of neat extract 

(containing 100HU or 50HU depending on the strain). The volume in the well was 

completed with 70µl of DMEM [containing 1% (v/v) dFCS], so that the final volume 

was 200µl/well. Wells for spontaneous and maximum LDH release with and without 

DPPC were included, as well as black wells. Plates were placed in a humidified 

incubator with a 5% (v/v) CO2 atmosphere at 37ºC for 9h. Sample handling and LDH 

measurements were carried out as described in section 2.5.1. 

2.8.2 Effect of β-haemolysin extracts on cell death using the LIVE/DEAD assay 

In order to visually demonstrate the effect of β-haemolysin extracts on cell death and 

the effect of DPPC (3mg/ml) on meningeal cell viability, cells were grown to 

confluence in transwells as described in section 2.5.2. The effect of extract alone (no 

DPPC) was determined by adding a volume of extract equivalent to 250HU to the 

monolayers (extracts from mutants were added in equal volumes). The effect of DPPC 

alone was tested by adding 100µl/well of the DPPC solution to the monolayers. In all 
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transwells, the final volume was made to 1ml with DMEM containing 1% (v/v) dFCS. 

Negative controls (no extract added), with and without DPPC, were also included. 

Transwells were placed in a humidified incubator with a 5% (v/v) CO2 atmosphere at 

37ºC for 9h. At the appropriate time point, processing of transwells for LIVE/DEAD 

staining was carried out as described in section 2.5.2. 

2.8.3 Effect of β-haemolysin on induction of cytokines from meningioma cells 

Monolayers of meningioma cells were grown to confluence in 24-well plates and 

maintained in DMEM [containing 1% (v/v) dFCS] for 48h before the experiment. 

Monolayers were washed twice with warm PBS and then volumes equivalent to 25HU 

and 50HU were added to wells in triplicate (extracts from mutants were added in equal 

volumes). The final volume per well was made to 1ml with DMEM [containing 1% 

(v/v) dFCS]. Monolayers, with no extract treatment, were included as negative controls. 

The plates were placed in a humidified incubator with a 5% (v/v) CO2 atmosphere at 

37ºC for 24h. At the end of incubation, experimental media were collected in 1.5ml 

individual Eppendorf tubes and spun at 15,000g for 8min. Samples were stored at -20ºC 

for cytokine analyses. 
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2.9 Measurement of cytokine production 

Measurement of pro-inflammatory cytokines and chemo-attractant cytokines 

(chemokines) was carried out by immunosorbent assay (sandwich technique). Briefly, a 

pair of capture (unlabelled, attached to solid phase) and detection (biotin labelled) 

antibodies were used to trap the target protein molecules. Detection was based on a 

europium (Eu)-labelled streptavidin system and the fluorescent signal was released by 

use of an enhancement solution and was read by fluorometry (Christodoulides et al., 

2002). 

2.9.1 Supernatants from total association experiments 

Infected and uninfected (negative control) experimental media were collected 

individually from triplicate wells at 24h (and 48h depending on cell survival) post 

infection. The collected samples were centrifuged in 1.5ml Eppendorf tubes at 15,000g 

for 8min to pellet the bacteria and the supernatants were stored at -20ºC until analysis.  

2.9.2 Immunoassay protocol 

The immunoassays were done using 96-well FluoroNunc Maxisorp plates (Nunc, 

Roskilde, Denmark). Unless stated otherwise, a final volume of 100µl of samples and 

reagents was dispensed into wells and all incubations took place in a humidified box at 

37̊ C. Paired antibodies were supplied by R&D systems (Abingdon, UK). Recombinant 

protein standards of cytokines and chemokines were supplied by PeproTech EC, 

London. 

Reagents (Appendix III): 

Carbonate buffer: 35mM NaHCO3 + 15mM Na2CO3, pH 9.6. 

Coating solution: carbonate buffer containing 0.05% (w/v) sodium-azide. 

Block solution: PBS containing 1% (w/v) BSA and 5% (w/v) sucrose. 

Wash solution: 25mM Tris-HCl buffer, pH 8.0 containing 100mM NaCl and 0.05% (v/v) 

Tween 20. 

Wells were coated with diluted capture antibodies (Table 2.4) in coating solution 

and the plates were incubated overnight at 37ºC. The coating solution was discarded and 

100µl of block buffer was added to all wells and the plates were incubated at room 

temperature for 1h. Before the addition of test and reference samples, the wells were 

washed 3 times with wash buffer. All samples, controls and standards were diluted 
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using DELFIA assay buffer (PE Applied Biosystems, Warrington, UK). Standard 

solutions were prepared at a 1/2.5 dilution series starting from 31,250 - 20 pg/ml, which 

was an optimal range to produce standard curves. Blank wells that contained only assay 

buffer were also included for a background reading. The plates containing samples, 

controls and standards were incubated for 2hrs at 37˚C and then washed 4 times with 

wash buffer. Detection antibodies were then added to wells in appropriate dilutions in 

assay buffer (Table 2.4) and incubated for 2hrs. The plates were washed 4 times and Eu-

labelled streptavidin (PE Applied Biosystems), diluted in assay buffer (100ng/ml), was 

added and incubated for 1hr. After a final washing, 100µl/well of neat DELFIA 

enhancement solution (PE Applied Biosystems) was added to the wells and the plates 

were incubated for 10min on a shaking platform at 37˚C. The fluorescent signals were 

quantified using a Wallac 1234 DELFIA® Fluorometer. 

 

Table 2.4: Concentrations of antibody pairs for cytokine measurement 

Cytokine Capture antibody (µg/ml) Detection antibody (ng/ml) 

IL-1β 4 100 

IL-6 4 25 

IL-8 4 20 

IL-10 4 200 

MCP-1 4 50 

RANTES 4 50 

GM-CSF 4 2000 

TNF-α 4 200 

 

2.9.3. Statistical analysis 

A two-sample student t-Test was used to compare between the mean levels of cytokine 

production induced by different inocula and between different GBS strains. P values 

<0.05 were considered significant. 
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2.10 Immunodot blotting 

Reagents: 

Block buffer: 3% (w/v) BSA in TBS. 

Substrate buffer (pH 9.5): 1.21g Tris + 0.58g NaCl + 0.04g MgCl2 in 100 distilled water. 

TBS (tris buffered saline, pH 7.5): 0.242g Tris base +2.92g NaCl in 100ml distilled water. 

TTBS (tween tris buffered saline, pH 7.5): 0.5ml tween 20 + 2.42g Tris + 29.2g NaCl in 1L 

distilled water. 

Substrate: (30mg of nitrobluetetrazolium into 1ml of 70% (v/v) dimethylformaldehyde) + 

(15mg of 4-Bromo-3-chloroindoylphosphate into 1m of 100% (v/v) dimethylformaldehyde) in 

100ml substrate buffer. 

 Neisseria meningitidis strain MC58 was grown on GC agar plates overnight in a 

humidified incubator with a 5% (v/v) CO2 atmosphere. Bacteria were emulsified in 

500µl of water, inactivated by adding 5µl of 5% (w/v) sodium azide and sample 

concentration was determined by measuring the O.D. value in 1% (w/v) SDS/ 0.1% 

(w/v) NaOH solution at λ260 nm in UV transparent cuvettes. Samples were applied onto 

nitro-cellulose grids so that the final added concentration on the grid was equivalent to 

1mg/ml. The grids were allowed to air dry and were then incubated in block buffer on a 

shaking platform at room temperature for 1h. The grids were washed twice in TTBS 

with shaking for 5min each and were then immersed in antibody solutions (Table 2.5) 

and incubated with shaking at room temperature for 1h. After washing twice in TTBS, 

anti-species alkaline phosphatase conjugated IgG antibody (500ng/ml) (R&D systems, 

UK) was added to the grids, followed by incubation at room temperature for 1h. The 

grids were washed 5 times in TTBS with shaking for 5min each and then 3 times in 

TBS for 5min each. Substrate was added to the grids until a colour change was visible 

and the reaction was stopped using cold water. 

Dot-blot analysis showed that N. meningitidis MC58 (used as QC strain) was 

RmpM+, Opa+, Opc+, PilE+, PorA+ and PorB+. 
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Table 2.5: Antibody solutions used for detection of outer membrane proteins 

Outer membrane protein Antibody Concentration used 

RmpM SM51 1/5000 

Opa 4B12C11 1/5000 

Opc B306 1/5000 

PilE SM1 1/25000 

PorA & PorB R141 1/1000 

 

2.11 Infection of whole human blood with GBS 

Whole human blood was drawn in lithium heparin blood collection vacutainer® tubes 

(BD, Oxford, UK) from a healthy donor. Bacterial suspensions of concentrations 

ranging from 101-108 cfu/ml were prepared in PBS at 10x the final desired 

concentration. Whole blood (900μl/well) was added to a 24-well cell culture plate 

(Greiner Bio-one, Germany) in triplicate to which 100μl of bacterial inoculum was 

added (1:10 dilution). Negative (uninfected) and positive control wells infected with 104 

cfu/ml of N. meningitidis (MC58) were also included. Plates were incubated on a 

shaking platform (20rpm) for 3h then without shaking for the rest of the incubation 

period in a humidified incubator with a 5% (v/v) CO2 atmosphere at 37ºC. At 6h and 

24h, 500µl of sample was collected, of which 50µl was used for bacterial viable 

counting at appropriate dilutions onto suitable agar plates in triplicate, and plasma was 

obtained by centrifugation at 15,000g for 8min. Plasma samples were stored at -20˚C 

for cytokine analyses. 
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2.12 Preparation of RNA from meningioma cells challenged with GBS 

Human meningioma cells were grown in T25cm2 tissue culture flasks (Greiner Bio-one, 

Germany) to confluence (4x105 cells/flask ±6x104, n=3) and maintained DMEM 

containing 1% (v/v) dFCS for 48h before infection. Monolayers in flasks were infected 

with 4ml of bacterial suspension containing 1x106 cfu/ml to achieve an MOI of 10 

(bacteria/cell). Monolayers were infected with both wild type and mutant bacteria 

deficient in β-h/c; flasks with control uninfected cells were also included. At given time 

points, the monolayers were washed once with warm PBS. Then, 1ml of trypsin was 

added per flask for 2min to disrupt the cell monolayer. Cells were suspended in a tube 

with 10ml of DMEM containing 10% (v/v) dFCS and centrifuged for 2min at 625g. The 

supernatant was discarded and the cell pellet was broken by gentle flicking. 

RNA extraction was carried out using the RNeasy Mini Kit (Qiagen GmbH, 

Germany). A volume of 350µl of the RLT lysis solution was added to the cells and 

mixed by vortex. Then, a volume of 350µl of 70% (v/v) ethanol was added to the 

mixture and 700µl of the resulting lysate was transferred to a spin column in a 2ml 

collection tube and spun for 15sec at 8,000g and the flow-through discarded. A volume 

of 700µl of the RW1 buffer was added to the spin column, spun for 15sec at 8,000g and 

the flow-through was discarded. A volume of 500µl of the RPE solution was then added 

to the spin column and spun for 15sec at 8,000g and the flow-through was discarded. 

The addition of the RPE solution was repeated with spinning for 2 min at 8,000g and 

the flow-through was discarded. The spin column was spun using a fresh 2ml collection 

tube for 2min at 8,000g. The spin column was placed in a 1.5ml collection tube and a 

volume of 50µl of RNase-free water was added to the spin column and spun for 1min at 

8,000g. Finally, the spin column was discarded and the 1.5ml collection tubes 

(containing the samples) were stored at -20˚C for RNA analysis. 

RNA analysis was done using the RNA6000 Nano kit (Agilent Technologies 

Ltd, UK) by loading a mixture of 9µl of gel-dye mix, 1µl of RNA extract (sample), and 

5µl of Nano marker onto the analysis RNA Nano chip. A ladder was also included in 

the chip using the same loading mixture, but replacing the 1µl sample volume with 1µl 

of the RNA Nano ladder. The Nano chip was then run and analysed using the 2100 

Bioanalyzer (Agilent Technologies Ltd, UK), following the manufacturer’s instructions.
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CHAPTER THREE 

RESULTS 

PART I 

The interaction of wild type GBS with 

cells of the human meninges  
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3.1 Relative growth rates of wild type Streptococcus agalactiae in culture medium 

Prior to infection studies with human cells, preliminary experiments were done to 

correlate measurements of absorbance (A260nm) of bacterial suspensions with viable 

numbers of bacteria for preparing defined inocula (Table 2.2 and Appendix V). Then, 

the relative growth rates of the GBS serotypes were compared in DMEM containing 1% 

(v/v) dFCS, which was the medium used in the bacterial challenge experiments. This 

was done to observe if there were any differences in the relative growth rate of bacteria 

in the experimental medium over the same time period (3-9h) used in the cell infection 

experiments. 

 Suspensions were made in PBS from GBS serotypes Ia (A909), Ib (H36B), II 

(18RS21), III (NEM316 and COH-1) and V (2603V/R and NCTC 10/84) and the 

absorbance of lysed suspensions read at λ260nm; viable counts were then made of each 

suspension and a value of bacterial colony forming units (cfu)/ml was calculated 

(Appendix V). 

 When bacterial suspensions in DMEM were prepared, 1ml of the suspension 

(102 cfu/ml) was added to wells of 24-well plates and viable counts of bacterial growth 

at several time points in the logarithmic phase were made (Figure 3.1). All wild type 

GBS strains exhibited similar growth curves and there were no significant differences in 

the logarithmic growth curves for these strains at 3h or 6h (P<0.05). By 9h, the 18RS21 

strain demonstrated the highest recovered viable count (2x107 cfu/ml) in the culture 

medium, whereas the NCTC 10/84 strain demonstrated the lowest viable count (3x106 

cfu/ml). The difference in the growth between these two strains was less than 1-log and 

was not statistically significant (P>0.05).  
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Figure 3.1: Growth of wild type S. agalactiae serotype bacteria in culture medium over time. 

Bacteria were grown in a culture of 102 cfu/ml over a period of 9h in DMEM culture medium 

containing 1% (v/v) dFCS. Data shown are the mean values with the SEM bars of two 

independent experiments.  

3.2 Challenge of human meningioma cells with different wild type GBS strains 

Human meningioma cells were challenged with wild type GBS serotypes in order to 

determine bacterial interactions with host cells and the dynamics of infection over time. 

Previous studies of the interactions of meningitis-causing bacteria, e.g. N. meningitidis, 

H. influenza, S. pneumoniae and E. coli with meningioma cells showed that the 

interactions were dose- and time-dependent (Fowler et al., 2004). GBS bacteria cause 

meningitis in neonates and successful progression from colonisation to meningitis is 

hypothesised to occur in key steps, initially with the attachment and invasion of host 

cells (Maisey et al., 2008a). Using an in vitro cell culture model of meningioma cells, 

the interactions of GBS with host cells were investigated. We sought to determine 

whether differences between GBS strains of different capsular serotypes, in terms of 

bacterial association and invasion and induction of cell injury, were attributable to 

specific bacterial virulence factors rather than relative bacterial growth. 
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3.2.1 Total bacterial association with meningioma cells 

Human meningioma cells of the meningothelial/transitional subtypes (~3.3x104 ± 1x104 

cells/monolayer in 24-well cell culture plate) were challenged with various 

concentrations (101 cfu/ml, multiplicity of infection, MOI, of bacteria to cells= 0.0003; 

102, MOI= 0.003; 104, MOI= 0.3; 106, MOI= 30; 108 MOI= 3000) of each bacterial 

serotype and the dose- and time-dependent bacterial association was measured. 

Depending on cell viability, measurement of total association was done at different time 

points (3-24h) for wild type bacteria. 

 For each serotype, results were obtained from three independent experiments 

with two meningioma cell lines (Hardy et al., 2000). GBS bacteria demonstrated a dose-

dependent association with cell monolayers over time and similar association patterns 

were observed for the 7 wild type GBS strains (Figure 3.2). Association with high 

concentrations (108 cfu/monolayer) of all wild type bacteria was not observed at 3h as 

visual inspection showed destruction and sloughing off of the meningioma cell 

monolayers from their collagen basements. Infection with 106 cfu/monolayer of each of 

the wild type GBS strains led to a rapid saturation of the monolayers (Figure 3.2) and 

monolayer destruction by 9-24h. By contrast, all monolayers were visually intact at 9h 

after infection with lower doses of all wild type bacteria (101, 102 and 104 cfu), but with 

damage of cell monolayers occurring by 24h post infection. The hyper-haemolytic 

NCTC 10/84 wild type strain (serotype V) demonstrated the highest cytotoxic effect, 

where, contrary to all other wild type strains, an inoculum of 106 cfu/ml caused the 

destruction of cell monolayers by 9h. By contrast, the weakly haemolytic COH-1 strain 

(serotype III), demonstrated the lowest cytotoxic effect, where challenged monolayers 

were still intact up to 24h post infection regardless of the initial bacterial inoculum 

(Figure 3.2). 
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Figure 3.2: Total bacterial association of different wild type S. agalactiae serotypes to human 

meningioma cell lines over time. Data points represent the mean and the error bars the standard 

errors of the mean of 3 independent experiments using two different cell lines. 
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During the course of these infection experiments, death and sloughing off of the cell 

monolayers is likely to be attributable not only to direct bacterial interactions with host 

cells but also possibly to the excessive growth of bacteria in the culture medium causing 

changes in pH. In order to exclude the latter hypothesis, experiments were done in 

which monolayers were infected with bacteria and after a short period of attachment, the 

extracellular medium was removed and replaced at intervals with fresh medium, 

allowing only meningioma cell-associated bacteria to grow (Figure 3.3). 

Experiments were done with GBS NEM316 (serotype III), in which monolayers 

were challenged with 104 and 106 cfu/ml bacteria for 2h to allow bacterial association 

(Figure 3.3). The monolayers were then washed four times with PBS to remove 

unbound bacteria and fresh medium was changed every hour up to 9h post infection. 

This resulted in a 4-log reduction of bacterial counts in the medium by 6-9h, compared 

to the bacterial counts in medium that had not been replaced, thus demonstrating a 

significant reduction (>99.9%) of extracellular, unbound bacteria. Nevertheless, viable 

counting demonstrated that bacteria associated with the monolayer appeared to increase 

in number over time; moreover, sampling of the supernatant, despite repeated 

replacement with fresh medium also showed increases in bacterial numbers, suggesting 

possibly that associated bacteria were also detaching from the monolayers and growing 

in the culture medium. Despite repeated washing of the monolayers and removal of 

>99.9% of unbound bacteria, the monolayer associated bacterial growth still led to the 

destruction of infected monolayers by 24h. 
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Figure 3.3: Effect of repeated washing of meningioma cells monolayers infected with GBS 

NEM316 bacteria on total association and growth in culture medium. Results shown are the 

mean values obtained from two independent experiments. 
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3.2.2 Bacterial association with human meningioma cells visualised with scanning 

electron microscopy (SEM) 

Viable counting assays have shown that GBS bacteria associate with human 

meningioma cells in vitro (Section 3.2.1). Scanning electron microscopy (SEM) was 

then used to confirm bacterial association with meningioma cell surfaces. Figures 3.4 

and 3.5 show the adherence of different GBS strains with meningioma cells over time. 

Control, uninfected meningioma cells possess smooth flat surfaces, with characteristic 

curvilinear edges and extending cell processes that bond to neighbouring cells (Figure 

3.5) (Hardy et al., 2000).  

SEM analyses of infected cell monolayers supported the viable counts from 

association experiments, by demonstrating increases in the numbers of adherent bacteria 

over time. As can be seen in Figure 3.4, few bacteria associated with meningioma cell 

surfaces by 3h and by 6h, the numbers of adherent bacteria increased with clusters of 

bacteria appearing more frequently. By 9h, large clusters of associated bacteria 

dominated the cell surfaces with evidence of some bacteria penetrating or underneath 

the cell membrane. Cellular injury and tissue damage was also occasionally observed by 

9h, particularly around bacterial clusters and some of these clusters appeared to be 

localised within injured cells. By 24h, the COH-1 strain was the only bacterial serotype 

that did not cause disruption of the monolayers (Figure 3.5). However, with all other 

wild type strains, the damage of cell monolayers was complete and only clusters of 

bacteria and some cell debris were observed scattered on the surface of the Transwell 

insert membranes (images not shown). 
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Figure 3.4: (pages 82 and 83) Scanning electron microscopy of human meningioma cells 

infected with wild type GBS over different time points. Cell monolayers were challenged with 

104 cfu/ml inocula and processed for SEM at 3h, 6h and 9h post infection. Arrows point to 

regions where GBS appear to be penetrating and/or possibly underneath the cell surface. 

 

Figure 3.5: Scanning electron microscopy of human meningioma cells infected with GBS 

NCTC 10/84 and COH-1 strains. Cell monolayers were challenged with 104 cfu/ml inocula and 

processed for SEM at 9 and 24h post infection. Uninfected: image showing a meningioma cell 

in a confluent monolayer with characteristic curvilinear edges. Arrows indicate regions where 

GBS appear to be penetrating and/or underneath the cell surface.
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3.2.3 GBS invasion of human meningioma cells 

i) Gentamicin assay 

The SEM experiments above (Section 3.2.2) suggested that GBS could invade human 

meningioma cells. In order to investigate this possibility further, monolayers were 

infected with 104 cfu of the different GBS serotypes and cellular invasion over time was 

quantified using the gentamicin assay (Hardy et al., 2000). Gentamicin was chosen as 

the antibiotic, since it effectively killed concentrations of GBS bacteria at growth levels 

expected in the culture medium after 9h (data not shown) and also because it is unable 

to penetrate the cells and kill intracellular bacteria. In addition, cytochalasin D (CD) 

was added to the monolayers to investigate whether the internalisation of GBS bacteria 

by meningioma cells occurred by an actin microfilament-dependent process. 

Cellular invasion was not detectable by 3h after infection with 104 cfu of 

bacteria but all wild type GBS bacteria appeared to invade meningioma cells by 6h, 

however this did not exceed 500 cfu/monolayer (Table 3.1) and was not significant 

(P>0.05), except for the A909 strain (P<0.05). By 9h, GBS invasion of monolayers 

increased to significant levels (Figure 3.6). The A909 strain demonstrated the highest 

levels of invasion, followed by COH-1, NEM316, 2603 V/R, H36B, 18RS21, and then 

NCTC 10/84. The GBS strains that showed higher invasion at 9h (mainly the A909, 

COH-1, NEM316 and 2603 V/R strains), have also demonstrated a relatively higher, 

though still not significant, invasion at 6h (Table 3.1). By contrast, invasion of 

monolayers by H36B and 18RS21 serotypes was relatively low compared with other 

strains at 6h (Table 3.1) and the observed levels were also low at 9h in comparison with 

other GBS strains. Nonetheless, the marked inhibition (P<0.05) of invasion of 

monolayers treated with cytochalasin (CD+G) suggests that these wild type GBS 

bacteria were internalised by meningioma cells by an actin microfilament dependent 

process (Figure 3.6). 

These data demonstrated that the wild type GBS of different serotypes could 

invade human meningioma cells, but suggested that there were differences between the 

serotypes in their ability to invade. In order to further analyse these data, an invasion 

rate was calculated and expressed as a percentage. The number of recovered bacteria 

after gentamicin treatment at 9h was divided by the number of bacteria in the initial 

inoculum with the monolayer at 0h, and was also expressed as a percentage relative to 

the highest observed invasion rate (i.e. A909 serotype Ia) (Table 3.2). By 9h, the 

invasion rate of meningioma cells by wild type GBS serotypes, in decreasing order, was 
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48% for A909, 25% for COH-1, 18% for NEM316, 13% for 2603V/R, 6.3% for H36B, 

5.5% for 18RS21, and 5.1% for NCTC 108/4 (Table 3.2). When these invasion rates 

where expressed relative to invasion by A909 (highest invasion observed), strains COH-

1, NEM316 and 2603V/R (in this order) demonstrated >25% invasion rate relative to 

A909, whereas other strains (H36B, 18RS21 and NCTC10/84) demonstrated <15% 

invasion rate relative to A909 (Table 3.2 and Figure 3.7). By comparison E. coli 

IH3080, which also causes neonatal meningitis, demonstrated a significantly higher 

levels of invasion (P<0.05) of approximately 2x104 cfu/monolayer (Figure 3.6), as well 

as an invasion rate of 102% and a relative invasion of 212% relative to A909 (Table 3.2 

and Figure 3.7), which reflect the high invasion capacity of this organism. 

 

Table 3.1: Bacterial invasion of meningioma cells at 6h 

Bacterial strain*  
Internalised cfu 

(cfu/monolayer ± SEM) 

A909 (Ia) 480 ± 57 

H36B (Ib) 63 ± 37 

18RS21 (II) 232 ± 124 

NEM316 (III) 398 ± 149 

COH-1 (III) NT 

2603 V/R (V) 348 ± 185 

NCTC 10/84 (V) NT 

*  Using 104 cfu inoculum/monolayer; NT, not tested 
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Table 3.2: Bacterial invasion rates and relative invasion at 9h. 

Bacterial strain 

Mean cfu counts ± SEM 

Initial 
inoculum 

(x104 cfu/ml) 

Internalised cfu 
(cfu/monolayer) 

Invasion ratea 
(%) 

Relative 
invasionb 

(%) 

A909 (Ia) 1.0 4,962 ± 1629 48.3 ± 11.5 100 ± 23.9 

H36B (Ib) 1.3 848 ± 164 6.3 ± 0.94 13.1 ± 1.9 

18RS21 (II) 1.4 772 ± 121 5.5 ± 0.48 11.4 ± 1.0 

NEM316 (III) 1.3 2,393 ± 664 18.3 ± 5.9 37.8 ± 12.2 

COH-1 (III) 1.1 2,833 ± 598 25.9 ± 5.1 53.5 ± 10.5 

2603 V/R (V) 1.2 1,739 ± 400 13.3 ± 3.5 27.5 ± 7.3 

NCTC 10/84 (V) 1.0 506 ± 91 5.1 ± 0.94 10.5 ± 1.9 

E. coli IH3080 2.1 20,937 ± 5113 102 ± 18 212 ± 37 
aInvasion rate = (internalised cfu/initial inoculum) x100 as described by Rubens et al. (1992). 
bRelative to invasion rate of A909 (highest observed GBS invasion level). SEM of at least 3 
independent experiments. 
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Figure 3.6: Invasion of meningioma cells by wild type GBS serotypes and E. coli IH3080 at 9h post infection. Gentamicin bars show bacterial 

invasion determined by viable counting after treating monolayers with gentamicin to kill extracellular bacteria. Cytochalasin D (CD) bars show 

reduced invasion due to inhibition of host cell microfilament by treating monolayers with CD (2µg/ml) prior to adding bacterial inocula. Bars 

represent mean values of recovered internalised bacteria by cells from wells infected with 104 cfu/ml bacteria. Error bars represent SEM from at least 

three independent experiments. E. coli IH3080 was included as a positive control for bacterial invasion of meningioma cells at 9h (n=10 experiments). 
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Figure 3.7: Relative invasion of meningioma cells by wild type GBS serotypes and E. coli at 9h post infection. The bars show bacterial invasion 

of each strain relative to invasion by GBS A909 (100%) at 9h. Error bars represent SEM from at least three independent experiments. 
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ii) Transmission electron microscopy (TEM) 

TEM was used to visually confirm the presence of bacteria that may possibly be 

internalised by meningioma cells during bacterial challenge. Results from the 

gentamicin assay suggested that all wild type GBS strains possessed the ability to 

invade meningioma cells. Before examining infected cells for potential of invasion, 

uninfected meningioma cells and bacteria each in separate sample blocks were 

examined. This was done to determine the normal shape and size of cells and bacteria so 

that an invasion event would be easier to identify. Figure 3.8A shows an uninfected 

meningioma cell with a central nucleus and cell processes extending from its surface. 

Figure 3.8B shows a typical coccus, with a dense cell wall and fine fimbrial structures 

on its surface. 

After examining more than 25 grids containing sections of cells infected with 

GBS, bacteria internalisation was observed occurring at different stages (Figures 3.8C-

L). GBS bacteria were detected in close proximity to the surface of meningioma cells 

(Figures 3.8C, D, E and F), with a cup-like projection from the surface of the cell. GBS 

bacteria were also observed inside these projections (Figures 3.8G and H). More 

advanced stages of invasion were also observed with GBS bacteria within cell-bound 

vacuoles completely inside host cells (Figures 3.8I, J, K and L). As a result, the ability 

of GBS A909 to invade meningioma cells was confirmed by TEM, although invasion 

was likely to be a rare event. 
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Figure 3.8: Transmission electron microscopy of human meningioma cells infected of GBS 

A909 strain. Cell monolayers were infected with 104 cfu/ml inocula and processed for TEM 

after 9h post infection. 

Image A: control uninfected meningioma cell showing nucleus, nucleolus and cell processes.  

Image B: typical GBS coccus. 

Images C, D, E and F: GBS bacteria partially surrounded by cell processes. 

Images G and H: GBS bacterial contained within a cell process. 

Images I , J, K  and L : intracellular GBS bacteria within a vacuole. 

Arrows point to locations where GBS are present at the low magnification image (left), then at 

high magnification (right). 
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3.2.4 Release of lactate dehydrogenase (LDH) from meningioma cells challenged 

with GBS strains as a measure of host cell death 

In order to further investigate the apparent cell death and destruction of cell monolayers 

induced by GBS serotypes, the release of LDH from meningioma cells was quantified. 

Measurement of LDH release was previously shown to be a good biochemical indicator 

of cell injury in an experimental model using lung epithelial cells infected with GBS 

(Nizet et al., 1996). In our experiments, monolayers of meningioma cells were infected 

with MOI ranging from 0.03-3000 cfu/cell and assessed for their capacity to induce cell 

injury. Measurement of LDH release obtained for each bacterial concentration was 

converted to a percentage of maximum LDH release value that was measured from 

lysed uninfected cells. Measurements were taken at 9h post infection as it was 

demonstrated from infection experiments (section 3.2.1) that cell death was most likely 

to occur at this time with MOIs equal to or higher than 30 cfu/cell, which corresponds to 

a concentration of 106 cfu/ml. Preliminary experiments also showed no induction of 

LDH release at 3h and 6h post infection (data not shown). 

As shown in Figure 3.9, LDH release was detectable at 9h after infection with 

wild type serotypes with MOIs ≥3 cfu/cell. Significant differences were observed in the 

patterns of LDH release. The most pronounced LDH release was induced by the hyper-

haemolytic NCTC 10/84 strain, where LDH release reached about 50% with an MOI as 

low as 3 cfu/cell, and about 60% with MOIs of 30 and 300 cfu/cell. By contrast, the 

lowest LDH release was observed with the weakly haemolytic COH-1 strain. With this 

particular strain, no LDH release above the baseline (average=7.8% ± 0.64) was 

detected except with the highest MOI of 3000, which induced less than 20% LDH 

release. Serotypes NEM316 and H36B induced approximately 50% LDH release with 

MOIs of 30 and 300. The 18RS21 and 2603V/R serotypes tested at the same MOI 

showed lower levels of associated LDH release of approximately 20% by 9h (Figure 

3.9) and approximately 25% by 12h (data not shown); nonetheless, complete damage 

and sloughing off from the collagen basement of the infected monolayers was observed 

at 24h. However, a higher MOI of 3000 was needed for GBS serotype A909 to induce 

LDH release by 9h (70%). No detectable LDH release above the baseline level was 

observed at 24h with any of the wild type strains due to complete destruction of the cell 

monolayers, regardless of the MOI used. Taken together, these data suggest that 

complete monolayer cell death induced by GBS bacteria is mostly likely to occur 

between 9h and 24h. 
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Figure 3.9: Measurement of meningioma cell injury induced by different concentrations of wild 

type GBS strains, as measured by LDH release at 9h. Results shown are mean values of LDH 

release compared with maximum release by lysed cells and error bars are SEM from at least two 

independent experiments each performed in triplicate. 

3.2.5 Confocal assessment of cell death using LIVE/DEAD® assay 

Results from the LDH experiments (Section 3.2.4) demonstrated different patterns of 

induction of host cell death by GBS serotypes. In order to confirm these results, the 

LIVE/DEAD assay was used as a visual method to assess host cell viability and 

cytotoxicity. The assay uses two fluorescent dyes: calcein AM and ethidium 

homodimer, to stain the meningioma cells. The resulting colour of the reaction could be 

green or red. The fluorescent green colour develops as a result of the binding of calcein 

AM dye to intracellular esterase and its retention inside live cells, whereas the red 

colour develops as a result of ethidium homodimer entering cells through damaged 

membranes and the subsequent binding to nucleic acids. 

Meningioma monolayers were challenged with 3 different concentrations of 

each bacterial strain (104, 106 and 108 cfu/ml). The choice of these concentrations was 

based on the observations made from LDH results so that varying degrees of cell death 

would be induced. The infected cells were incubated for 9h as previous LDH 

experiments demonstrated that this was the time point where cell death occurs. The only 

exception for this was the COH-1 strain, where incubation was extended to 24h, as 

0.03          0.3           3             30    300   3000

MOI (bacteria/cell)

LD
H

 r
e

le
a

se
 (

%
)

100

50

0

Strain (serotype)

A909 (Ia)

NCTC 10/84 (V)

H36B (Ib)

NEM316 (III)

18RS21 (II)

2603V/R (V)

COH-1 (III)



 

99 

previous LDH release results showed that no significant induction of LDH was 

observed at 9h with this particular strain. 

Upon examination of the images taken by confocal microscopy, different 

interactions of fluorescent dyes with meningioma cells were observed (Figure 3.10). 

With the lowest inoculum used (104 cfu/ml), all the tested strains did not induce cell 

death as the monolayers appeared intact and viable (stained green). The highest amount 

of cell death was observed with the hyper-haemolytic NCTC 10/84 strain, where even 

with the lowest inoculum the cells showed some red colour (Figure 3.10A). 

With the next inoculum tested (106 cfu/ml), two patterns of cytotoxicity were 

observed (Figure 3.10B). Monolayers challenged with NCTC 10/84 and H36B were 

completely damaged with only a few dead (red) cells or cell fragments remaining. By 

contrast, monolayers challenged with other strains (18RS21, NEM316 and 2603V/R) 

were still intact and cells showed some green mixed with red staining indicating that 

cell death had started. However, the cells challenged with the A909 strain remained 

green with no red staining. The final and highest bacterial concentration tested was 108 

cfu/ml. It was observed with this particular concentration that all tested serotypes, 

including the A909 strain, induced the complete destruction of monolayers with only 

cellular debris remaining and showing a red staining reaction (Figure 3.10C). 

The weakly haemolytic COH-1 strain demonstrated a gradual induction of cell 

death at 24h (Figures 3.11A, B and C). The challenged monolayers were completely 

intact at all the concentrations of bacteria tested. However, a gradual change in the 

staining reaction was apparent. With the 104 cfu/ml inoculum monolayers showed 

approximately 50% red staining that increased to about 70% with the 106 inoculum. 

Finally, cells within the monolayers challenged with the 108 cfu/ml inoculum were 

stained red, indicating complete cell death but with no observed loss of monolayer 

integrity. In all experiments, uninfected meningioma cells were included as control cells 

to ensure viability of the cell monolayers (Figures 3.11D and E). 
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Figure 3.10: (page 102)

different inocula of wild type GBS strains 

with 104, 106 and 108 cfu/ml respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measures 

75µm (x40 magnification).

 

Figure 3.11: Confocal microscopy images of meningioma cells challenged with different 

inocula of the weakly haemolytic

with 104, 106 and 108 cfu/ml (MOI=0.3, 30, 3000 cfu/cell) respectively. 

cells stained at 9h and 24h respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measu

75µm (x40 magnification).
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(page 102) Confocal microscopy images of meningioma cells challenged with 

different inocula of wild type GBS strains for 9h. A, B, C columns indicate cells challenged 

cfu/ml respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measures 

ication). 

Confocal microscopy images of meningioma cells challenged with different 

weakly haemolytic COH-1 strain for 24h. A, B and C: monolayers challenged 

cfu/ml (MOI=0.3, 30, 3000 cfu/cell) respectively. D

cells stained at 9h and 24h respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measu

75µm (x40 magnification). 

Confocal microscopy images of meningioma cells challenged with 

columns indicate cells challenged 

cfu/ml respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measures 

 
Confocal microscopy images of meningioma cells challenged with different 

: monolayers challenged 

D and E: uninfected 

cells stained at 9h and 24h respectively. The red colour corresponds to dead cells, whereas the 

green colour corresponds to live cells. The scale bar at bottom right of each image measures 
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3.2.6 Effect of DPPC on GBS infection of human meningioma cells 

Dipalmotyl phosphatidylcholine (DPPC) is a major constituent of lung surfactant in 

humans that has been shown to have neutralising properties against the β-h/c produced 

by GBS (Marchlewicz and Duncan, 1980). In vitro studies have demonstrated that 

DPPC protected lung epithelial cells from the cytotoxic effects of the β-h/c and reduced 

bacterial invasion (Nizet et al., 1996;Doran et al., 2002) and also reduced cell injury of 

cardiomyocytes (Hensler et al., 2008), when used at concentrations of 0.1-0.5mg/ml and 

2mg/ml respectively. The β-h/c toxin in GBS has the ability to induce cell injury by 

forming pores on mammalian cells, thus promoting cell invasion (Marchlewicz and 

Duncan, 1981).  

Initially, we tested the hypothesis that addition of exogenous DPPC prevents the 

association of GBS strains with human meningioma cells in vitro and then inhibits 

both subsequent bacterial invasion and death of the cell monolayers. 

i) Effect of DPPC on bacterial growth, association with and invasion of human 

meningioma cells 

Meningioma cell monolayers were treated with 1mg/ml DPPC and challenged with 104 

cfu of each wild type GBS serotype and bacterial growth in the culture medium, total 

bacterial association and subsequent invasion was quantified at 6h and 9h. Each of these 

parameters was determined in the absence and presence of 1mg/ml DPPC in 

experimental media. The effects were not evaluated at 3h as bacterial invasion was not 

detectable at this point (Section 3.2.3). 

 DPPC alone did not affect the viability of control meningioma cells (data not 

shown). In addition, DPPC did not inhibit the growth of any of the GBS serotypes 

during the infection experiments, with no significant differences (P>0.05) in total viable 

counts, in the presence and absence of DPPC (Figure 3.12). Moreover, at 6 and 9h, 

DPPC (1mg/ml) showed no significant ability to reduce neither the association of any of 

the GBS serotypes with meningioma cells (P>0.05) nor their ability to invade the cells 

(P>0.05) (Figure 3.12). 
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Figure 3.12: Effect of DPPC (1mg/ml) on the growth and interactions of GBS serotypes with 

human meningioma cells. Monolayers were infected with 104 cfu/ml of each serotype and total 

bacterial growth in culture medium (A), bacterial association (B) and bacterial invasion (C) 

were quantified using viable counting methods in the presence and absence of DPPC at 6h and 

9h. Bars represent the mean counts of recovered bacteria and the error bars the standard 

deviations. 
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Another set of experiments were setup to explore the effect of a higher 

concentration of DPPC on the interaction of GBS with meningioma cells. We have 

previously demonstrated (Section 3.2.3) that the hyper-haemolytic NCTC 10/84 strain 

was capable of invading meningeal cells. However the level of invasion was lower than 

that observed with the other strains (Figure 3.6). This observation needed some 

explanation, since the β-h/c is a pore forming toxin that has been shown to facilitate cell 

invasion by GBS (Marchlewicz and Duncan, 1980;Doran et al., 2002).  

Our hypothesis was that due to excessive pore formation by the β-h/c produced 

by this particular strain, the gentamicin that was used in the assay to kill 

extracellular bacteria was able to leak inside the cells through the pores, and 

therefore kill internalised bacteria leading to reduced recovery of viable 

bacteria in the test.  

This hypothesis has also been proposed by Nizet et al. (1997) in their 

experiments using BMECs. In order to prove this hypothesis, DPPC was used to inhibit 

the pore forming action of the β-h/c toxin, and as a result, a higher number of bacteria 

would potentially be recovered. The effect of DPPC on bacterial association and 

bacterial growth in the medium was also tested. This was to verify whether the 

observation was specific to inhibition of bacterial pore formation, rather than an effect 

on bacterial growth. 

As shown in Figure 3.13, there was a significant (P<0.01) increase in recovered 

number of bacteria after gentamicin treatment in the presence of 3mg/ml of DPPC. The 

number of internalised bacteria increased from 506 (±91) cfu/monolayer (Table 3.2) 

with no DPPC to 3,646 (±538) cfu/monolayer in the presence of DPPC. Furthermore, 

DPPC did not have a significant (P>0.05) inhibitory or stimulatory effect on bacterial 

growth in the medium. The total bacterial association with meningioma cells increased 

from 4.7x106 (±1.7x106) to 9.6x106 (±3.6x106) cfu/monolayer, but this increase was not 

significant (P>0.05).  
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Figure 3.13: Effect of DPPC (3mg/ml) on inhibition of pore formation and recovery of 

internalised bacteria. DPPC was used to inhibit the pore forming action of the β-haemolysin of 

hyper-haemolytic NCTC 10/84 strain. The number of recovered bacteria was significantly 

increased (P<0.01) with no effect on bacterial growth or association with meningioma cells at 

9h post infection. Bars represent mean values of viable bacteria and error bars represent SEM 

from at least three independent experiments. 
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ii) Effect of DPPC on LDH release from meningioma cells challenged with GBS 

In order to determine the effect of DPPC on the release of LDH from meningioma cells, 

two different concentrations of DPPC (1 and 3mg/ml) were initially tested. This was 

done in order to determine which dose would be more effective in inhibiting the 

cytotoxic properties of β-h/c as measured by the release of LDH, so that this 

concentration of DPPC would be used in subsequent experiments. The A909 strain was 

used to test these two concentrations of DPPC since it induced the highest LDH release 

value (~70%) with an inoculum of 108 cfu/ml at 9h as previously demonstrated in LDH 

release experiments (Figure 3.9). For each of the DPPC concentrations tested, 

uninfected control cells (treated with DPPC but not infected with bacteria) were 

included. This was done to test whether DPPC alone would have any effect on LDH 

release from meningioma cells. 

Figure 3.14 demonstrates the protective effect of DPPC against cell injury as 

measure by LDH release. A low dose of 0.5mg/ml of DPPC did not have a significant 

effect on the reduction of LDH release (P>0.05). However, there was a 64% and 87% 

reduction of LDH release from treated monolayers with dose of 1 and 3mg/ml of DPPC, 

respectively, both of which were statistically significant (P<0.05), but the addition of 

3mg/ml of DPPC was more significant (P<0.01). In addition, DPPC did not have any 

effect on the spontaneous LDH release (normal cell turnout) from uninfected 

monolayers (Figure 3.14). 

Since 3mg/ml of DPPC was more effective in reducing cell injury, as measured 

by the release of LDH from treated monolayers, it was the chosen concentration for 

subsequent viability/cytotoxicity experiments. 



 

110 

 

Figure 3.14: Effect of different concentrations of DPPC on LDH release induced by GBS at 9h. 

DPPC (0.5, 1 and 3mg/ml) was added to monolayers before challenge with 108 cfu/ml of GBS 

A909 strain. DPPC was also added to uninfected monolayers as control. The coloured bars 

show the mean level of LDH released from the monolayers and the error bars show the SEM of 

two independent experiments. 

 

The potential protective effect of DPPC against cell injury induced by GBS 

strains was investigated with all wild type GBS strains. In these experiments, 3mg/ml of 

DPPC was added to the monolayers to test its effect in reducing LDH release induced 

by live GBS strains. A bacterial inoculum for each strain was chosen that has been 

previously shown to induce the highest level of LDH from meningioma cells (Figure 

3.9), which ranged from 106 -108 cfu/ml (MOI 30-3000 cfu/cell) depending on the 

strain. 

Figure 3.15 shows the effect of DPPC on reducing the release of LDH from 

infected meningioma cells, which ranged from 67-88%. The highest reduction of LDH 

release achieved by DPPC was against the A909 strain by 88%. This was followed by 

84% against NEM316, 81% against 18RS21, 78% against 2603V/R, 69% against H36B, 

and finally by 67% against the NCTC 10/84 strain. As Figure 3.15 shows, these effects 

were significant in the experiments with 18RS21 and NEM316 strains (P<0.05) and 

very significant in the experiments with A909 and NCTC 10/84 strains (P<0.01). 

However, these effects were close to statistical significance in experiments carried out 

with H36B and 2603V/R strains (P=0.063 and 0.062 respectively).

No DPPC

0.5mg/ml DPPC

1mg/ml DPPC

3mg/ml DPPC

P < 0.05

P < 0.01

*

**

UninfectedGBS A909

LD
H

 r
e

le
a

se
 (

%
)

100

50

0

*

**

64%

87%



 

111 

 

− DPPC

+ DPPC

P < 0.05

P < 0.01

*

**

* ***

**LD
H

 r
e

le
a

se
 (

%
)

100

50

0

A909

(Ia)

H36B

(Ib)

18RS21

(II)

NEM316

(III)

2603V/R

(V)

NCTC 10/84

(V)

88%

69%

81% 84%

78%

67%

Figure 3.15: Effect of DPPC (3mg/ml) on LDH release induced by different GBS serotypes at 9h. The coloured bars show the mean level of 

LDH released from monolayers and the error bars show SEM of at least two independent experiments. Arrows with numbers indicate the 

percentage of reduction of LDH release in the presence of DPPC in comparison with LDH in the absence of DPPC. 
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iii) Time effect of addition of DPPC on LDH release from meningioma cells challenged 

with GBS 

To further investigate the effect of DPPC on reducing the cytotoxic effects of GBS 

strains on meningioma cells, the timing of adding DPPC was tested.  

We tested the hypothesis that DPPC could exert its protective effect against cell 

injury after bacterial infection.  

In our previous experiments, DPPC was added at the same time of addition of the 

bacterial inocula (0h). By contrast, in these experiments, DPPC (3mg/ml) was added at 

3h and 6h after infection, as well as 0h for comparison and LDH release was measured 

at 9h. 

 Figure 3.16 shows the release of LDH induced from cells infected with strain 

NCTC 10/84 at 9h. In the absence of DPPC, this strain induced cell injury by about 

75%. This level was reduced by 70% (P<0.01) in the presence of 3mg/ml DPPC that 

has been added at 0h. When DPPC was added at 3h post infection, it was still able to 

significantly (P<0.01) reduce LDH to the same level that was achieved by DPPC 

addition at 0h. However, when added at 6h, DPPC reduced LDH release by only 15%, 

which was not a significant reduction (P>0.05) compared to cells without DPPC.  

 

 
Figure 3.16: Time effect of addition of DPPC (3mg/ml) on LDH release induced by live GBS 

at 9h. DPPC was added at different time points to cell monolayers challenged with 106 cfu/ml of 

NCTC 10/84 strain. The coloured bars show the mean level of LDH released from monolayers 

and the error bars show the SEM from three independent experiments. The arrows with numbers 

indicate the percentage of reduction of LDH release in the presence of DPPC in comparison 

with LDH in the absence of DPPC.

P < 0.01*

− DPPC

LD
H

 r
e

le
a

se
 (

%
)

100

50

0

*
*

74%70%

0h 3h 6h

+ DPPC (time of addition)

15%



 

113 

iv) Effect of DPPC on meningioma cells challenged with GBS using the LIVE/DEAD® 

assay 

In order to confirm the inhibitory effects of DPPC against cell injury that was observed 

using the LDH release assay, the LIVE/DEAD assay was used as a visual method to 

demonstrate meningioma cell viability/cytotoxicity. In this assay, monolayers that were 

challenged with live NCTC 10/84 strain in the presence and absence of 3mg/ml of 

DPPC were processed for confocal microscopy. 

 Figures 3.17A, B and C show meningioma cell monolayers that were challenged 

with the NCTC 10/84 strain for 9h, at which time the destruction of the monolayers was 

achieved with significant levels of cell death, as shown by the presence of the red dye 

within cells, cell fragments, and cell nuclei. By contrast, in the presence of DPPC, cell 

monolayers were still intact and the majority of cells showed a green staining reaction 

indicating viable cells (Figures 3.17D, E and F). Nonetheless, the green fluorescent 

reaction of infected cells treated with DPPC was not as intense as the control uninfected 

cells (Figures 3.17G and H), which may indicate that infected cells were less viable. 
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Figure 3.17: Effect of DPPC on cell death induced by GBS 

confocal microscopy. Monolayers were treated with DPPC (3mg/ml) and simultaneously 

infected with a cytotoxic dose (10

A, B and C: monolayers challenged with bacteria alone.

D, E and F: monolayers challenged with bacteria after addition of DPPC.

G and H: unchallenged monolayer with no DPPC and with DPPC, respectively.

The red colour correlates with cell death, whereas the green colour shows viable cells. The scale 

bar at bottom right of each image measures 75µm (x40 magnification).
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Effect of DPPC on cell death induced by GBS bacteria at 9h as viewed using 

confocal microscopy. Monolayers were treated with DPPC (3mg/ml) and simultaneously 

infected with a cytotoxic dose (106 cfu/ml) of the hyper-haemolytic NCTC 10/84 strain. 

: monolayers challenged with bacteria alone. 

: monolayers challenged with bacteria after addition of DPPC.

: unchallenged monolayer with no DPPC and with DPPC, respectively.

The red colour correlates with cell death, whereas the green colour shows viable cells. The scale 

om right of each image measures 75µm (x40 magnification).

 

bacteria at 9h as viewed using 

confocal microscopy. Monolayers were treated with DPPC (3mg/ml) and simultaneously 

NCTC 10/84 strain.  

: monolayers challenged with bacteria after addition of DPPC. 

: unchallenged monolayer with no DPPC and with DPPC, respectively. 

The red colour correlates with cell death, whereas the green colour shows viable cells. The scale 
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3.3 Do GBS bacteria induce cytokine production by human meningioma cells? 

Previous studies have shown that cells derived from the human meninges were active 

participants in the inflammatory response following infection in vitro with pyogenic 

bacteria causing meningitis such as Neisseria meningitidis and Haemophilus influenzae 

(Fowler et al., 2004). However, infection with E. coli K1, which causes neonatal 

meningitis, did not induce an inflammatory response from meningioma cells in vitro 

(Fowler et al., 2004), suggesting, possibly, significant differences in the 

pathophysiology of neonatal meningitis compared with meningitis occurring in older 

children.  

We investigated the hypothesis that infection with GBS bacteria did not induce an 

inflammatory response in vitro, by measuring the production of pro-inflammatory 

(IL-6), chemoattractant (IL-8, MCP-1 and RANTES) and growth-factor related 

(GM-CSF) cytokines from meningioma cells.  

This panel of cytokines was chosen since previous in vitro studies have shown that they 

are specifically produced from these cells in response to infection with meningeal 

pathogens (Fowler et al., 2004). 

Experimental culture supernatant samples were collected from all meningioma 

cell infection experiments and they were analysed for cytokine production using 

specific immunoassays. Figure 3.18 shows the profiles of cytokine secretion by 

meningioma cells following infection with all 7 GBS serotype strains. Compared with 

uninfected control cells, and regardless of bacterial concentration, wild type GBS 

serotypes did not induce the production of significant amounts of IL-6, IL-8, MCP-1 or 

RANTES by 24h (P>0.05). However, there was some increase in GM-CSF production 

(<1ng/ml) in comparison with the levels measured from uninfected control cells, but the 

amounts detected were not always significant (Figure 3.18). By contrast, and as a 

positive control to demonstrate the innate response of the monolayers, infection with 

104 cfu/ml of N. meningitidis strain MC58 induced significant production (P<0.05) of 

IL-6 (62ng/ml), IL-8 (145ng/ml), MCP-1 (50ng/ml), RANTES (18ng/ml) and GM-CSF 

(0.63ng/ml) by 24h (Figure 3.18), as compared with both control, uninfected cells 

(P<0.05) and cells infected with any of the GBS strains (P<0.05). 

In addition, cytokine levels were also measured in culture supernatants collected 

from the challenge experiment described in Section 3.2.1 and Figure 3.3, in which 

monolayers were challenged with GBS NEM316 (104 and 106 cfu/ml) and were washed 

every hour up to 9h.  
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We tested the hypothesis that reducing the number of unbound bacteria in the 

experimental medium would allow infected cells to remain viable and to secrete 

cytokines.  

Figure 3.19 shows the secretion of cytokines (IL-6, IL-8 and MCP-1) at 24h 

from infected and uninfected meningioma cells as well as other control monolayers 

infected with N. meningitidis (MC58). There was no significant production of any of the 

tested cytokines by 24h in comparison with control cells. By contrast, cells challenged 

with N. meningitidis (104 cfu/ml) induced significant levels (P<0.05) of IL-6, IL-8 and 

MCP-1 by 24h (Figure 3.19).  

In previous experiments for investigating cytokine production, live GBS strains 

were used. However, we also tested the hypothesis that: 

Infection with heat-killed GBS that did not kill meningioma cells would induce 

the production of cytokine, in contrast to live bacteria that induced cytotoxicity 

and no cytokine production. 

Various concentrations of heat-killed GBS NEM 316 (101, 102, 104 and 106 

cfu/ml) and N. meningitidis (104 cfu/ml) were prepared (Appendix VII). These 

suspensions of killed bacteria were then added to cell monolayers and the supernatants 

were collected at 24h and 48h post infection. GBS NEM 316 (serotype III) was chosen 

for this experiment as it is one of the major GBS serotypes of clinical importance and it 

accounts for approximately 28% and 50% of early- and late-onset GBS neonatal 

disease, respectively (Shet and Ferrieri, 2004). 

Figure 3.20 shows the production of cytokines (IL-6, IL-8 and MCP-1) from 

infected and uninfected meningioma cells by 24h and 48h. There was no significant 

production of any of the tested cytokines by 24h or by 48h by heat-killed GBS. There 

was some induction of IL-6 and IL-8 (<1ng/ml for both), however these levels were not 

significantly higher than control levels at 24h or 48h (P>0.05). Conversely, the heat-

killed N. meningitidis (MC58) was able to induce significant levels (P<0.05) of IL-6, 

IL-8 and MCP-1 from meningioma cells by 24h (Figure 3.20).  
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Figure 3.18: Cytokine secretion by meningioma cells infected with GBS serotypes (101-106 

cfu/ml) and N. meningitidis MC58 (104 cfu/ml). The bars represent mean concentration of 

cytokine secretion measured from supernatants collected at 24h post-infection and the error bars 

represent the SEM from at least two independent experiments. 
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Figure 3.19: Cytokine secretion by meningioma cells infected with GBS NEM316 (104 and 106 

cfu/ml) and N. meningitidis MC58 (104 cfu/ml) with repeated washing. The bars represent mean 

concentration of cytokine secretion measured from supernatants collected at 24h post-infection 

and the error bars represent the standard deviation. 
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Figure 3.20: Cytokine secretion by meningioma cells exposed to heat-killed GBS NEM316 

(104-106 cfu/ml) and heat-killed N. meningitidis MC58 (104 cfu/ml). The bars represent mean 

concentration of cytokine secretion measured from supernatants collected at 24h and 48h post-

exposure and the error bars represent the standard deviation.
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3.4 Infection of whole human blood with GBS 

Our results in Section 3.3 demonstrated an impaired immune response of meningioma 

cells upon challenge with GBS bacteria. We investigated the interaction of GBS 

bacteria with whole human blood. We tested the hypothesis that: 

the diminished immune response of meningioma cells was a unique observation 

of the interaction of GBS with these cells and that GBS could induce an 

inflammatory response with other types of human cells. 

 Infection of the neonate with GBS has been associated clinically with induction 

of several cytokines in the blood including IL-1β and TNF-α (Hodge et al., 2004). 

Another in vitro study demonstrated significant cytokine production including IL-1β, 

IL-6, IL-8 and TNF-α by human mononuclear cells in response to infection with dead 

GBS (Kwak et al., 2000). Bacterial products such as Lipoteichoic acid and capsular 

polysaccharide were also shown to induce cytokine response in human blood, with the 

monocytes fraction being the main cell component involved in the release of cytokines 

upon stimulation with GBS components (Hunolstein C. et al., 1997). In order to test out 

the hypothesis, we used a human whole blood model to mimic the intravascular 

inflammatory response characteristic of GBS-induced septicaemia. We determined the 

rate of bacterial growth and cytokine production in response to infection using a wide 

range of concentrations of live GBS A909 (serotype Ia). The A909 strain was chosen 

for this experiment as this particular serotype is one of the major GBS serotypes of 

clinical importance and it accounts for approximately 33% and 27% of early and late-

onset neonatal disease, respectively (Shet and Ferrieri, 2004). 

3.4.1 Cytokine secretion 

In preliminary experiments, whole human blood was infected with GBS A909 (serotype 

Ia) and both the inflammatory response and growth of the bacterium quantified. In order 

to determine the dose- and time-dependent response, a wide range of bacterial inocula 

was tested (concentration ranging from 101
-108 cfu/ml) over 24h. Plasma samples were 

collected and analysed by sandwich immunoassay for the levels of IL-1β, IL-6, IL-8, 

MCP-1, RANTES, TNF-α, IL-10 and GM-CSF secretion at 6h and 24h post infection. 

Infection with GBS A909 stimulated the secretion of IL-1β, IL-6, IL-8, MCP-1 and 

TNF-α at 6h that continued to increase by 24h. 

At 6h, a dose-dependent response of cytokine response was observed (Figure 

3.21). IL-6 and IL-8 demonstrated the highest levels of secretion of approximately 10-
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100ng/ml with ≥104 cfu bacteria (P<0.05); however the secretion was less prominent 

with lower bacterial concentrations (≤1ng/ml). The secretion of IL-1β and TNF-α also 

demonstrated a concentration-dependent response, with secretion levels starting from 

0.1ng/ml and gradually reaching 100ng/ml for IL-1β and 10ng/ml for TNF-α. By 

contrast, MCP-1 secretion did not demonstrate a dose-dependent response as secretion 

induced by all tested bacterial concentrations reached a similar level of approximately 

1ng/ml by 6h (Figure 3.21). 

By 24h the levels for each cytokine induced by ≥102 cfu GBS reached similar 

levels, whereas 10cfu of bacteria induced lower levels of secretion (Figure 3.21). 

Cytokine production induced by higher bacterial doses (≥102 cfu/ml) reached 

approximately 1000ng/ml for IL-6 and IL-8; and 100ng/ml for IL-1β, MCP and TNF-α, 

and these levels of production were all significant in comparison with uninfected 

controls (P<0.05). 

By contrast, high levels of RANTES were constitutively expressed in drawn 

whole blood, which is likely to be due to platelet activation on withdrawal (Fowler et 

al., 2004;Jemmett et al., 2008). Nevertheless, GBS inocula of between 104
-108 cfu/ml 

stimulated further RANTES secretion (P<0.05) at 6 and 24h (Figure 3.21). A similar 

pattern of cytokine secretion was observed with the Gram-negative positive control N. 

meningitidis MC58 (104 cfu/ml). By contrast, neither GBS A909 nor N. meningitidis 

MC58 were able to induce secretion of either IL-10 or GM-CSF by 6h or 24h with any 

of the doses tested (data not shown). 
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Figure 3.21: Cytokine secretion by whole human blood infected with GBS A909 (serotype Ia) 

(101-108 cfu/ml) and N. meningitidis MC58 (104 cfu/ml). The bars represent mean concentration 

of cytokine secretion measured from supernatants collected at 6h and 24h post-infection and 

error bars represent the standard deviation. * P<0.05. NC, non-infected controls. 
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3.4.2 Growth of GBS in whole human blood 

We also determined the growth of GBS A909 in whole human blood over time. Several 

in vitro studies have demonstrated that GBS express virulence factors including capsule 

that mediate resistance to phagocyte killing and contribute to evading immune clearance 

(Maisey et al., 2008a). The ability of GBS bacteria to increase in number during 

infection of whole blood is shown in Figure 3.22. Viable counting of GBS during 

infection demonstrated that inocula of between 101-106 cfu/ml increased in cfu by 

approximately 1-log in growth by 6h and 2-log by 24h. By contrast, there was no 

significant increase in the numbers of GBS bacteria in blood infected with the highest 

dose tested (108 cfu/ml inoculum). 

 

Figure 3.22: Growth of different concentrations (101-108 cfu/ml) of GBS A909 (serotype Ia) in 

human whole blood over time. Growth was measured by viable counting at 6h and 24h post 

infection. Circles represent the mean values of viable counts and the error bars the standard 

deviation. 
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4.1 Relative growth of wild type and mutant strains of Streptococcus agalactiae in 

culture medium 

Prior to infection studies with human cells, growth experiments were done to compare 

the growth of bacterial suspensions with defined inocula for each of the three wild type 

strain alongside their isogenic mutant strains. The A909 is a serotype Ia normo-

haemolytic wild type GBS and the A909 ∆cylE is its derived mutant that is deficient in 

β-h/c production. The COH-1 is a serotype III weakly haemolytic, hyper-capsulated wild 

type GBS and the HY106 is its derived mutant that is deficient in capsule production. 

Finally, the NCTC 10/84 is a serotype V hyper-haemolytic wild type GBS and its 

derived mutants are deficient in β-h/c production (∆cylE), Pili B expression (∆pilB), 

and Srr-1 expression (∆srr-1). Previous studies have demonstrated the role of the β-h/c 

and capsule on the interaction of GBS with different cells lines including BMECs (Nizet 

et al., 1997) and pulmonary cells (Nizet et al., 1996;Doran et al., 2002). Pili (Maisey et 

al., 2007) and srr-1 glycoprotein (van Sorge et al., 2009) have also been investigated for 

their role in mediating adherence and invasion of GBS with BMECs. The relative 

growth rates of the GBS serotypes were compared in DMEM containing 1% (v/v) 

dFCS, which was the medium used in the bacterial challenge experiments. This was 

done to observe if there were any differences in relative growth of wild type bacteria 

with their isogenic mutants in the experimental medium over the same time period (3-

9h) used in the cell infection experiments. 

The logarithmic growth of 3 wild type strains alongside their derived mutants 

was compared (Figure 4.1). When bacterial suspensions in DMEM were prepared, wells 

of 24-well plates were inoculated with 1ml of the suspension (102 cfu/ml) and viable 

counts of bacterial growth at several time points in the logarithmic phase were made 

(Figure 4.1). Both the COH-1 and NCTC 84/10 wild type strains and their isogenic 

mutants showed identical growth curves (P>0.05) over the 9h period. However, the 

∆cylE mutant derived from the A909 strain demonstrated a slower growth rate 

particularly by 9h where the difference was approximately 1-log lower for the mutant, 

but this difference did not reach statistical significance (P>0.05). 
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Figure 4.1: Comparison of the growth of wild type GBS serotypes and their isogenic mutant 

strains. Bacterial suspensions (102 cfu/ml) were grown in parallel over a period of 9h in DMEM 

culture medium containing 1% (v/v) dFCS. Results shown are the mean of two independent 

experiments and the bars represent the SEM. 
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4.2 Challenge of human meningioma cells with wild type and mutant GBS strains 

Human meningioma cells were challenged with wild type GBS serotypes alongside 

mutant bacteria deficient in the presence of various virulence factors (Table 2.1), in 

order to determine the role of these factors during the interaction with host cells over 

time. GBS successful progression from colonisation to meningitis is hypothesised to 

occur in key steps, initially with the attachment and invasion of host cells (Maisey et al., 

2008a). Using an in vitro cell culture model of meningioma cells, we investigated the 

role of several GBS virulence factors during the development of meningeal infection. 

4.2.1 Total bacterial association with meningioma cells 

Human meningioma cells of the meningothelial/transitional subtypes (~3.3x104 ± 1x104 

cells/monolayer in 24-well cell culture plate) were challenged with various 

concentrations (101 cfu/ml, multiplicity of infection of bacteria to cells MOI= 0.0003; 

102, MOI= 0.003; 104, MOI= 0.3; 106, MOI= 30) of each bacterial serotype and the 

dose- and time-dependent bacterial association was measured. Depending on cell 

viability, measurement of total association was done at different time points (3-24h). 

 For each mutant strain, data were obtained from three independent experiments 

with two meningioma cell lines and the mutant strains were tested in parallel alongside 

their parent strains. All wild type and mutant GBS bacteria demonstrated a dose-

dependent association with cell monolayers over time (Figure 4.2). 

The association of the A909 ∆cylE mutant strain (deficient in β-h/c production) 

and effects on host cell viability were significantly different when compared with the 

normo-haemolytic A909 parent strain. The mutant strain demonstrated 3-fold and 8-fold 

lower levels of association by 6h and 9h respectively, compared with the parent strain. 

Moreover, monolayers infected with the mutant strain were still viable at 24h post 

infection, whereas complete destruction of monolayers was observed by 24h after 

infection with the parent strain. In addition, regardless of the initial infecting dose of the 

mutant bacteria, similar levels of association (~106 cfu/monolayer) were observed by 

24h (P>0.05), probably as a consequence of bacterial growth leading to monolayer 

saturation. However, prolonged incubation of meningioma cell cultures with the mutant 

strain eventually led to monolayer destruction by 48h at all bacterial doses used. 

Comparison of total association between the COH-1 and its capsule deficient 

mutant demonstrated no significant change in association at 3h and 6h (P>0.05). By 9h, 

there was a 3-fold decrease in association by the mutant strain with host cells; however, 
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this did not reach statistical significance (P>0.05). Moreover, monolayers challenged 

with both wild type and mutant strains were intact by 24h and the association of all 

infected doses with the monolayers reached similar levels, but the association level with 

the mutant strain remained lower by approximately 3-folds compared with its parent 

strain at 24h (Figure 4.2). There was no apparent effect of the presence or absence of the 

capsule in terms of affecting the integrity of cell monolayers as judged visually at each 

time point. However, by 48h, both strains caused destruction of cell monolayers 

regardless of the initial inoculum used. 

The hyper-haemolytic NCTC 10/84 wild type strain was compared with isogenic 

mutants each deficient in the expression of a single virulence factor (∆cylE, ∆pilB and 

∆srr-1) (Figure 4.3). The ∆cylE mutant demonstrated the least cytotoxic effect on the 

monolayers, where, contrary to the parent strain, monolayers were intact at 24h. There 

were no differences in the association levels between the mutant and the parent strain 

throughout the 3-9h period (P>0.05), with the exception that the 106 cfu/ml inoculum of 

the mutant did not cause disruption of monolayers, as opposed to the parent strain. 

Challenged monolayers with all inocula of the ∆cylE strain were destroyed by 48h. 

When compared with its NCTC parent strain, there were no significant 

differences in association levels of the ∆pilB mutant at 3h. However, by 6h and 9h, 

there were reduced association levels with host cells by 3-fold and 4-fold difference, 

respectively, but this was not statistically significant (P>0.05). 

By contrast to the ∆pilB mutant, the ∆srr-1 strain demonstrated similar 

association levels when compared to its parent strain, with no significant differences 

throughout the 3-9h time points (P>0.05). Similar to the observations with the parent 

strain, the disruption of the monolayers with the ∆pilB and the ∆srr-1 strains was 

induced by 9h with 106 cfu inocula, and by 24h with all other (101, 102, and 104 cfu) 

inocula tested (Figure 4.3). 
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Figure 4.2: Comparison of total bacterial association of wild type A909 and COH-1 strains with 

their isogenic mutants to human meningioma cell lines over time. Data points represent the 

mean and the error bars the standard errors of the mean of three independent experiments using 

two different cell lines. 
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Figure 4.3: Comparison of total bacterial association of wild type NCTC 10/84 strain with its isogenic mutants to human meningioma cell lines over 

time. Data points represent the mean and the error bars the standard errors of the mean of three independent experiments using two different cell lines.
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Due to the apparent lower association levels observed with the A909 ∆cylE mutant 

strain compared to its wild type strain (Figure 4.2), an additional experiment was set up. 

Our aim in this experiment was to investigate whether the observed lower association 

levels by the mutant bacteria with monolayers was a result of the relative lower growth 

rate of the mutant bacteria in the experimental medium. Cell monolayers were 

challenged with a medium dose of 104 cfu/ml of wild type and mutant bacteria. Total 

bacterial association and bacterial growth in the medium was determined by viable 

counting over a 3-9h period. 

The data in Figure 4.4 demonstrate the observed association levels of the A909 

∆cylE mutant strain in comparison with its parent strain. The mutant showed lower 

association levels by 2-fold, 4-fold and 6-fold by 3h, 6h and 9h post infection, 

respectively. However, the mutant strain exhibited lower growth rates in the medium by 

3-fold, 7-fold and 9-fold by 3h, 6h and 9h, respectively (Figures 4.4A and B). These 

fold differences in the growth rates were taken into consideration when comparing the 

association levels of the mutant bacteria for each time point. Corrected association 

levels of the mutant for each time point was calculated by dividing the total viable count 

(VC) of the mutant by the total viable count of the wild type (VCMT/VCWT) to get the 

correction factor, and then this factor was multiplied by the total association of the 

mutant. By comparing the corrected total association levels of the mutant bacteria with 

the association levels of its parent strain, the mutant bacteria showed less than 1-fold 

(<0.1-log) increase in association levels over the 3-9h period (Figure 4.4C). By taking 

into account the difference in growth rate, the ∆cylE mutant did not show significant 

differences (P>0.05) in association levels in comparison with its parent A909 strain 

over time. Therefore, the mutation did not appear to influence bacterial association, but 

the differences in growth rate did. 
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Figure 4.4: Comparison of total bacterial association and total viable counts of 104 cfu/ml 

inocula of the wild type A909 with the ∆cylE mutant over time. The continuous lines represent 

the total bacterial association to meningioma cells and the dotted lines represent the total viable 

count of the bacteria in the experimental medium. (A) Wild type bacteria, (B) mutant bacteria 

(∆cylE), (C) total association of mutant bacteria after correction in comparison with the parent 

strain. The corrected total association of mutant was calculated by dividing the total viable 

count of mutant by the total viable count of the wild type then multiplied by total association of 

the mutant). Data points show the mean values and the error bars represent the standard 

deviation. 
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4.2.2 Bacterial association with human meningioma cells visualised with scanning 

electron microscopy (SEM) 

Measurements of total bacterial association have shown that GBS mutant bacteria 

associate with human meningioma cells in vitro (Section 4.2.1). Scanning electron 

microscopy (SEM) was then used to confirm bacterial association with meningioma cell 

surfaces at different time points. Figure 4.4 shows the adherence of different GBS 

mutant strains with meningioma cells over time. 

SEM analyses of infection support the viable counts from association 

experiments by demonstrating increases in the numbers of adherent bacteria over time 

and the presence of intact cell monolayers with extended incubation times over 9h for 

these mutants. Figure 4.5A, shows A909 ∆cylE bacteria associated with meningioma 

cell surfaces by 9h, 24h and 36h. At 9h, bacteria showed clusters of long chains adhered 

to host cells. The numbers of adherent bacteria appeared to increase and clusters were 

more frequently seen by 24h, but these numbers did not appear to increase further by 

36h.  

Figure 4.5B shows the adherence of the HY106 capsule deficient mutant to host 

cells over 9h and 24h. The association of bacteria with monolayers was shown with 

numbers increasing over the two time points. The shape of some bacteria appeared less 

regular by 24h compared with their shape at the 9h time point, possibly due to the lack 

of capsule in this particular mutant 

Figure 4.5C shows NCTC 10/84 ∆cylE bacteria adhered to meningioma cells 

over 9h and 24h. Long chains of bacteria were adhered with the surface of the 

monolayers with some bacteria that appeared to be intimately associated with host cell 

surfaces. By 48h, all mutant strains induced the damage of cells and complete 

destruction of monolayers and only scattered bacteria were observed on the surface of 

the Transwells (images not shown). 
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Figure 4.5: Scanning electron microscopy of meningioma cells infected with mutant GBS 

strains at different time points. Monolayers were infected with 104 cfu/ml inocula and then 

processed for SEM at 9h and 24h. (A) A909 ∆cylE, (B) HY106 (Cap−), (C) NCTC 10/84 ∆cylE. 

Arrows indicate regions where GBS appear to be penetrating and/or underneath the cell surface. 

The zoom-in box shows some enlarged HY106 (Cap−) bacteria. 
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4.2.3 Invasion of human meningioma cells by wild type and mutant GBS strains 

Our next question was whether these virulence factors played a role in the ability of 

GBS to invade human meningioma cells. In order to investigate this, monolayers were 

infected with 104 cfu of both wild type and mutant bacteria in parallel and the cellular 

invasion was quantified using the gentamicin assay. For comparison, bacterial invasion 

was determined at 9h post infection, as this particular time point has previously shown 

significant invasion of meningioma cells by wild type bacteria (Section 3.2.3). Figure 

4.6 shows the invasion levels of wild type with their isogenic mutant bacteria at 9h. All 

wild type bacteria (A909, COH-1 and NCTC10/84) demonstrated significant invasion at 

this time point. 

Figure 4.6A shows a comparison of A909 with its ∆cylE mutant and 

demonstrates a 4-fold lower level of invasion by the mutant at 9h. Although the 

invasion level by the mutant was lower compared with the wild type, the invasion level 

was still significant (P<0.05). In addition, invasion of monolayers by mutant bacteria 

was determine at 24h post infection, as monolayers were still intact and at this time 

point about 7,400 cfu were recovered per monolayer (P<0.05). This value could not be 

compared to invasion by wild type bacteria as the latter induced complete destruction of 

the monolayers by 24h (Figure 4.6A). 

Figure 4.6B shows invasion of monolayers by COH-1 and its isogenic capsule 

deficient mutant. Both strains exhibited significant invasion by 9h (P<0.05). Compared 

with the parent strain, the mutant bacteria exhibited a less than 2-fold decrease in 

invasion, but this difference did not reach significance (P>0.05). Invasion assays were 

not carried out at 24h as the monolayers showed significant induction of cell death as 

previously demonstrated by the LIVE/DEAD assay (Section 3.2.5). 

Figure 4.6C demonstrates the invasion of monolayers by the NCTC wild type 

bacteria and the isogenic mutant bacteria deficient in the virulence factors β-h/c, PilB 

and Srr-1. The wild type strain, significantly (P<0.05) invaded meningioma monolayers 

by 9h. By comparison, the ∆cylE (β-h/c deficient) showed an increase in the observed 

invasion levels by 5-fold and this increase was significantly higher than the parent strain 

(P<0.05). Attempts to determine the invasion of this strain at 24h were carried out but a 

high background of cytochalasin (CD) bars was observed and the invasion was not 

significant (P>0.05). 

By contrast, the ∆pilB strain exhibited a lower level of invasion by 

approximately 2-fold and ∆srr-1 strain conversely exhibited a higher level of invasion 
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by approximately 2-fold at 9h, but both of these changes in invasion levels were not 

significantly different from their NCTC parent strain (P>0.05). The invasion levels 

could not be compared at 24h as complete destruction of cell monolayers was induced 

by the ∆pilB and ∆srr-1 strains. 

When expressed as invasion rates (i.e. the percentage of internalised 

bacteria/initial inoculum) and relative invasion (of each mutant to its parent strain), 

comparison of the normo-haemolytic A909 and its β-h/c deficient mutant at 6h and 9h 

revealed an invasion rate of 32% and 21% relative to its parent strain, respectively (i.e. 

3-fold and 5-fold decrease in invasiveness compared to the parent strain, respectively) 

P<0.05 (Table 4.1 and Figure 4.7A). By contrast, the NCTC10/84 β-h/c deficient 

mutant demonstrated more than 4-fold increase in invasiveness compared to its hyper-

haemolytic parent strain (P<0.05) (Table 4.1 and Figure 4.7C). 

Comparison of the invasion rates and relative invasions of the capsule deficient 

strain HY106 strain (Figure 4.7B), as well as the NCTC ∆pilB and NCTC ∆srr-1 

(Figure 4.7C), each with their corresponding parent strains at 9h revealed no significant 

effect (P>0.05) of the deletion expression of these virulence factors on the ability of 

these strains to invade meningeal cells (Table 4.1).
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Figure 4.6: Comparison of bacterial invasion of meningioma cells by wild type and mutant 

GBS strains. (A) Wild type A909 and β-h/c deficient mutant. (B) Wild type COH-1 and capsule 

deficient mutant. (C) Wild type NCTC 10/84 and β-h/c, pilB, and srr-1 deficient mutants. 

Gentamicin bars show internalised bacteria determined by viable counting after treating the 

monolayers with gentamicin to kill extracellular bacteria. Cytochalasin D (CD) bars show 

reduced invasion due to inhibition of cell microfilament activity by treating monolayers with 

2µg/ml of CD prior to adding bacterial inocula. Bars represent the mean values of recovered 

internalised bacteria by cells infected with 104 cfu/ml inocula. The error bars represent the SEM 

from at least three independent experiments. 
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Table 4.1: Invasion rates and relative invasion of wild type and mutant GBS strains 

Bacterial strain 

Mean cfu counts ± SEM 

Initial 
inoculum 

(x104 cfu/ml) 

Internalised cfu  
(cfu/monolayer) 

Invasion ratea 
(%) 

Relative 
invasionb 

(%) 

A909 (WT) 6h 1.0 480 ± 57 5.3 ± 0.14 100 ± 2.6 

A909 ∆cylE* 1.1 174 ± 28 1.7 ± 0.45 32.2 ± 8.5 

A909 (WT) 9h 1.0 4,962 ± 1629 48.3 ± 11.5 100 ± 23.9 

A909 ∆cylE* 1.1 1,187 ± 236 10.5 ± 1.5 21.8 ± 3.1 

COH-1 (WT) 9h 1.1 2,833 ± 598 25.9 ± 5.1 100 ± 19.7 

HY106 (Cap−) 1.0 1,836 ± 289 19.5 ± 3.8 75.3 ± 14.7 

NCTC 10/84 (WT) 9h 1.0 506 ± 91 5.1 ± 0.94 100 ± 18.6 

NCTC ∆cylE* 1.0 2,390 ± 413 23.9 ± 5.3 470 ± 105 

NCTC ∆pilB 1.1 340 ± 60 3.14 ± 0.4 61.8 ± 7.7 

NCTC ∆srr-1 1.1 673 ± 235 6.4 ± 2.3 126 ± 44.5 

* Invasion rate at time point is significantly different compared to parent strain (P<0.05). 
a Invasion rate = (internalised cfu/initial inoculum) x100 as described by Rubens et al. (1992). 
b Relative to invasion rate of parent strain (100%). SEM of at least 3 independent experiments. 
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Figure 4.7: Relative invasion (RI) of meningioma cells by wild type and mutant GBS strains. 

(A) A909 and ∆cylE strains at 6h and 9h. (B) COH-1 and Cap− strains at 9h. (C) NCTC10/84, 

∆cylE, ∆pilB and ∆srr-1 strains at 9h. The bars show bacterial invasion of each mutant relative 

to its parent strain (100%) at the time point. Error bars represent SEM from at least three 

independent experiments. 
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4.2.4 Release of LDH from human meningioma cells challenged with wild type and 

mutant GBS strains 

As the β-h/c toxin expressed by GBS was shown to have a significant effect during 

interaction with host cells, the effect of the bacteria-associated toxin was further 

investigated using cytotoxicity assays. In order to demonstrate the role of the β-h/c in 

meningioma cell death, monolayers were infected with wild type and β-h/c deficient 

mutants, and the release of LDH from meningioma cells was quantified.  

We tested the hypothesis that the expression of the β-h/c by wild type GBS was a 

significant contributing factor to meningioma cell death and that cell injury would 

be significantly reduced, following infection with GBS strains that did not express 

the toxin.  

In our experiments, monolayers of meningioma cells were infected with wild type and 

∆cylE mutant GBS with MOIs ranging from 0.03-3000 cfu/cell. Measurements of LDH 

release were taken at 9h post infection as it was demonstrated in previous LDH release 

experiments (section 3.2.4) that cell death was significantly induced by wild type GBS 

at this time point, with MOIs of more than 0.3cfu/cell. Two β-h/c deficient (∆cylE) 

mutants were tested for their ability to induced meningioma cell death alongside their 

normo- and hyper-haemolytic parent strains (A909 and NCTC 10/84). 

As shown in Figure 4.8, LDH release was significantly induced by wild type 

bacteria at 9h. The A909 strain induced approximately 75% LDH release with an MOI 

of 3000cfu/cell (Figure 4.8A), whereas the NCTC84/10 strain induced approximately 

60% cell death with an MOI of >0.3cfu/cell (Figure 4.8B). By contrast, both of the 

∆cylE mutants did not induce any significant LDH release above the base line (average 

of 6.4±0.8%) with any of the tested MOIs by 9h (Figure 4.8A and B). In addition, 

measurement of LDH release was carried out at 24h post infection with a full range of 

MOIs (0.03-3000cfu/cell) and there was no significant release of LDH above the base 

line (average 6.3±1.6%) by this time point either (Figure 4.9). 

Taken together, these data suggest that host cell injury and death induced by 

GBS bacteria can, to a great extent, be attributed to the expression of the β-h/c, and that 

deletion of the expression of this toxin by GBS can greatly prolong the viability of 

challenged meningioma cells. 
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Figure 4.8: LDH release from meningioma cells induced by different concentrations of wild 

type and mutant GBS strains at 9h. (A) A909 wild type and ∆cylE mutant. (B) NCTC 10/84 

wild type and ∆cylE mutant. Base line LDH release was measured from uninfected monolayers 

at 9h. Results shown are the mean values of LDH release compared with maximum release by 

lysed cells and error bars are the SEM from at least two independent experiments. The low LDH 

release observed with the MOI of 3000 of the wild type NCTC strain is a consequence of 

overgrowth of bacteria leading to acidification (as judged by the colour of the pH indicator) of 

the experimental medium, thus, reducing the activity of LDH enzyme. 
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Figure 4.9: LDH release from meningioma cells challenged with the A909 ∆cylE mutant for 

24h. Base line LDH release was measured from uninfected monolayers at 24h. Results shown 

are mean values of LDH release and error bars are the SEM from three independent 

experiments. 

4.2.5 Confocal assessment of cell death using the LIVE/DEAD® assay 

The results from LDH experiments (Section 4.2.4) demonstrated the effects of the β-h/c 

expression on cell death. In order to confirm these findings, the LIVE/DEAD assay was 

used as a visual method to assess host cell viability and cytotoxicity. 

Meningioma monolayers were challenged with 3 different MOIs (0.3, 30 and 

3000 cfu/cell) of wild type bacteria and their derived isogenic mutants. The choice of 

these inocula was based on the observations made from the LDH results, so that varying 
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time point when cell death was more likely to occur. Additionally, cells were challenged 
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point. 
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the highest MOI used (3000cfu/cell). By contrast, the hyper-haemolytic NCTC 10/84 

wild type strain was more cytotoxic, where it induced cell death by 9h with a medium 

MOI (30cfu/ml). Both of the non-haemolytic mutant strains did not induce cell death 

with the low and medium MOIs tested (0.3 and 30cfu/cell respectively), however, there 

was some induction of cell death with the highest MOI of 3000cfu/cell, where the 

monolayers showed some uptake of the red dye (approximately 30%), but the majority 

(approximately 70%) of cells were stained green and the monolayers were completely 

intact. This is in contrast to what was observed with both of the parent strains, where the 

same MOI (3000cfu/cell) caused the complete destruction of monolayers (Figures 

4.10A and B). 

Confocal imaging of cells challenged with both mutant strains was also carried 

out at 24h in order to observe the effect of these mutants at this time point. Infected 

monolayers were completely intact by 24h, but different staining reactions were 

observed (Figures 4.10A and B). Cells within monolayers challenged with the A909 

∆cylE strain were completely green when tested with low and medium MOIs (0.3 and 

30cfu/cell, respectively), but about 30% of the cells appeared shrunken and smaller in 

size when compared with uninfected cells (Figure 4.10C). The highest MOI tested 

(3000cfu/cell) of the A909 ∆cylE strain did not induce destruction of the monolayers, 

but the majority of cells (approximately 80%) were stained red (Figure 4.8A). 

Monolayers infected with the NCTC ∆cylE strain demonstrated a gradual 

increase in cell death with the different MOIs tested by 24h (Figure 4.10B). As judged 

by the uptake of the red dye by infected cells, an MOI of 0.3cfu/cell induced the death 

of approximately 70% of the monolayer. The percentage of dead cells increased to 

about 90% with an MOI of 30cfu/cell, and finally reached complete staining of the 

monolayer with the red dye with an MOI of 3000cfu/cell; however the monolayers were 

still intact at all tested MOIs at 24h despite the non-viability of the cells (Figure 4.10B). 

These experiments clearly demonstrated that the ability of the GBS bacteria to 

induce meningioma cell death strongly correlated with expression of the β-h/c toxin. 

The lack of expression of this toxin significantly prolonged the viability of cells and the 

integrity of the monolayers following bacterial infection. 
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Figure 4.10: Confocal microscopy images of meningioma cells challenged with different 

concentrations of wild type and mutant GBS strains for 9h and 24h. (A) cells challenged with 

GBS A909 wild type and ∆cylE (β-h/c deficient) strains. (B) cells challenged with GBS NCTC 

10/84 wild type and ∆cylE (β-h/c deficient) strains. (C) uninfected meningioma cells. The red 

colour corresponds to dead cells, whereas the green colour corresponds to viable cells. The scale 

bar at bottom right of each image measures 75µm (x40 magnification). 
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4.3 Induction of cytokine production by wild type and mutant GBS strains from 

human meningioma cells 

Our previous results (section 3.3) have shown that infection with wild type GBS did not 

induce cytokine release by meningioma cells. In addition, results from cytotoxicity 

assays (Sections 4.2.4 and 4.2.5) have demonstrated that cells infected with GBS 

mutants deficient in β-h/c production were viable for longer periods compared with 

cells infected with β-h/c expressing strains. We tested the hypothesis that challenge with 

β-h/c deficient bacteria allows cell machinery to synthesise and secrete cytokines as the 

host cells are still viable. We also investigated other mutants (deficient in capsule, PilB 

and Srr-1 expression) but these were β-h/c expressing strains, so we hypothesised that 

they would not induce a cytokine response. 

Experimental culture supernatant samples were collected from all meningioma 

cell infection experiments and they were analysed for cytokine production using 

specific immunoassays. Figures 4.11, 4.12 and 4.13 show a comparison of the profiles 

of cytokine secretion by meningioma cells following infection with all 3 wild type 

strains and their derived mutants. 

Compared with uninfected control cells, and regardless of bacterial 

concentration, wild type and mutant bacteria were unable to induce the production of 

significant amounts of any IL-6, IL-8, MCP-1 or RANTES by 24h (P>0.05). In 

addition, supernatants collected from cells infected with ∆cylE mutants for 48h post 

infection showed no significant secretion of these four cytokines (P>0.05). 

However, there was some production (P<0.05) of IL-8 at 24h by the HY106 

mutant (capsule deficient) compared with uninfected cells (Figure 4.12). The level of 

IL-8 production by the HY106 strain was about 1ng/ml, but this level was not 

significantly higher than the level induced by its parent strain <0.5ng/ml (P>0.05).  

Nonetheless, there was some induction of GM-CSF production in comparison 

with levels measured from uninfected control cells, but the amounts detected were not 

always significant and variable from one experiment to another, and were always less 

than 1ng/ml (Figures 4.11-13). 

By contrast, and as a positive control to demonstrate the innate response of the 

monolayers, infection with 104 cfu/ml of N. meningitidis strain MC58 induced 

significant production (P<0.05) of IL-6 (62 and 250ng/ml), IL-8 (145 and 330ng/ml), 

MCP-1 (50 and 105ng/ml), RANTES (18 and 58ng/ml) and GM-CSF (0.63 and 

6.3ng/ml) by 24h and 48h, respectively (Figure 4.9-13), as compared with both control, 

uninfected cells (P<0.05) and cells infected with any of the GBS strains (P<0.05). 
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Figure 4.11: Cytokine secretion by meningioma cells infected with A909 wild type, A909 

∆cylE mutant (101-106 cfu/ml) and N. meningitidis MC58 (104 cfu/ml). The bars represent the 

mean concentration of cytokine secretion measured from supernatants collected at the time 

points shown in brackets and the error bars represent the SEM from at least two independent 

experiments. 
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Figure 4.12: Cytokine secretion by meningioma cells infected with COH-1 wild type and 

HY106 capsule deficient mutant (101-106 cfu/ml) and N. meningitidis MC58 (104 cfu/ml). The 

bars represent the mean concentration of cytokine secretion measured from supernatants 

collected at the time points shown in brackets and the error bars represent the SEM from at least 

two independent experiments. 
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Figure 4.13: Cytokine secretion by meningioma cells infected with NCTC 10/84 wild type, 

isogenic mutant strains (101-106 cfu/ml) and N. meningitidis MC58 (104 cfu/ml). Mutant strains 

deficient in expression of β-h/c, PilB and Srr-1. The bars represent the mean concentration of 

cytokine secretion measured from supernatants collected at the time points shown in brackets 

and the error bars represent the SEM from at least two independent experiments. 
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5.1 Relative growth of wild type and mutant GBS in Todd Hewitt broth (THB) 

Prior to preparation of β-h/c extracts from GBS strains, growth experiments were done 

to compare the growth of bacterial suspensions with defined inocula for both of the 

normo-haemolytic (A909) and hyper-haemolytic (NCTC 10/84) wild type strains 

alongside their isogenic mutant strains that are deficient in β-h/c production. The 

relative growth rates of the GBS strains were compared in Todd Hewitt broth 

(Appendix I), which was the medium used to grow the bacteria for extract preparations. 

This was done to observe if there were any differences in relative growth of wild type 

bacteria with their isogenic mutants in the broth over the same time period that the 

bacteria required to reach their logarithmic phase. 

The logarithmic growth of 2 wild type strains alongside their derived mutants 

was compared (Figure 5.1). When bacterial suspensions were prepared, tubes containing 

THB were inoculated with 106 cfu/ml and viable counts of bacterial growth at several 

time points in the logarithmic phase were made (Figure 5.1). The NCTC ∆cylE mutant 

showed a similar growth curve to its parent strain over the 5h period. By contrast, the 

mutant derived from the A909 strain demonstrated a slower growth rate, where the 

differences in relative growth were approximately <0.5-log lower by 2h and 3h, and <1-

log lower by 4h and 5h (Figure 5.1). These patterns of relative growth were similar to 

those that were previously observed (Section 4.1) in the experimental medium (DMEM) 

used in challenge experiments cell culture. 
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Figure 5.1: Growth comparison of wild type GBS serotypes and their isogenic mutants over 

time. Bacterial suspensions (106 cfu/ml) were grown in parallel over a period of 5h in Todd 

Hewitt broth. Results shown are mean number of viable bacteria with standard error bars. 

5.2 Estimation of the haemolytic activity of crude β-h/c extracts using the 

haemoglobin release assay 

In order to treat meningioma cells with crude β-h/c extracts from wild type and mutant 

GBS strains, the haemolytic activity of these extracts was determined. This was done so 

that the potency of different extracts could be estimated and the extracts could be tested 

and compared with each other. The crude extracts were tested in serial dilutions and the 

highest dilution that caused the lysis of ≥50% of the red cell suspension was considered 

the end point.  

Figure 5.2 shows the haemolytic activity of different β-h/c extracts from wild 

type GBS and their isogenic mutant strains that are deficient in haemolysin production. 
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Extracts from the hyper-haemolytic NCTC 1084 strain showed the highest haemolytic 

activity, with an endpoint of 1 in 256. Extracts from the normo-haemolytic A909 strain 

showed an end point that was lower than the NCTC extract by one doubling dilution (1 

in 128). By contrast, extracts prepared from β-h/c deficient mutants demonstrated no 

significant haemolytic activity (<50%) even with the highest concentration tested (1 in 

4) Figure 5.2. 

 

 
Figure 5.2: The haemolytic activity of different β-h/c extracts prepared from wild type and 

mutant GBS strains. Red cells (1% v/v) were treated with doubling dilutions of crude extracts. 

The activity was determined by measuring the release of haemoglobin (Hb) and a cut off value 

of 50% haemolysis was used to define the end point (dotted line). 

In order to investigate the observation that extracts from the wild type NCTC 

strain were twice as haemolytic as those prepared from the wild type A909 stain, 

suspensions containing 106 cfu/ml of each wild type strain were grown in parallel for a 

period of 4h, by which time viable counts as well as measurements of O.D. and 

bacterial wet weight were determined. 

 Shown in Table 5.1, the NCTC strain demonstrated 2-fold higher levels of activity for 

all tested parameters in comparison with the A909 strain. Both strains started from 

almost the same concentration of bacterial suspension at 0h (1.1x106 and 1.08x106 

cfu/ml for the NCTC and A909 strains, respectively). After preparing β-h/c extracts 

from these cultures, the end points of these extracts were determined using the 

haemolytic assay. The NCTC extract showed an end point (1/256) that was higher by 

one doubling dilution (2-fold difference) than the end point of the A909 extract (1/128). 
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Taken together, these data strongly suggest that the hyper-haemolytic activity of the 

NCTC strain can most likely be attributed to the 2-fold difference in its growth rate in 

comparison to the A909 strain. 

 
 

 

 

 

5.3 Induction of meningioma cell death by β-h/c extracts and the effect of DPPC on 

inhibition of cell death 

i) Measurement of cell death induced by β-h/c extracts using the LDH release assay 

In order to demonstrate the role of the β-h/c on meningioma cell death, monolayers 

were treated with extracts prepared from wild type and β-h/c deficient mutants, and the 

release of LDH from meningioma cells was quantified.  

We tested two hypotheses: 

1. that a β-h/c extract induces meningioma cell death and conversely an extract 

prepared from a β-h/c mutant is non-toxic. 

2. that the β-h/c extract-induced cytotoxic effects could be neutralised by the 

lung surfactant DPPC.  

In our experiments, monolayers of meningioma cells were treated with equal volumes 

of crude haemolysin extracts prepared from two wild type strains (A909 and NCTC 

10/84) and their isogenic ∆cylE mutants. Measurements of LDH release were taken at 

9h post infection, as it was demonstrated in previous LDH release experiments (section 

3.2.4) that cell death was significantly induced by wild type GBS at this time point. 

Figure 5.3 shows the LDH release from meningioma cells treated with β-h/c 

extracts. Both extracts from wild type bacteria were able to induce significant levels 

(P<0.05) of LDH release from host cells by 9h. Moreover, the extract prepared from the 

hyper-haemolytic NCTC strain induced LDH release by approximately 60% by 9h, 

whereas an equal volume of extract prepared from the normo-haemolytic A909 strain 

induced half as much LDH release (28%) by 9h (Figure 5.3). By contrast, extracts 

prepared from both of the ∆cylE mutants did not induce any significant release of LDH 

above the base-line level (mean 4.1±0.9%). As demonstrated previously in Section 5.2, 

Table 5.1: Comparison of growth of wild type NCTC and A909 GBS at 4h 

Parameter NCTC A909 Fold difference 

O.D. (Visual 600nm) 1.01 0.48 2.2 

Viable count (cfu/ml) 5.8x108 2.5x108 2.1 

Wet weight (g) 0.384 0.172 2.3 
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the number of HU/ml of the extracts was determined, and an equal volume of these 

extracts contained 100HU and 50HU for the NCTC and the A909 wild type strains, 

respectively. 

Furthermore, when DPPC (3mg/ml) was used, the LDH release that was induced 

by extracts from both wild type strains was significantly reduced to base-line and 

mutant levels (P<0.05). There was a 94% and 84% reduction of cell death when DPPC 

was used with monolayers treated with extracts from NCTC and A909 strains, 

respectively (Figure 5.3). 

These results suggest that host cell injury induced by GBS extracts is dependent 

on the presence of β-h/c in these extracts, and that the amount of HU contained in these 

extracts correlates with the level of observed meningioma cell death. 
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Figure 5.3: LDH release from meningioma cells induced by β-h/c extracts and the inhibition of 

cell death by DPPC by 9h. Cell monolayers were treated with crude extracts prepared from wild 

type NCTC and A909 strains (containing 100HU and 50HU, respectively). Equal volumes of 

extracts prepared from their β-h/c deficient mutant strains were also used. DPPC (3mg/ml) was 

used to inhibit the cytotoxic effects of the β-h/c on host cells. Results shown are mean values of 

LDH release and error bars are the SEM from four independent experiments using two 

independent batches of β-h/c extracts. Arrows indicate the percentage inhibition of LDH release 

in the presence and absence of DPPC. 
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ii) Confocal assessment of cell death induced by β-h/c extracts using the LIVE/DEAD® 

assay 

Results from LDH experiments (see above) demonstrated the effect of the crude β-h/c 

extracts on the induction of cell death. In order to confirm these results, the 

LIVE/DEAD assay was used as a visual method to assess cell viability and cytotoxicity. 

Meningioma monolayers were treated with equal volumes of crude extracts 

prepared from the wild type NCTC 10/84 strain and its isogenic ∆cylE mutant strain. 

The dose of extract from the wild type strain contained 250HU/monolayer, which is 

equivalent to 50HU/monolayer in LDH release experiments. In addition, DPPC was 

added at a final concentration of 3mg/ml to confirm its protective effect against the 

cytotoxic activity of the β-h/c on meningioma cells, which was previously demonstrated 

using the LDH release assay (section above). 

Figure 5.4 shows the effect of the β-h/c extracts from wild type and mutant GBS 

strains on meningioma cell monolayers at 9h and the effect of DPPC (3mg/ml) on cell 

death. Upon examination of the confocal images, a dose of extract prepared from the 

wild type GBS strain (containing 250HU) was able to induce cell injury by 

approximately 40% as judged by the uptake of the red dye by the monolayer treated for 

9h (Figure 5.4A). By contrast, the extracts from the ∆cylE strain did not induce cell 

injury as the monolayer took up the green dye with no significant signs of cell death 

(Figure 5.4C). Moreover, by comparing Figures 5.4A and 5.4B, the use of DPPC 

(3mg/ml) was able to reduce the induced cell death to a similar level that was observed 

with the mutant extract (Figure 5.4C). 

These data have confirmed the results that were observed in the LDH release 

experiments with β-h/c extracts (Figure 5.3). The ability of the GBS crude extract to 

induce meningioma cell death strongly correlated with the presence of the β-h/c toxin in 

the extract. Furthermore, neutralising the cytotoxic effects of this toxin by the use of 

DPPC has a significant effect by ensuring the viability of meningioma cell monolayers. 
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Figure 5.4: Confocal microscopy images of meningioma cells treated with β-h/c extracts 

prepared from wild type and mutant GBS strains for 9h. (A) Monolayer treated with a dose of β-

h/c extract containing 250HU. (B) Monolayer treated with DPPC (3mg/ml) and 250HU of 

extract. (C) Monolayer treated with equivalent volume of extract prepared from the ∆cylE (β-

h/c deficient) mutant strain. The red colour corresponds to dead cells, whereas the green colour 

corresponds to viable cells. The scale bar at bottom right of each image measures 75µm (x40 

magnification). 
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5.4 Does the β-h/c toxin induce cytokine production by meningioma cells? 

Previous studies have shown that cell free extracts prepared from wild type GBS 

containing 25HU of β-h/c activity were able to induce significant amounts of IL-8 from 

BMECs (Doran et al., 2003).  

We tested the hypothesis that treatment with crude GBS extracts containing β-

h/c activity induced an inflammatory response from meningioma cells.  

The production of pro-inflammatory (IL-6), chemoattractant (IL-8, MCP-1 and 

RANTES) and growth-factor related (GM-CSF) cytokines from meningioma cells was 

measured. The cell monolayers were treated with crude GBS extracts (prepared from 

the wild type NCTC 10/84 strain) containing 25 and 50HU and equivalent volumes of 

the extract from the isogenic ∆cylE mutant strain were used. Experimental culture 

supernatant samples were collected after 24h and they were analysed for cytokine 

production using specific immunoassays. 

Figure 5.5 shows the profiles of cytokine production by meningioma cells 

following treatment with β-h/c extracts from wild type and mutant GBS by 24h. 

Compared with uninfected control cells, there was a dose-dependent increase in IL-8 

production with increasing amounts of β-h/c extract, but the mutant extract appeared to 

induce similar levels of IL-8 (P>0.05). However, these levels of secretion were not 

significant (P>0.05) in comparison with untreated control cells (Figure 5.5). In addition, 

there was no significant production of IL-6 (<1ng/ml) or any of the other cytokines 

(MCP-1 or RANTES) (<10ng/ml) or GM-CSF (<0.1ng/ml) in comparison with 

production from untreated (control) cells by 24h (Figure 5.5). 
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Figure 5.5: Cytokine secretion by meningioma cells treated with β-h/c extracts prepared from 

wild type and mutant GBS strains. Monolayers were treated with extracts containing 25 and 

50HU from the wild type GBS, and equivalent volumes of extract from ∆cylE strain were used. 

Untreated monolayers were included as control. The bars represent mean concentration of 

cytokine secretion measured from supernatants collected at 24h post-treatment and the error 

bars represent the SEM from at least two independent experiments. 
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CHAPTER SIX  

PILOT STUDY 

Analysis of host RNA 
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6.1 Introduction: analysis of gene expression using microarray technology 

Microarray technology, also known as cDNA expression array and DNA chip 

technology, is a molecular technique that is used to assess the level of RNA species, 

known as transcriptome, within the population of RNA of a living cell. The use of this 

technology can provide valuable information about the expression of genes, including 

target genes of interest, in the cell under certain conditions or upon stimulation with 

specific stimuli (Young, 2000). Previous methods for gene expression were limited to a 

small number of genes, however, with recent advances in gene sequencing and the 

development of robotic technologies, it is possible to analyse the complete genome of 

living cells by the use of microarray technology (Dale and Park, 2004). Microarray 

technology has numerous applications such as the identification of pathogen virulence 

factors, understanding host-pathogen interactions and the regulation (up or down 

regulation) of gene expression of different cells under different experimental conditions 

(Leroy and Raoult, 2010). 

 

6.2 Previous microarray studies 

The meningioma cell culture model has been previously analysed for gene expression 

using microarray technology upon infection with N. meningitidis (Wells et al., 2001). 

The expression of 3,528 genes in meningioma cells was analysed and it was reported 

that 36 genes showed a change in transcription levels (32 genes up-regulated and 4 

down-regulated) upon stimulation with an MOI of 4 (cfu/cell) (107/2.3x106) for 4h. It 

was demonstrated that the expression levels of genes associated with host-inflammation 

such as IL-6, IL8, MIP-2α, MCP-1 and TNF-α were increased. In addition, host genes 

that are associated with apoptosis such as interferon regulatory factor-1 (IRF-1) and 

osteopontin (Opn) were up-regulated, whereas genes such as caspase-10 and brain-

derived neurotrophic factor (BDNF) were down-regulated. The study provided evidence 

that meningioma cells could be active participants in the immune response during 

meningococcal meningitis. 

The microarray technology has also been adapted for investigating the 

pathogenesis of GBS and for understanding the role of different GBS virulence factors 

during infection. In one study, wild type GBS (serotype III) and two derived mutants 

each deficient in β-h/c and capsule production were used to investigate the 

transcriptional responses of human brain microvascular endothelial cells (BMECs) 

(Doran et al., 2003). The gene expression analysis of 12,000 genes revealed that 80 
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genes showed a change in transcription levels upon challenge for 4h. Infection with the 

wild type strain had a strong effect on the induction of IL-8, Groα, Groβ (neutrophil 

chemo-attractants) and IL-6 genes, where the transcription levels of these genes was 

increased by approximately 60, 42, 23 and 14-fold, respectively. By contrast, the 

capsule deficient mutant and its parent strain were similar with respect to gene 

induction, whereas the β-h/c deficient mutant exhibited a significant reduction (by 2 to 

4-fold) in the expression of IL-8, Groα, Groβ and IL-6 genes. The findings of this study 

demonstrated a key role of the β-h/c in activating important host inflammatory proteins, 

particularly those involved in neutrophil recruitment, during infection of the brain 

endothelium (Doran et al., 2003).  

Microarrays have also been used to compare the bacterial gene expression of 

wild type and mutant GBS strains. The ciaR/H (response regulator) genes are a two 

component regulatory system discovered in GBS that was shown to play an important 

function in bacterial survival within host cells such as human neutrophils and brain 

endothelial cells (Quach et al., 2009). Microarrays were used to compared the gene 

expression during the logarithmic growth of a wild type (serotype III) GBS and its 

derived ∆ciaR mutant, so that the role of the ciaR gene in GBS virulence could be 

determined. When the gene expression profiles of the two strains were compared, one 

gene (purQ) was up-regulated and was linked to purine and pyrimidine biosynthesis. By 

contrast, seven genes were down-regulated, four of which encoded proteins with no 

known function, whereas the other three down-regulated genes encoded proteins that 

belonged to metallopeptidases that were involved in proteolysis. These findings 

suggested that these proteins with the proteolytic functions may be linked to the ability 

of the wild type GBS to the resistance of host clearance and the increased survival 

during systemic infections (Quach et al., 2009). 

Microarray analysis has also provided new insights of the crucial role of the 

covR gene in regulating the expression of important virulence factors in GBS (Lembo et 

al., 2010). By studying the transcriptional profiles of human brain endothelial cells 

(BMECs) infected with a wild type (serotype Ia) and its isogenic ∆covR mutant, the role 

of the covR gene could be investigated. The covR gene in GBS was shown to up-

regulate and down-regulate 64 and 89 bacterial genes respectively. The mutant strain, 

compared to the parent strain, demonstrated a 21-fold increase in transcription of cylE 

gene and a 7-fold increase in CAMP factor. Furthermore, compared to the parent strain, 

the covR deficient mutant induced the transcription of 29 genes in BMECs by 3 to 20-

fold, including genes associated with production of cytokines/chemokines such as IL-8, 
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IL-6 and IL-11. It was also demonstrated that the covR positively regulated its own 

expression by binding to the promoter PcovR. 

A study was also carried out using microarray analysis to investigate the effect 

of the different environments on the growth of GBS, which was done by comparing the 

transcriptome of GBS (serotype III) grown in Todd-Hewitt broth (THB) and human 

amniotic fluid (AF) (Sitkiewicz et al., 2009). It was demonstrated GBS does not 

undergo a stress response when grown in AF, but rather adapts to the environment. This 

was shown by the up-regulation of genes that are involved in basic bacterial 

metabolism, such genes that encode systems for amino acid transport, nucleic acid 

synthesis, and carbohydrate metabolism. Other up-regulated genes that are involved in 

bacterial virulence included genes encoding the β-h/c (cyl operon) and IL-8 proteinase, 

whereas genes encoding the polysaccharide capsule (cps gene cluster) and laminin 

binding protein (lmb) were down-regulated. Such changes in expression of virulence 

factors could have an impact on host-pathogen interaction and disease progression 

(Sitkiewicz et al., 2009). 
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6.3 Chapter results: Pilot analysis of meningioma RNA extracts during infection with 

wild type and mutant GBS strains 

In order to investigate host gene expression of meningioma cells during infection with 

GBS strains, cell monolayers were challenged with the wild type A909 (serotype Ia) 

and its derived isogenic β-h/c deficient mutant (∆cylE). Meningioma cell monolayers 

were challenged at an MOI of 10 (cfu/cell) and incubated for 2h, 4h, 6h and 8h upon 

which the extraction of host RNA was carried out. Uninfected (negative control) 

meningioma cells were included at each time point for comparisons of gene expression. 

After the extraction of host RNA, RNA analysis was carried out to determine the quality 

and integrity of RNA samples prior to microarray analysis. 

 Table 6.1 summarises the analyses of host RNA extracts at different time points 

upon stimulation with wild type and mutant GBS, as well as uninfected control cells. A 

total number of 12 samples were tested. The amount (quantity) of RNA that was 

extracted from the samples ranged from 561-3,617 ng/µl and the majority of these 

samples (11/12) contained >1,300ng/µl of RNA. 

In addition, in order to assess the integrity (quality) of the RNA in these 

samples, two indicators were considered; the ribosomal RNA (rRNA) ratio and the 

RNA integrity number. An rRNA (28s/18s) ratio of 2.1 is generally considered an 

indication of intact RNA. The majority of these samples (10/12) showed an rRNA ratio 

of 2.0-2.2. Furthermore, an RNA integrity number (RIN) value of 10 reflects optimal 

RNA integrity. All tested samples demonstrated an RIN of 10. 

Furthermore, these results were visually confirmed by electrophoresis (Figure 

6.1). All RNA samples (from host cells infected with the wild type and the mutant, as 

well as uninfected cells) produced dark visible bands representing the 18S and the 28S 

subunits of eukaryotic RNA. Appendix VIII shows the electropherograms and RNA 

analyses of all tested samples. 

Taken together, the results from the RNA analysis demonstrated the high quality 

of all tested RNA extracts and the quantity of RNA in these extracts was sufficient for 

future microarray analysis. 
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Table 6.1: RNA analysis of infected meningioma cells with GBS strains 

Sample RNA concentration 
(ng/µl) 

rRNA Ratio 
(28s/18s) 

RNA Integrity Number 
(RIN) 

2h NC 561 2.5 10 

2h WT 2,078 2.1 10 

2h MT 1,329 2.1 10 

4h NC 2,321 2.0 10 

4h WT 2,090 2.1 10 

4h MT 1,689 2.1 10 

6h NC 2,198 2.1 10 

6h WT 2,461 2.1 10 

6h MT 3,617 2.1 10 

8h NC 1,565 2.2 10 

8h WT 1,632 2.2 10 

8h MT 1,962 2.3 10 

NC, negative control (uninfected); WT , wild type A909; MT , mutant (A909 ∆cylE). 
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Figure 6.1: Electrophoresis run of RNA extracts. Total RNA was extracted from meningioma 

cells at 2h, 4h, 6h and 8h post infection. The two dark bands (red arrows) for each sample 

represent the 28S and 18S subunits of eukaryotic RNA. The green bands show the marker bands 

as an indication of a successful run. NC, negative control (uninfected); WT , wild type (A909); 

MT , mutant (A909 ∆cylE).
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6.4 Chapter discussion 

The expression of the β-h/c by GBS strains was shown in our infection assays and cell 

viability/cytotoxicity assays to play a significant role during infection of meningioma 

cells. During GBS infection of meningioma cells, we observed no induction of 

inflammatory proteins (IL-6, IL-8, MCP-1, RANTES or GM-CSF). These findings were 

also observed with the β-h/c deficient mutant bacteria, even though the viability of 

infected cells was significantly extended for >24h post infection. 

In order to gain deeper understanding of the host response to infection with GBS 

strains expressing or lacking a key virulence factor, the β-h/c toxin, pilot host gene 

expression analysis was carried out. The analysis of RNA extracts showed good 

quantity and integrity of these extracts which qualifies them for further investigations. 

Using the microarray technology, we should be able to determine the role the β-h/c 

during infection of meningioma cells and its contribution to the overall picture of host 

inflammation and host cell death. Previous studies have demonstrated the important role 

of the β-h/c toxin during meningitis by inducing the production of key inflammatory 

mediators from the brain endothelium as demonstrated by Doran et al. (2003).  

 We hypothesise that GBS would induce key genes during infection of 

meningioma cells, particularly those involved in host immune response and cell death. 

Gene expression analysis can potentially provide useful information on host genes that 

are up or down-regulated during infection, thus contributing to the overall picture of 

meningioma cell death and the apparent impaired immune response. In addition, by 

comparing host gene expression induced by wild type and mutant strains, the role of β-

h/c during infection can be elucidated. Furthermore, the meningioma gene expression 

results from infection with GBS can be compared with the results of infection with 

meningococci that were previously reported by Wells et al. (2001), which perhaps can 

reveal important differences in the response of meningioma cells, at the transcriptional 

level, during infection with these two important meningitis-causing pathogens. 
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7.1 Discussion 

GBS are the major cause of neonatal meningitis with high mortality and morbidity rates 

despite the introduction of antibiotic prophylaxis in clinical practice in 1996 (Phares et 

al., 2008). The capacity of this commensal bacterium to cause severe and invasive 

disease is still not fully understood. Several virulence factors have been proposed and 

investigated using in vivo and in vitro methods in order to increase our understanding of 

the pathogenesis and the host inflammatory response associated with the disease. 

 In the current study, we investigated the interactions of 7 wild type GBS strains 

of different capsular serotypes and 5 GBS mutant strains each deficient in the 

expression of a single virulence factor (β-h/c, capsule, PilB, Srr-1) with an in vitro cell 

culture model of the human meninges. 

GBS associate with human meningeal cells 

All the tested wild type and mutant GBS strains in this study demonstrated the ability to 

bind and associate with human meningioma cell monolayers in a time- and dose-

dependent fashion and there were no significant differences in the level of association 

between different wild type serotypes. However, the A909 β-h/c deficient mutant strain 

exhibited lower association levels over time compared with its parent strain and did not 

trigger the death of cell monolayer as quickly as the other wild type bacteria as observed 

visually during the course of the experiment. This lower association level observed by 

the A909 β-h/c− strain is likely to be due to the lower growth rate of this mutant 

compared to its parent strain, which was demonstrated when the growth rate was taken 

into account and the resulting association level of both mutant and parent strain was 

similar (P>0.05). Moreover, the association level observed by the NCTC 10/84 β-h/c− 

mutant strain was not significantly different from its parent strain, and the destruction of 

cell monolayers by the mutant was not observed until 48h post infection.  

The bacterial association results from these two β-h/c− strains demonstrated a 

critical role of the β-h/c toxin in the destruction of cell monolayers, but not for 

adherence to meningeal cells. The expression of the β-h/c was previously shown to play 

a role in the association of GBS with lung epithelial cells, where β-h/c− mutants 

demonstrated a decrease in adherence by 20-45% compared to their A909, COH-1 and 

NCTC 10/84 wild type GBS strains (Doran et al., 2002). In the current study, the 

bacterial association was determined over 3-9h period, whereas in the study by Doran et 

al. (2002), measurements were taken after 30min of incubation. The differences in the 

observed effect of the expression of β-h/c may be attributed to the incubation time 



 

185 

and/or the different cell type tested. Nonetheless, when DPPC was used in the study by 

Doran et al. (2002) with wild type bacteria, it did not show an effect on association after 

30min of incubation (i.e. adherence was not reduced). Our results support this finding, 

where we also showed no effect of DPPC on bacterial adherence to meningeal cells over 

6h and 9h incubation periods. The absence of a demonstrable effect of DPPC on β-h/c+ 

strains to influence the adherence to meningeal cells (as well as to lung epithelial cells) 

suggests that the β-h/c does not play the role of a classical adhesin with host cells. 

Other mutants in our study, deficient in capsule, PilB and Srr-1 expression, also 

did not demonstrate significant changes on the level of association of the GBS bacteria 

with meningeal cells and a similar pattern in the destruction of cell monolayers was 

observed when these mutants were compared with their respective wild type strains. 

The role of the capsule in adherence is not clear and its expression has been reported to 

diminish adherence to epithelial cells (Tamura et al., 1994). Moreover, a study by 

Charland et al. (2000) showed that capsule expression diminishes adherence of GBS to 

human umbilical vein endothelial cells (HUVECs) but not to brain microvascular 

endothelial cells (BMECs). Uncapsulated GBS strains were linked to higher level of 

adherence, as it was suggested that presence of the capsule could possibly cover 

adhesins present on the bacterial cell wall (Gibson et al., 1993). The PilB protein was 

reported by Maisey et al. (2007) to have no significant role in adherence to BMECs. 

However, the absence of Srr-1 glycoprotein was demonstrated by van Sorge et al. 

(2009) to significantly reduce the ability of GBS to adhere to BMECs. Our data suggest 

that both the PilB and Srr-1 component may not be significantly involved in adherence 

of GBS to meningeal cells. 

All other GBS wild type serotypes induced cell death and destruction of 

monolayers by 24h regardless of the initial bacterial dose, which strongly suggests 

serotype-independent cytotoxic effects in the pathophysiology of GBS meningitis. 

Scanning electron microscopy was used to confirm the association of the tested 

wild type and mutant GBS to the surfaces of challenged meningioma cells that was 

demonstrated by bacterial viable counts during infection experiments. The number of 

visualised bacteria on the surface of monolayers increased over time and the suggestion 

of intimate contact and perhaps, internalisation of bacteria by infected cells was also 

demonstrated. To our knowledge, this is the first study to visualise the association of 

GBS with human meningioma cells using SEM, and confirms the ability of GBS to bind 

to cells of the human meninges, possibly as an initial step to penetrating the pia mater 

meningeal barrier and subsequently gaining access to the underlying brain. 
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The adhesins used by GBS for adherence to meningioma cells do not seem to 

involve the β-h/c, PilB, Srr-1 component or polysaccharide capsule. However, several 

other virulence factors that might play a role, and have been reported, as adhesins in 

GBS with other cell types, include LTA with buccal epithelial cells (Teti et al., 1987), 

both the C5a peptidase (Cheng et al., 2002) and the FbsA (Schubert et al., 2004) with 

lung epithelial cells, the alpha-C protein with cervical epithelial cells, and the HvgA 

protein with brain microvascular endothelial cells (Tazi et al., 2010). 

GBS invade human meningeal cells 

The ability of GBS to invade meningioma cells was demonstrated by the gentamicin 

assay and suggested intracellular invasion as a possible route for gaining access to the 

underlying CNS. GBS has been previously reported to invade other human cell types 

including lung epithelial cells (Doran et al., 2002) and BMECs (Nizet et al., 1997). Our 

results show that the highest invasion levels in vitro were achieved by serotypes Ia, III 

and V (in descending order), suggesting that these serotypes are more invasive for 

meningioma cells. Our serotype ranking of invasiveness is similar to ranking that has 

been reported for the same GBS strains (A909, COH-1 and NCTC10/84) in the lung 

epithelial infection model (Doran et al., 2002). Interestingly, these serotypes (Ia, III and 

V) are the most common ones associated with both early- and late-onset neonatal 

disease (Shet and Ferrieri, 2004). Other in vitro models investigated the role of β-h/c in 

host cell invasion and demonstrated that wild type GBS strains (expressing β-h/c) are 

significantly more efficient in invading pulmonary epithelial cells (Doran et al., 2002). 

However, a different action of the β-h/c was observed with BMECs, where production 

of β-h/c was associated with a lesser ability for invasion (Nizet et al., 1997). The later 

study suggested that the apparent decrease in invasion by the wild type strain may be 

due to cellular damage induced by production of the β-h/c. The results of the two 

studies by Doran et al. (2002) and Nizet et al. (1997) indicate that the ability of GBS to 

invade host cells are associated with production of β-h/c as differences in invasion 

between wild type and β-h/c− strains were observed. However, certain cell types seem 

more susceptible to the pore forming action of the β-h/c, leading to differences in the 

number of recovered bacteria from challenged cells. 

In the current study, we demonstrated the ability of the two β-h/c mutant strains 

to invade meningioma cell monolayers. However, the A909 ∆cylE mutant strain 

exhibited lower invasion levels compared with its A909 parent strain, a result also 

shown by Doran et al. (2002) with their lung epithelial cell culture model. By contrast, 
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the comparison of the hyper-haemolytic NCTC 10/84 strain with its isogenic β-h/c− 

mutant in our study showed that the mutant invasion level is 5-fold higher than the 

parent. A possible explanation for this observation, which has previously been proposed 

by Nizet et al. (1997), is that the pore formation induced by the β-h/c produced by the 

hyper-haemolytic wild type bacteria allows the antibiotic used in the assay to leak inside 

the cell and kill internalised bacteria resulting in a lower count of recovered intracellular 

bacteria. While this is what could be happening with wild type bacteria, it may not be 

the case with the β-h/c deficient bacteria, as pore formation does not take place and the 

intact cell membrane does not allow the penetration of gentamicin. In effect, the 

internalised bacteria remain protected and viable, resulting in a higher bacterial count 

and hence, a higher percentage of internalised mutant bacteria compared with its parent 

strain. 

To confirm the hypothesis that the pore forming action of the β-h/c resulted in 

lower recovery of internalised bacteria in the gentamicin assay, the lung surfactant 

DPPC was used. The investigation of the effect of DPPC (3mg/ml) with the hyper-

haemolytic NCTC 10/84 strain demonstrated a significant increase in the number of 

recovered bacteria, but with no significant effect on total bacterial association or 

bacterial growth in the medium. This demonstrated that DPPC counteracted the pore 

forming action of the β-h/c toxin, thereby preserving the integrity of the monolayer, and 

increasing the recovery of internalised bacteria to a similar level that was observed with 

the non-toxin producing isogenic mutant strain. 

Furthermore, the evaluation of DPPC (1mg/ml) on the interaction of GBS with 

meningioma cells did not show an effect on total bacterial association and invasion of 

cells by 6h and 9h. The amount of DPPC tested in our experiments (1mg/ml) may have 

not been sufficient to neutralise the pore forming action of the β-h/c that is being 

produced by live GBS bacteria at these time points. A study by Doran et al. (2002) 

demonstrated 500µg/ml of DPPC did not influence adherence of a serotype III GBS 

strain to epithelial cells; however, a significant inhibition of invasion at 2h post 

infection was observed. In the current study, the effect of DPPC on invasion at 2h post 

infection could not be evaluated as there was no detectable GBS invasion of 

meningioma cells at such an early time point. 

Other virulence factors (capsule, PilB and Srr-1) that were investigated in our 

study did not appear to play significant roles in GBS invasion of meningeal cells. The 

capsule has been shown in several studies to attenuate GBS invasion of endothelial cells 

(Gibson et al., 1993), respiratory epithelial cells (Hulse et al., 1993) and BMECs (Nizet 
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et al., 1997), and was suggested to play no active role in the invasion process. Our data 

showed no significant effect of the deletion of capsule expression on GBS invasion, 

which indicates that the capsule also played no significant role during GBS invasion of 

meningeal cells. Deletion of the PilB and Srr-1 was previously shown to significantly 

reduce the ability of GBS to invade BMECs (Maisey et al., 2007;van Sorge et al., 

2009). However, these studies did not specify or test any potential host cell components 

that could interact with these bacterial proteins for invasion to take place. Such host cell 

components that are likely to be involved in the internalisation of GBS by BMECs may 

not necessarily be present in meningeal cells. 

The ability of GBS to invade meningeal cells was confirmed using TEM, where 

GBS bacteria were visualised intracellularly. Nonetheless, the number of invasion 

events observed with TEM was low, which was in agreement with the low number of 

viable internalised bacteria per monolayer that were recovered in the gentamicin assay. 

Other meningitis-causing bacteria have been tested for their ability to invade 

meningioma cells in a study by Fowler et al. (2004) and revealed that E. coli K1, 

another major meningitis-causing bacteria in neonates, invaded these cells as confirmed 

by TEM, where the bacterium was shown intracellularly and partially surrounded by 

meningeal cell membranes. However, in the current study, E. coli showed higher 

invasiveness by at least 2-fold in comparison with GBS, which may be attributed to 

expression of, a yet unrecognised, invasin by E. coli. 

By contrast, invasion by bacteria causing meningitis in children and adults 

including H. influenzae, S. pneumoniae and N. meningitidis was not detected in the 

gentamicin assays (Fowler et al., 2004). Furthermore, the study by Hardy et al. (2000) 

originally demonstrated, using the gentamicin assay and TEM, that N. meningitidis does 

not possess the ability to invade meningeal cells. 

GBS invasion of human cell barriers, therefore, appears to be a general property. 

In addition to meningioma cells, GBS have been previously visualised using TEM to be 

internalised in other human cell lines including lung epithelial cell (Rubens et al., 

1992), chorion cells (Winram et al., 1998) and BMECs (Nizet et al., 1997). 

GBS induce meningeal cell death 

The use of lactate dehydrogenase enzyme as a biochemical indicator for meningioma 

cell death demonstrated the degree of cell death induced by different concentrations of 

the tested GBS strains. LDH release levels showed good agreement with infection 

experiments and the observed viability of cell monolayers. LDH release has also been 
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used as a measurement of cell death induced by GBS in other cell culture models 

including lung epithelial cells and BMECs (Nizet et al., 1996;Nizet et al., 1997), which 

exhibited a good correlation of LDH release with the infective dose and associated 

virulence of GBS bacteria. Our data showed that injury and death of meningioma cells 

started to occur by 9h with medium (0.3-30) and high (3000) MOI of bacteria, and 

between 9-24h with lower MOIs. Moreover, the comparison of the normo-haemolytic, 

hyper-haemolytic and weakly-haemolytic strains demonstrated a good correlation 

between the level of β-h/c production and the amount of LDH released from infected 

meningeal cells. The same correlation was also observed in epithelial cells and BMECs 

(Nizet et al., 1996;Nizet et al., 1997;Doran et al., 2002). Moreover, crude haemolysin 

extracts confirmed the important role of β-h/c in the induction of meningioma cell death 

in a dose-dependent manner. By measuring bacterial growth and the haemolytic activity 

of cell free extracts, we demonstrated that the ability of the hyper-haemolytic strain to 

induce more cytotoxic effects than the normo-haemolytic strain can be attributed to its 

higher growth rate, whereby it is able to produce more β-h/c toxin resulting in higher 

cell injury. Differences in the haemolytic activity of wild type GBS strains was linked to 

increased orange pigment production by the strains with higher haemolytic activities 

(Nizet et al., 1996), which could be still attributed, as our results seem to suggest, to 

differences in the growth rate of these strains. The proportional association between the 

growth rate and the haemolytic activity in GBS was also reported by Ross et al. (1999). 

Our results strongly indicate that the β-h/c toxin is probably the most important 

virulence factor possessed by GBS that has a direct effect on the viability of meningeal 

cells. The ∆cylE mutant strains did not induce meningioma cell death at 9h or 24h, 

which is in agreement with the results from our infection experiments, as cell 

monolayers were intact with no evidence of cell injury at these time points. This 

suggests that wild type GBS are capable of inducing cytotoxic effects within a short 

time after infection, which appears to agree with the clinical presentation of neonatal 

GBS disease, as up to 80% of all early-onset disease cases (birth to day 6) are reported 

to occur in the first day of life (Schuchat, 1998). However, the manifestation of 

meningitis in GBS neonatal disease is more common in late-onset disease (day 7 to 3 

months) and was reported to occur in 27% of LOD cases, which was 4 times as often 

compared to the number of cases of GBS meningitis seen in early-onset disease (Phares 

et al., 2008). 

In order to confirm our observations from LDH release experiments with 

meningeal cells, the LIVE/DEAD fluorescent assay was used. The confocal images 
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showed that the concentration of bacteria and the amount of β-h/c production resulted in 

meningeal cell injury that was in agreement with LDH release results at 9h and 24h. 

Confocal images of meningeal cells infected with the A909 ∆cylE mutant exhibited live 

but shrunken cells at 24h that were not observed with other strains or with uninfected 

cells. This observation indicates that infected cells can eventually undergo apoptosis 

even in the absence of β-h/c production. Other meningitis-causing bacteria have been 

assessed for their ability to induce cell injury using confocal microscopy and showed 

that E. coli was able to induce cell death by 9-24h, whereas N. meningitidis, H. 

influenzae, and S. pneumoniae were less cytotoxic (Fowler et al., 2004). This suggests 

that the neonatal pathogens GBS and E. coli are more capable of inducing cytotoxic 

effects to meningeal cells than adult meningitis pathogens. The trypan blue stain was 

used in other studies to visually assess the extent to cell injury by GBS, but was 

reported to be less sensitive that LDH release measurements in an epithelial cell culture 

model (Nizet et al., 1996). 

DPPC protects against cellular injury 

The lung surfactant DPPC was tested for its ability to inhibit the pore forming action of 

the β-h/c and therefore, reduce its cytotoxic effects. Previous studies have shown 

protective effects of DPPC with epithelial cells (Nizet et al., 1996), murine 

macrophages (Liu et al., 2004) and cardiomyocytes (Hensler et al., 2008) by using LDH 

release, trypan blue and TUNEL assays. We have evaluated the potential protective 

effects of DPPC using the LDH release and LIVE/DEAD assays, and both methods 

have shown a significant reduction in cell injury induced by both live bacteria and β-h/c 

extracts. In the current study, we have used crude β-h/c extracts. The use of GBS 

haemolysin extracts for infection studies by research groups adopted the extraction 

method originally described by Marchlewicz and Duncan (1980), which used starch as 

stabiliser of the haemolytic activity and glucose as a stimulator of production of the 

toxin. Attempts to prepare pure extractions of the β-h/c have been problematic and 

unsuccessful due to instability of the toxin (Nizet, 2002). The preparation of crude GBS 

haemolysin extracts appears to be the only method currently available for investigating 

the haemolytic effects of β-h/c. Even infection studies as recent as the one published by 

Reiss et al. (2011) used the starch extraction method for investigating the induction of 

haemolysin-mediated neuronal apoptosis.  

The inhibitory mechanism of DPPC against β-h/c mediated cell injury is still not 

clear. It has been shown that S. pneumoniae has the ability to trigger apoptosis by 
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blocking the biosynthesis of host (endogenous) phosphatidylcholine, which constitutes 

an important component of cell membranes (Zweigner et al., 2004). Supplying 

challenged cells with exogenous phosphatidylcholine (e.g. DPPC) may provide 

alternative building blocks for cellular membranes, and possibly, works to increase cell 

strength and viability. Whether GBS trigger the same apoptotic pathway has not been 

determined. Nonetheless, the observed protective effect of DPPC against β-h/c mediated 

meningeal cell injury in the current study suggests that the mode of action DPPC seems 

to be directed towards preserving the integrity of host cell membranes. Another 

possibility for the mode of action of DPPC, which has been suggested by Doran et al. 

(2002), is the direct neutralisation by binding to the β-h/c toxin, whereby the toxin could 

lose its pore forming action on host cells. The rationale for this possible mode of 

inhibition is that the β-h/c could have affinity for phospholipids in cellular membranes 

(hence, its pore-forming action), and that DPPC (also a phospholipid) acts to inhibit the 

toxin by competitive binding. 

Our data also showed that the effect of DPPC is time- and concentration-

dependent. The use of 1mg/ml of DPPC showed a significant reduction of cell death 

(64% reduction, P<0.05) that was induced by the normo-haemolytic A909 strain, 

however, the use of 3mg/ml of DPPC showed a higher protective effect (87% reduction, 

P<0.01). This is opposed to the concentration of 0.5mg/ml, where no significant 

reduction of cell death was observed. Furthermore, when used against the hyper-

haemolytic NCTC strain, the addition of DPPC (3mg/ml) at an early time point (0h or 

3h post infection) showed a favourable effect (approximately 70% reduction in cell 

death, P<0.01), whereas the addition at 6h post infection did not allow enough time for 

DPPC to exert its protective effect against β-h/c induced cell injury.  

In the current study, we report good agreement between the evaluation of the 

protective effect of DPPC on meningioma cells using the LDH release and the 

LIVE/DEAD assays. The data from the LDH release assay with the hyper-haemolytic 

NCTC strain demonstrated a significant reduction in cell death by approximately 67%. 

This result was confirmed in the confocal assessment, where intact monolayers with 

predominance of green colour in the presence of DPPC were observed, compared to a 

high degree of cell injury and loss of monolayer integrity that was induced by the wild 

type bacteria alone. 

Our data suggest that surfactant phospholipids could have a role for potential 

therapeutic benefit in GBS meningitis. The use of commercial lung surfactants in the 

treatment of respiratory failure in 118 neonates with GBS infection was reported by 
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Herting et al. (2000) and showed significant improvement of lung function (gas 

exchange) after high and frequent doses (total surfactant administered: 890mg/kg) in 

patients with GBS pneumonia, but the response to therapy was slower in cases of GBS 

sepsis and respiratory distress syndrome (RDS). Mortality rates showed that 49% of 

sepsis patients died compared to 14% in pneumonia patients. Many factors are likely to 

be involved during treatment, particularly in systemic infections where little is known 

whether surfactant compounds have natural inhibitors in the human body, or whether 

they could react synergistically or antagonistically with antibiotics that are given during 

the course of treatment. Such issues may need to be investigated and evaluated for the 

potential therapeutic use of surfactants in GBS infections. 

Phospholipids (including DPPC) have been investigated for possible beneficial 

use in other human infections such as cystic fibrosis (CF) which is a genetic disease that 

is associated with Pseudomonas aeruginosa infections, where bacterial resistance and 

drug delivery to the site of infection are major concerns (Driscoll et al., 2007). 

Phospholipids can act as liposomal delivery systems for certain antibiotics that are used 

for the treatment of CF that could potentially enhance drug delivery to the site of 

infection and enhance the bactericidal activity of a drug. For example, liposome-

entrapped gentamicin was shown to overcome antibiotic resistance (due to low 

permeability) in P. aeruginosa strains compared to free gentamicin (Mugabe et al., 

2006). Another study showed that the activity of polymyxin B and tobramycin when 

used in a liposome form was increased by 4-fold compared to free antibiotics, 

suggesting a possible use of liposomal delivery systems in CF patients (Alipour et al., 

2009). In the scope of GBS neonatal disease, future work will investigate potential 

interactions of DPPC with antibiotics that are currently used for the treatment of 

patients with GBS meningitis. 

Host inflammatory response 

Secretion of the tested panel of cytokines was not significant, as a result of infection 

with different concentrations of different strains of GBS. One explanation for the 

undetectable cytokine response was that the cells were unable to produce cytokines due 

to rapid cell destruction (<24h) induced by GBS, which would not allow sufficient time 

for synthesis of cytokines. However, following infection with the β-h/c− mutant 

bacteria, although prolonged cell viability (up to 36h) was observed, there was still no 

significant cytokine production (P>0.05). This suggests that GBS possibly inhibit 

cytokine production. Another possibility for the lack of cytokine production is the 
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degradation of cytokines by bacterial proteases, which would disrupt host signalling and 

result in an impaired immune response that would allow the pathogen to evade immune 

clearance. GBS possess a serine protease, the CspA, that was shown to cleave CXC 

chemokines, such as growth regulated oncogene (GRO-γ), neutrophil activating peptide 

(NAP-2) granulocyte chemotactic protein-2 (GCP-2), but not IL-8 (Bryan and Shelver, 

2009). A similar catalytic activity was also reported in group A streptococci (GAS) 

where the ScpC serine protease was shown to cleave IL-8 resulting in impaired 

recruitment of PMN (Hidalgo-Grass et al., 2006). Future work will explore whether 

GBS posses the ability to disrupt host signalling by switching off NF-kB. 

In our infection experiments, we observed no induction of cytokines, which 

could be due to bacterial degradation; however, challenge of meningeal cells with heat 

killed GBS did not stimulate cytokine production either. The observation in the current 

study is consistent with the study by Fowler et al. (2004) where it was shown that 

meningeal cells were not stimulated to produce cytokines by S. pneumoniae. This 

indicates that, at least in the case of GBS infection, meningioma cells may not be 

directly involved in the host response to infection. The other possibility is that GBS are 

able to switch off gene expression of cytokine production. A comparison of the gene 

expression profile of BMECs challenged with a capsule mutant and its parent strain 

(COH-1) revealed no significant up or down regulation of genes involved in 

inflammatory response, including IL-6, IL-8 and GM-CSF genes; whereas a significant 

down regulation was observed in the expression of host inflammatory genes as a result 

of challenge with a β-h/c mutant and in comparison with its parent strain (Doran et al., 

2003). Furthermore, the β-h/c extracts obtained from both wild type and mutant strains 

did not stimulate any of the tested cytokines including IL-8. The study by Doran et al. 

(2003) showed that β-h/c extracts from wild type GBS induced significant, but low, 

levels of IL-8 (200pg/ml) from BMECs, whereas extracts from a β-h/c deficient strain 

did not induce significant levels (<100pg/ml). However, the level of induction by the β-

h/c extract was significantly lower than the level induced by whole live wild type GBS 

(>250pg/ml). This may indicate that other factors, other than the β-h/c toxin, may be 

involved in stimulating the production of IL-8 from BMECs in the presence of β-h/c. 

Future work will aim at investigating cytokine gene expression levels of meningeal cells 

using microarray gene analysis. 

As the challenge of meningioma cells with GBS did not show a significant 

production of cytokines, we wanted to test the hypothesis that GBS could stimulate an 

inflammatory response by measuring cytokine production from other cell types. We 
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decided to use a blood sepsis model to confirm that GBS was pro-inflammatory. Entry 

of GBS to the blood through the lung epithelium is a key step for GBS to induce 

septicaemia and eventually reach and cross the blood-CSF barrier. As demonstrated in 

the current study, the presence of GBS in the blood induces an inflammatory response 

that is characterised by secretion of several pro-inflammatory cytokines as mediators to 

trigger the host immune response to control infection. Although GBS did not induce 

significant amounts of IL-6, IL-8, MCP-1, RANTES or GM-CSF from meningioma 

cells, a different response was observed in the human whole blood infection model, 

where significant levels of cytokines (IL-1β, IL-6, IL-8, MCP, RANTES and TNF-α) 

were induced. Infection studies with GBS using human monocytes demonstrated also 

increased production levels of IL-1β, IL-6, IL-8 and TNF-α (Kwak et al., 2000). 

The bacterial growth experiment in whole human blood showed the ability of 

wild type GBS (various concentrations of serotype Ia) to survive and proliferate. This is 

consistent with the data by Liu et al. (2004) where they showed the ability of a medium 

concentration of wild type GBS strains (serotypes Ia and V) to grow in whole human 

blood during a 3h period. This demonstrates the ability of GBS to resist immune 

clearance, and many virulence factors have been indentified in GBS that allows it to 

evade host immune clearance such as the CPS (Marques et al., 1992), β-h/c (Liu et al., 

2004), BibA (Santi et al., 2007), PBP1a (Hamilton et al., 2006), CiaR (Quach et al., 

2009) and PilB (Maisey et al., 2008b). The ability of GBS to induce a significant host 

inflammatory response in the blood and not from meningeal cells suggests that the 

response is likely to be dependent on the different cell types during infection and on the 

nature of the host cell receptors that recognise different GBS virulence factors. For 

instance, cell type-dependent inflammatory response has been reported by 

Vadeboncoeur et al. (2003), where significant production of IL-6, IL-8 and MCP-1 was 

detected from only BMECs, but not from HUVECs, upon stimulation with heat-killed 

Streptococcus suis strains (swine pathogens), but neither cell type produced significant 

levels of IL-1 or TNF-α. By contrast, HUVECs were 10-fold more susceptible than 

BMECs to stimulation with LPS. The differences in the response of these different cells 

were attributed possibly to presence or absence of host cell receptors. 
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7.2 Conclusion 

The results from our study demonstrate GBS association, internalisation, cytotoxic 

effects and modulation of the innate immune response of meningioma cells in vitro. 

These processes are the likely key steps for invading the meninges. GBS have been 

shown to possess the ability to invade and induce cell death in BMECs (a Blood-CSF 

barrier model) (Nizet et al., 1997), which allows the bacterium to gain access to the 

SAS and proliferate in the CSF. We therefore, propose two possible mechanisms 

(Figure 7.1) by which GBS present in the SAS can cross the leptomeninges, as a 

physical barrier, and thereby, to interact with the underlying brain: 

1. GBS present in the CSF adhere to meningeal cells of the pia mater, and after 

intimate contact, expression of bacterial invasins allow internalisation and 

transcytosis of the bacterium within membrane bound vacuoles that will migrate 

across the intact cell and reach the basement membrane where it then dissociates 

from the cell and gains access to the subpial space and glia limitans. This mode 

of penetration is likely to be employed by normo-haemolytic strains. 

2. The ability of GBS to induce meningeal cell death is a possible mechanism for 

entry, whereby the destruction of the meningeal cells of the pia mater as a 

physical barrier allows the spread of GBS to the exposed subpial space and glia 

limitans resulting in brain damage. This mode of penetration is likely to be 

employed by hyper-haemolytic strains. 

While one of the important roles of meningeal cells is to provide a physical and 

physiological barrier to the underlying brain (Hutchings and Weller, 1986), a direct 

involvement in the host inflammatory response to infection with GBS was not observed. 

This observation is consistent with the response of meningeal cells to infection with E. 

coli, where an impaired immune response and rapid induction of meningeal cell death 

was observed (Fowler et al., 2004). Nonetheless, meningeal cells were shown to possess 

the capacity for a profound inflammatory response when challenged with the Gram-

negative meningococci as a positive control in challenge experiments (Hardy et al., 

2000;Christodoulides et al., 2002). The effects of GBS on meningeal cells may explain, 

from a pathological stand point, the induction of brain damage and neutrophil 

infiltration in the underlying brain tissue as observed in the animal models of GBS 

meningitis (van Sorge et al., 2009;Reiss et al., 2011), as well as from a clinical stand 

point, the outcome observed in cases of neonates with GBS meningitis where high rates 
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of mortality and morbidity are reported, with significantly high rates of neurological 

sequelae observed in survivors (Stevens et al., 2003). 

We have identified the expression of the β-h/c toxin as a critical virulence factor 

during the interaction of GBS with meningeal cells. This finding is supported by the 

reduced cytotoxic effect of the β-h/c deficient strains on host cells and by the inhibition 

of cell injury by the lung surfactant, DPPC. 

In summary, we have demonstrated important and key events that contribute to 

the interaction of GBS with cells derived from the human meninges. We have also 

shown the important role of the β-h/c toxin in inducing cytotoxicity during infection. An 

increased knowledge of these processes and events will help to understand the overall 

picture of the disease, and to identify potential therapeutic targets for improving patient 

outcome. 
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Figure 7.1: The two proposed mechanisms of GBS penetration of the meningeal cell barrier in a case of neonatal meningitis. Through 

cellular invasion (transcytosis) and the induction of cell injury (cytotoxicity) of the meningeal cell barrier, GBS are able to reach the 

underlying brain tissue (subpial space and glia limitans). BMECs, brain microvascular endothelial cells; CSF, cerebrospinal fluid; SAS, 

subarachnoid space.
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7.3 Prospective studies 

Our study has shown the importance of GBS interaction during infection of the human 

meninges. In order to increase our understanding of the pathogenesis of GBS 

meningitis, the following studies will be carried out: 

1. Microarray studies will be carried out in order to analyse host gene expression 

induced by the GBS A909 wild type and β-h/c mutant strains.  

2. In addition, microarrays can be used to investigate GBS gene expression during 

challenge of meningeal cells, which can potentially identify key genes that are 

down- or up-regulated during infection such as virulence genes. This can 

provide valuable information for targeting key bacterial products for future 

treatments. 

The results from these microarray experiments can increase our understanding of the 

interaction of GBS with meningeal cells at the gene expression level. In addition, 

more knowledge can be elucidated when these results are compared with the results 

of studies where other cell types were challenged with GBS, such as BMECs (Doran 

et al., 2003), as well as results where meningeal cells were challenged with other 

meningeal pathogens, such as Neisseria meningitidis (Wells et al., 2001). 

3. Our data with the A909 ∆cylE mutant suggest that the toxin independent 

apoptosis may be occurring in meningeal cells; therefore, we could investigate 

the induction of apoptosis of these cells using apoptotic markers such as 

caspases. We could also identify the role of various virulence factors in 

induction of apoptotic cell death and identify the apoptotic pathways involved in 

meningeal cell death. 

4. Investigating the interaction of GBS with meningeal cells using a flow system to 

mimic CSF flow in the brain. A study by Mairey et al. (2006) showed that 

mimicking blood micro-circulation inhibits the initial adherence of N. 

meningitidis to endothelial cells, which could ultimately influence disease 

progression. 

5. Investigating the interaction of GBS in vitro using a mixed cell culture model of 

meningeal cells and astrocytes. Different types of cells could possibly interact to 

provide a stronger barrier to bacteria and could also behave differently in terms 

of signalling for recruitment of leukocytes and, possibly, microglial cells. 

6. Determination of intracellular replication of GBS and measurement of oxidative 

damage of host cells induced by wild type and mutant strains. 
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7. Determination of the role of various other GBS virulence factors during 

infection (adherence, invasion, inflammatory response and induction of cell 

death) of meningeal cells such as the PilA, iagA, FbsA, FbsB, Lmb, and LTA, as 

well as the role of the covR gene in the regulation of virulence during infection 

of meningeal cells. Other studies have shown the role of these GBS virulence 

factors with other infection models; for example, the role of PilA in adherence to 

BMECs (Maisey et al., 2007), iagA in invasion of BMECs (Doran et al., 2005), 

FbsA in adherence to epithelial cells (Schubert et al., 2004), FbsB in invasion of 

epithelial cells (Gutekunst et al., 2004), Lmb in invasion of BMECs 

(Tenenbaum et al., 2007), LTA in induction of inflammatory response from 

monocytes (Vallejo et al., 1996), and the role of the covR gene in regulating the 

virulence of GBS during infection of BMECs (Lembo et al., 2010). 

8. The use of double knock-out mutants can be used to investigate the specific role 

of individual virulence factors. This may be particularly beneficial to override 

the significant effect of the β-h/c in the induction of cell death, so that the role of 

other virulence factors (such as adhesins or invasins) during infection may be 

more precisely determined. 

9. In order to further investigate the potential therapeutic use of DPPC in the 

treatment of GBS meningitis, the interaction of DPPC with antibiotics currently 

used in treatment of neonatal GBS meningitis (such as penicillin, amoxicillin 

and gentamicin) can be evaluated in the meningeal cell culture model. The type 

of interaction (synergism, antagonism or indifference) could have important 

influences on the approach for more effective treatment. 

10. We could also investigate the effect of live GBS on LPS-stimulated meningioma 

cells, which could help to understand the effect of GBS on the production of 

cytokines. 

11. In order to investigate the possible mechanism by which GBS may be inhibiting 

the production of cytokines, using immunoassays, we could investigate whether 

GBS switch off NF-kB regulation of host immune response. 
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Appendix I 

Bacteriological Culture Media 

� Brain Heart Infusion (BHI) agar 

Preparation of 500ml bottle (approx 25 plates): 

500ml distilled water. 

18.5g BHI powder (Oxoid). 

5g bacteriological agar (Oxoid). 

Mix well and autoclave for 15min at 121˚C, 1.05 kg/cm2. 

� Luria-Bertani (LB) agar 

Preparation of 500ml bottle (approx 25 plates): 

500ml distilled water. 

5g Tryptone (Becton Dickinson) 

2.5g Yeast (Becton Dickinson). 

2.5g NaCl (BDH Chemicals). 

5g bacteriological agar (Oxoid). 

Mix well and autoclave for 15min at 121˚C, 1.05 kg/cm2. 

� Todd Hewitt (TH) broth 

Preparation of 500ml bottle. 

500ml distilled water. 

18.2g Todd Hewitt powder (Oxoid). 

Mix well and autoclave for 15min at 121˚C, 1.05 kg/cm2. 
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Appendix I - Bacteriological culture media (continued) 

 

� Chloramphenicol selective BHI agar (2µg/ml) 

Preparation of 4mg/ml Chloramphenicol stock solution: 

Weigh 0.008g Chloramphenicol powder (Sigma-Aldrich). 

Add 1ml of 100% ethanol. 

Vortex until dissolved. 

Add 1ml ultra high quality (UHQ) water. 

Mix and store at -20˚C. 

For preparation of selective agar plates (2µg/ml): 

Add 100µl of stock antibiotic solution to 200ml of BHI medium before pouring into plates. 

� Kanamycin selective BHI agar (1mg/ml) 

Preparation of 200mg/ml solution: 

Weigh 0.253g Kanamycin powder (Sigma-Aldrich, potency 79.1%). 

Add 5ml ultra high quality (UHQ) water. 

Vortex until dissolved. 

For preparation of selective agar plates (1mg/ml): 

Add the above 5ml solution to 200ml of BHI medium before pouring into plates. 
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Appendix II 

Reagents for Cell Culture 

� Collagen coating solution 

Used for coating of tissue culture plates and flasks. 

Preparation of 100ml of (50µg/ml) collagen solution: 

100ml bottle of ultra high quality (UHQ) water. 

115µl glacial acetic acid (Fisher Scientific). 

1.2ml of 4120µg/ml collagen (type I from rat tail; Becton Dickinson). 

Mix well and store at 4̊C. 

� DMSO (dimethyl sulfoxide) solution 

Used for cell preservation. 

Preparation of 10ml of 10% (v/v) solution: 

1ml DMSO (Sigma-Aldrich). 

9ml DMEM containing 10% (v/v) decomplemented foetal calf serum (dFCS). 

Mix well. 

� Cytochalasin D (CD) solution 

Preparation of 10ml (10µg/ml) working stock: 

100µl of (1mg/ml) CD neat stock solution (CD neat stock solution is prepared by adding 1ml of 

DMSO to 1mg of CD vial; Sigma-Aldrich). 

9.9ml DMEM containing 1% (v/v) dFCS. 

Mix well and aliquot into working stocks. 

To be further diluted 1/5 (to a final concentration of 2µg/ml) for an experiment. 

� Saponin lysis solution 

Preparation of 10ml 1% (w/v) saponin for cell lysis: 

0.1g saponin powder (Sigma-Aldrich). 

10ml phosphate buffered saline (PBS). 

100µl decomplemented foetal calf serum (dFCS). 

Mix well until completely dissolved. 

Sterilise using polysulfone membrane filter (pore size 0.2µm; Pall Corporation).  
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Appendix III  

Reagents for Immunoassay 

� Blocking buffer 

Preparation of 10ml of block buffer (for one 96-well assay plate): 

10ml phosphate buffered saline (PBS). 

0.5g sucrose (BDH Chemicals). 

0.1g bovine serum albumin (Sigma-Aldrich). 

Mix well and store at -20̊ C. 

� Coating buffer 

Used in preparation of coating-antibody solution. 

Preparation of 100ml of 10x coating buffer: 

100ml UHQ water. 

2.94g NaHCO3 (BDH Chemicals). 

1.59g Na2CO3 (BDH Chemicals). 

Mix well, aliquot into tubes and store at -20˚C. 

Note: the final concentration of 1x buffer equals: 

35mM sodium hydrogen carbonate (NaHCO3). 

15mM sodium carbonate (Na2CO3). 

� Washing buffer 

Preparation of 1L of wash solution (for one 96-well assay plate): 

1L distilled water. 

3.03g Tris base (Fisher Scientific). 

5.85g NaCl (BDH Chemicals). 

Stir well using magnetic stirrer. 

Adjust pH to 8.0 with 1M HCl. 

Then add 0.5ml Tween-20 (Sigma-Aldrich). 

Mix well.  
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Appendix IV 

Miscellaneous Reagents 

� Phosphate buffered saline (PBS), pH 7.4. 

Preparation of 500ml PBS: 

500ml distilled water. 

5 Dulbecco-A tablets (Oxoid). 

Autoclave for 15min at 121˚C, 1.05 kg/cm2. 

� SDS/NaOH solution 

Used for measuring Optical Density (O.D.) of bacterial suspensions. 

Preparation of 200ml solution: 

200ml of UHQ water. 

2g SDS (sodium dodecyl sulphate; BDH Chemicals). 

0.2g NaOH granules (BDH Chemicals). 

Note: the final concentration will be 1% (w/v) SDS and 0.1% (w/v) NaOH. 

Mix using magnetic stirrer for 1hr, store at room temperature. 

� Glucose/starch-PBS solution 

Used in the preparation of crude haemolysin extracts. 

For preparation of 50ml solution containing 2mg/ml glucose: 

50ml phosphate buffered saline (PBS). 

0.1g glucose (BDH Chemicals). 

0.5g starch (BDH Chemicals). 

Dissolve by heating just below boiling temperature until solution becomes clear. 

Leave to cool to 37̊C before use. 

� Sheep red cell suspension 

Used in the determination of haemolytic activity and haemolytic units of extracts. 

For preparation of 1% (v/v) red cells suspension: 

Wash 250µl of sheep red cells (Oxoid) in an equal volume of PBS and spin for 1min at 15,000g. 

Discard the supernatant and repeat washing until the supernatant becomes clear (total 3-4 

washes). Suspend the cells to the original volume (250µl) in PBS. Finally, add 40µl of 

suspended cells to 3.8ml of PBS and mix gently. 
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Appendix IV – Miscellaneous reagents (continued) 

 

� Decomplemented foetal calf serum (dFCS) 

Used for cell culture. 

500ml foetal calf serum (Lonza, UK). 

From frozen (-20ºC), defrost the bottle overnight at 4ºC. 

Warm up bottle in an incubator at 37ºC. 

Place the sealed bottle in a water bath for 1h (with several inversions) at 56ºC. 

Split the dFCS into working aliquots and store at -20ºC. 

 

� Agarose gel (2%) 

Used for running gel and visualising of PCR products. 

1g of Hi-res agarose (Geneflow Ltd, UK). 

50ml of 1x TAE (Tris-acetate-EDTA) buffer (40mM Tris-acetate, 1mM EDTA, pH8.0). 

Microwave the mixture for 4min on medium power to dissolve. 

While hot, pour the dissolved gel into a gel tray with a 5mm comb in place. 

Leave to set for a minimum of 30min. 

 

Note: 1x TAE buffer is prepared by mixing 1 part 50x TAE buffer with 49 parts distilled water. 

For preparation of 1L of 50x TAE buffer (2M Tris-acetate, 50mM EDTA, pH8.0): 

242g Tris base (MW=121.1). 

57.1ml glacial acetic acid. 

100ml of 0.5M EDTA. 

Mix well. 
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Appendix V 

Preparation of Bacterial Suspensions and Viable Counting 

 

 

 
* This concentration is strain-dependent. Refer to Table 2.2 for details. 
** Example: for a measured OD of 1.0 (i.e. 1.5x109 cfu/ml), add 67µl of Master to 933µl of 

diluent to obtain 1ml of 108 cfu/ml suspension.  

Volume from 
Master **

+ DMEM

Bacterial suspensions
in DMEM (cfu/ml)

(to be used in experiments)

1:100 1:100 1:100 1:10

108 106 104 102 101

1:10

103 

cfu/ml

Viable counting:
subculture 25µl on 

agar plate

Dilute 1:10 in 
SDS/NaOH 

solution

Cuvette

Measure 
OD260 UV OD of 1 = 1.5x109 cfu/ml*

in Master suspension

Emulsify bacterial 
lawn in PBS

25 colonies (approx)
= 103 cfu/ml

Centrifuge at 2,500g
for 1min

Transfer supernatant 
to fresh tube

Bacteria on 
agar plate

Master
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Appendix VI  

Preparation of Crude Haemolysin Extracts 

 

Spin at 3,000g
for 5min

Emulsify
one colony in 
1.1ml of THBIncubate 

overnight at 37ºC

Transfer small culture
into 24ml ofpre-warmed

THB (25ml total)

Grow culture until 
O.D of A600 = 0.8
is reached (~2h)

Wash pellet in 
20ml of PBS

(3,000g for 5min)

Repeat

Discard 
PBS

Suspend pellet in 
3.1ml of 

PBS/glucose/starch
solution

Incubate for 90min in 
shaking incubator

(speed 100rpm, 37ºC) 

Spin at 3,000g
for 5min

Filter sterilise 
supernatantusing 
0.2µm PES filter

Divide into aliquots
and store at -80ºC Sterility check:

on BHI plate
No growth

(sterile)

Incubate

GBS on BHI agar
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Appendix VII  

Preparation of Heat-Killed Bacteria 

 

 

 

 

Adjust suspension 
according to viable 

counts

Bacterial suspensions
in DMEM (killed bacteria/ml)

(to be used in experiments)

1:100 1:100 1:100 1:10

108 106 104 102 101

Sterility check:
subculture 25µl on 

BHI plate

No growth
(sterile)

Viable counting
on agar plates

Emulsify bacterial 
lawn in PBS

Heat kill in a water 
bath at 56ºC for 1h 

and 50min

Bacteria on 
agar plate
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Appendix VIII  

Results of host RNA analysis 

 

WT , wild type (GBS A909, serotype Ia); A909 ∆cylE, β-h/c deficient isogenic mutant; 

Negative control, uninfected meningioma cells. The RNA extraction were prepared at 2h, 

4h, 6h and 8h post-infection as described in Section 2.12. 

A909 ∆cylE (2h)

Negative control (2h) A909 WT (2h)

Negative control (4h)
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Appendix VIII – Results of host RNA analysis (page 2 of 3) 

 

Negative control (6h)

A909 WT (4h) A909 ∆cylE (4h)

A909 WT (6h)
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Appendix VIII – Results of host RNA analysis (page 3 of 3) 

 

A909 WT (8h)

A909 ∆cylE (6h) Negative control (8h)

A909 ∆cylE (8h)
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