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Abstract 

Neisseria meningitidis (the meningococcus) is a major meningitis-causing 

bacterium and is known for its ability to breach the blood-brain barrier (BBB). 

Meningococci bind to the Laminin receptor (LAMR) on the surface of the 

vascular endothelium, which is part of the BBB. In a previous study, the 

meningococcal surface proteins PorA and PilQ were identified as the bacterial 

ligands responsible for binding and, subsequently, the LAMR-binding moiety 

of PorA was localised to its fourth extracellular loop (PorA-Loop4). PorA 

preferentially targets the 37 kDa laminin receptor precursor (37LRP) rather 

than the 67 kDa laminin receptor form (67LR) on the cell surface. It was 

confirmed that the PorA:37LRP interaction is mediated by PorA-Loop4 as 

deletion of this loop abrogates recruitment of 37LRP under meningococcal 

colonies. Using a cyclised peptide corresponding to PorA-Loop4 from 

N. meningitidis MC58, the PorA-Loop4:37LRP interaction induced specific 

cellular responses in human brain microvascular endothelial cells (HBMECs) 

including G1-phase cell cycle arrest. The interaction of PorA-Loop4:37LRP 

was cytostatic, not cytotoxic. Flow cytometric analysis indicated that the 

treatment of HBMECs with PorA-Loop4 for 24 h caused a significant reduction 

of cells at S-phase and a corresponding increase in the G1 population.  

 

Based on these results, it is hypothesised that PI3K/Akt pathway was 

affected by the interaction resulting in G1 arrest. The current study aimed to 

investigate the perturbations of key proteins’ expression and activation 

involved in the PI3K/Akt pathway (including Akt, GSK-3β, Cyclin D1, and 

CDK4) after the treatment of PorA-Loop4 peptide in HBMECs.  

 

The work indicated that PorA-Loop4 caused perturbations of Cyclin D1/CDK4 

as cell cycle regulators at G1 phase. Transcriptome analysis using qRT-PCR 

showed that treatment of HBMECs with PorA-Loop4 peptide for 2, 4, 8, or 

24 h increased gene expression of CDK4, and decreased expression of Cyclin 

D1. Immunoblotting confirmed these results as the 24 h-treatment of 

PorA-Loop4 peptide caused the downregulation of Cyclin D1 and the 

upregulation of pCDK4 (Thr172).  

 

PorA-Loop4 caused a blockade of PI3K/Akt signalling. Using ZSTK474 as a 

PI3K inhibitor, we observed that the effect of PorA-Loop4 on Cyclin D1 and 

pCDK4 (Thr172) was PI3K-dependent at both mRNA and protein levels. 
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Exposure of HBMECs to PorA-Loop4 peptide caused a downregulation of pAkt 

(Ser473) and an upregulation of pGSK-3β (Ser9) at the protein level 24 h 

post treatment. The upregulation of pGSK-3β (Ser9) was dependent to Akt, 

and the downregulation of Cyclin D1 was independent of GSK-3β.  

 

Using the whole bacterial cells of N. meningitidis wild-type MC58 and its 

mutants lacking of PorA-Loop4, PorA, and/or PilQ, the role of PorA-Loop4, 

PorA and PilQ in influencing the PI3K/Akt pathway were investigated. Similar 

perturbations of pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 

(Thr172) occurred in PorA-Loop4 peptide treated cells and wild-type infected 

cells while the abrogation of the PorA-Loop4 erased the perturbations in 

HBMECs. Both PorA and PilQ have significant roles in the perturbation of pAkt 

(Ser473), pGSK-3β (Ser9), and Cyclin D1. However, the upregulation of 

pCDK4 (Thr172) was mediated by Loop4, not by other parts of the PorA, nor 

by PilQ.  

 

Confocal microscopy showed the localisation of pAkt (Ser473), pGSK-3β 

(Ser9), Cyclin D1, and pCDK4 (Thr172) in the uninfected, wild-type-infected, 

and PorA-Loop4 mutant-infected HBMECs. The pAkt (Ser473), pGSK-3β 

(Ser9), Cyclin D1 were localised mainly in the cytoplasm, while the pCDK4 

(Thr172) was localised in cytoplasmic and nuclear regions. Confocal 

microscopy confirmed the immunoblotting results, as the diffuse pattern of 

pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) in the 

wild-type infected cells were in contrast with the uninfected and the 

PorA-Loop4 mutant infected cells.  

 

In summary, PorA-Loop4 causes the perturbation of PI3K/Akt pathway via 

Akt/GSK-3β/Cyclin D1/CDK4. The data presented in this thesis has extended 

knowledge of meningococcal-host pathogen interaction. A thorough 

understanding of PorA-Loop4 interaction with LAMR and its effect in the 

PI3K/Akt pathway may provide another strategy for the development of 

interventions against the meningococcus and perhaps other Gram-negative 

pathogens.   
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1.1 Characteristics of Neisseria meningitidis 

1.1.1 The genus Neisseria 

Neisseria is a genus member of family Neisseriaceae. It includes at 

least 25 species based on 16S rRNA analysis (Hung and Christodoulides, 

2013). The genus was named after Albert Neisser who observed 

Neisseria gonorrhoeae in urethral exudates from patients with gonorrhoea in 

1879 (Neisser, 1879). Eight years later Weichselbaum isolated the 

Neisseria meningitidis from cerebrospinal fluid (CSF) of patients with 

‘epidemic cerebrospinal meningitis’ (Weichselbaum, 1887).  

N. meningitidis and N. gonorrhoeae are genetically closely related 

human-restricted pathogens, colonising the mucosal surfaces of the human 

nasopharynx and urogenital tract, respectively (Tønjum, 2005). Other 

Neisseria species are commensals in mammalian and/or non-mammalian 

hosts, which might under certain conditions give rise to opportunistic 

infections.  Human commensals of Neisseria species include Neisseria 

lactamica (Hollis et al., 1969), Neisseria animaloris (Ganiere et al., 1995), 

Neisseria bacilliformis (Han et al., 2006), Neisseria cinerea (Knapp et al., 

1984), Neisseria elongata (Bovre and Holten, 1970), Neisseria flavescens 

(Branham et al., 1930), Neisseria mucosa (Veron et al., 1959), 

Neisseria polysaccharea (Riou and Guibourdenche, 1987), Neisseria sicca 

(Shaw, 1932), Neisseria subflava (Benson et al., 1928), Neisseria 

zoodegmatis (Ganiere et al., 1995), Neisseria weaveri (Andersen et al., 

1993). 

 

1.1.2 Neisseria meningitidis 

N. meningitidis (the meningococcus) is a Gram-negative, oxidase and 

catalase positive, non-spore forming, aflagellate, aerobic bacterium, often 

found in a diplococcus form, and is approximately 0.8 μm in diameter. The 

meningococcus can be grown in vitro on enriched media including blood, 

chocolate, modified New York City medium, and Muller-Hinton agar at 

35-37°C, 5-10% CO2, and pH 7-7.4 (Ala'Aldeen and Turner, 2006). On blood 

agar, meningococcal colonies are round, smooth, moist, glistening, convex, 

grey and unpigmented; while on chocolate agar they appear as large, 

colourless-to-grey, opaque colonies (Centers for Disease Control and 

Prevention, 2011a). 
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1.1.3 Classification of Neisseria meningitidis 

The polysaccharide capsule (Figure 1.1), which is a phase-variable 

structure present on the external face of the outer membrane, is commonly 

used to differentiate meningococci into serogroups, traditionally via the use 

of monoclonal antibodies  Up to 13 serogroups have been described (A, B, 

C, E, H, I, K, L, W, X, Y, Z, and Z’) but most meningococcal disease is caused 

by strains belonging to six serogroups (A, B, C, W, X, and Y) (Branham, 

1953). The chemical structures of the capsule polysaccharides from these 

six serogroups are presented in Table 1.1.  

 

 

Figure 1.1: Envelope structure of the meningococcus. The bacteria are 

encapsulated with a polysaccharide capsule. The outer membrane contains numerous 

surface proteins and structures including adhesins, porins, type IV pili, opacity 

proteins, and iron-binding proteins. The figure is reproduced from (Pollard, 2011). 
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Table 1.1: Chemical structures of the important capsules of meningococci 

(Virji, 2009). 

Capsule Structure Features 

A (α1–6)-N-acetyl-

mannosamine-1-phosphate 

Disease-associated,  

non-sialic acid polymer 

B (α2–8)-N-acetylneuraminic 

acid 

Homopolymer of sialic acid; mimics 

structures present on neuronal cell 

adhesion molecules; poor immunogen 

C (α2–9)-N-acetylneuraminic 

acid 

Homopolymer of sialic acid; 

immunogenic 

W 6-D-Gal(α1–4)-N-

acetylneuraminic acid 

Heteropolymer;  

contains sialic acid 

X (α1–4)-N-acetyl- 

D-glucosamine 1-phosphate 

Homopolymer of sialic acid 

Y 6-D-Glc(α1–4)-N-

acetylneuraminic acid 

Heteropolymer;  

contains sialic acid 

  

 Further serology-based characterisation of meningococcal strains, 

such as serotyping, serosubtyping, and immunotyping is based on the 

variants of surface antigens PorB, PorA, and lipooligosaccharide (LOS), 

respectively (Rosenstein et al., 2001). So far, meningococci have been 

classified into over 20 different serotypes and serosubtypes (Ala'Aldeen and 

Turner, 2006), and 12 immunotypes (Zhu et al., 2002). An example of 

nomenclature based on the serological typing of N. meningitidis strain 

H44/76 is B:15:P1.7,16:L3,7,9 which denotes serogroup B, serotype 15, 

serosubtype 7 and 16, and immunotype 3, 7, and 9 (Jolley et al., 2007).  

 However, serogrouping fails to characterise meningococcal strains 

which lack the capsule (termed as ‘non-groupable’) (Dolan-Livengood et al., 

2003). Also, the high frequency of phase and antigenic variation of surface 

antigens reduces the reliability of the serological classification of 

meningococci. Therefore, molecular typing has been developed for 

identifying closely related strains, strains with the potential to cause 

outbreaks, predicting vaccine coverage, and understanding the genetic 

structure of circulating meningococcal strains (Rouphael and Stephens, 

2012). Available techniques for molecular typing are pulsed-field gel 

electrophoresis (PFGE) (Bevanger et al., 1998), multilocus enzyme 

electrophoresis (MLEE) (Weis and Lind, 1998), multilocus sequence typing 
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(MLST) (Maiden et al., 1998), multiplex PCR (Zhu et al., 2012), 

oligonucleotide microarrays (Bannister et al., 2018), and whole-genome 

sequencing (Tettelin et al., 2000). 

 MLST has been used as a molecular typing method of meningococci 

(Jolley et al., 2018, Maiden et al., 1998). The DNA sequences of seven DNA 

fragments (433-501bp) amplified from housekeeping genes (abcZ, adk, 

aroE, fumC, gdh, pdhC, pgm) are utilised in this technique (Birtles et al., 

2005). Each sequence is assigned an allele number, and the combination of 

alleles is used to define the sequence type (ST) of each isolate. The database 

of the sequence types (STs) and the genome diversity of meningococci are 

available online (http://pubmlst.org/) where MLST schemes and isolate data 

of a wide range of prokaryotic and eukaryotic genomes are hosted (Jolley et 

al., 2018). Some STs in the database have been termed as ‘hyper-invasive 

lineages’; isolates belonging to these STs are responsible for most cases of 

the disease worldwide (Vogel, 2010). Increasingly MLST based on seven DNA 

sequences is being superseded by core genome MLST (cgMLST) analysis 

which offers greater resolution (Bratcher et al., 2014). 

 

1.2 Clinical manifestations of invasive 

meningococcal disease (IMD) 

Meningococci in the bloodstream and CSF cause the life-threatening 

disease termed as ‘invasive meningococcal disease’ (IMD) (Leggiadro et al., 

1989) or systemic meningococcal disease (SMD) (Bovre et al., 1983). There 

are four classes of IMD: (1) fulminant sepsis (septic shock without 

meningitis) (2) meningitis with septic shock (3) meningitis without septic 

shock, and (4) meningococcemia without shock/meningitis (Brandtzaeg and 

van Deuren, 2012). Fulminant sepsis is the most severe, while 

meningococcemia without shock/meningitis is the mildest IMD. The clinical 

manifestation is influenced by factors such as age, host co-factors, host 

immune-system, and stage of the disease (Stephens, 2009). Early common 

symptoms of IMD are very similar to those resulting from many self-limiting 

viral illnesses, i.e. headache, fever, nausea, and stiff neck, photophobia, and 

rash; thus recognising IMD during its early stages is very challenging. After 

displaying these non-specific symptoms, around 60% of patients with IMD 

develop meningitis, up to 20% progress to sepsis, or a combination of both 

clinical conditions can be experienced (Stephens et al., 2007, Theilen et al., 

2008).  
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1.2.1 Meningococcal sepsis 

Non-blanching rash, known as purpura, is a common symptom of 

sepsis, which may proceed to other symptoms of meningitis including 

convulsions/seizures (Brandtzaeg, 2006, Brandtzaeg and van Deuren, 

2012). Meningococcal sepsis is further classified into transient, chronic and 

fulminant forms. The transient form is characterised by fever and non-

specific rash, which can both disappear within 2-5 days without treatment 

(Stephens et al., 2007). The chronic form is rarely developed and is clinically 

associated with intermittent fever, arthralgia, signs of vasculitis, and a non-

specific maculopapular rash. These symptoms might fade for days or 

reappear (Harwood et al., 2005, Stephens et al., 2007) . The fulminant form 

occurs when meningococci proliferate rapidly in the bloodstream and reach 

the concentration of 105-108 ml-1 bacteria and 101-103
 EU ml-1 LOS 

(Brandtzaeg et al., 1989, Brandtzaeg et al., 2001, Hackett et al., 2002, 

Bjerre et al., 2003, Øvstebø et al., 2004, Brandtzaeg, 2006, Stephens et al., 

2007). If the LOS level in plasma passes 8–10 EU ml-1, 95% of patients will 

develop persistent septic shock and seizures for more than 24 h (Brandtzaeg 

et al., 1989, Brandtzaeg, 2006, Brissac et al., 2012). The accumulation of 

invasive meningococci and their endotoxin in the bloodstream will induce an 

overwhelming immune response, resulting in generalised pathology of the 

microvascular endothelium, which in turn leads to progressive circulatory 

collapse, severe coagulopathy and severe depression of myocardial function, 

all of which contribute towards multi-organ failure and may lead to death 

(Pathan et al., 2003).   

 

1.2.2 Meningococcal meningitis 

Meningitis is an acute inflammation of the meninges – the membrane 

surrounding the brain and spinal cord. It is caused by bacterial, fungal and 

viral infections. Three major pathogenic bacteria which can cause meningitis 

are N. meningitidis, Streptococcus pneumoniae, and Haemophilus influenzae 

(Brouwer et al., 2010, van Sorge and Doran, 2012). Other known bacteria 

causing meningitis are group B Streptococci, Listeria monocytogenes, 

Escherichia coli K1 (Dawson et al., 1999, Nigrovic et al., 2008, Brouwer et 

al., 2010, Thigpen et al., 2011, van Sorge and Doran, 2012), and 

Mycobacterium tuberculosis (Manuel L et al., 1997, Békondi et al., 2006, 

Swe et al., 2008, van Sorge and Doran, 2012). N. meningitidis, S. 

pneumoniae, and H. influenzae are the most common causes of childhood 
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meningitis (Turk, 1984, Saarinen et al., 1995, Ramsay et al., 1997, Corless 

et al., 2001), while in adults N. meningitidis is the second commonest cause 

after S. pneumoniae (Stephens et al., 2007, Hoffman and Weber, 2009). 

Meningitis caused by E. coli K1 is usually associated with neonates (Houdouin 

et al., 2008, Nudelman and Tunkel, 2009, Croxen and Finlay, 2010, van de 

Beek et al., 2010, Mittal et al., 2011). 

High loads of meningococci and high levels of endotoxin in the 

bloodstream may result in increased concentrations of the inflammatory 

factors including TNFα, IL-1, IL-6 and IL-8 (Waage et al., 1987, Waage et 

al., 1989, Ohga et al., 1994, De Smedt et al., 1996, Kolb-Maurer et al., 

2001). The inflammatory process extends throughout the meninges which 

causes meningitis. Developing meningitis without septic shock is the most 

common clinical presentation associated with IMD; more than 60% of 

patients in industrialised countries develop this condition, while in developing 

countries this percentage can be even higher (Stephens et al., 2007). 

 Symptoms of meningococcal meningitis are generally similar to 

meningococcal sepsis. In adults, meningitis is clinically characterised by a 

sudden fever accompanied by a headache and neck stiffness. Other 

symptoms that a patient can experience include nausea, vomiting, 

photophobia and altered mental status (van de Beek et al., 2004). In infants 

and young children, meningitis might cause non-specific symptoms including 

poor feeding, irritability, a high pitched cry and a bulging fontanelle (Nadel 

and Kroll, 2007). Nowadays, the overall mortality rate associated with IMD 

is 10-15% due to early diagnosis and management (Sharip et al., 2006, 

Rouphael and Stephens, 2012). Unfortunately, around 25% of 

meningococcal disease survivors develop marked morbidity including limb 

loss, hearing loss, cognitive dysfunction, visual impairment, educational 

difficulties, developmental delays, motor nerve deficits, seizure disorders, or 

behavioural problems (Edwards and Baker, 1981, Kirsch et al., 1996, 

Rosenstein et al., 2001, Rouphael and Stephens, 2012). 

 

1.2.3 Other clinical manifestations 

  In addition to sepsis and meningitis, meningococci are able to cause 

other clinical manifestations such as sore throat, meningoencephalitis, 

chronic meningococcaemia, pneumonia, septic arthritis, pericarditis, 

myocarditis, endocarditis, conjunctivitis, panophthalmitis, genitourinary 

tract infection, pelvic infection, peritonitis, and proctitis (Oldfield and 
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Ala'Aldeen, 2012). The clinical picture can progress from one end of the 

spectrum to the other during the course of the disease.  

 

1.3 Epidemiology of IMD 

Epidemics of IMD have occurred worldwide for decades. Places with 

high population density (e.g. university halls, dormitories, hajj-pilgrimage 

areas) might contribute to the transmission and spread of meningococci 

because of the prolonged contact between residents (World Health 

Organization, 2015a). Uncontrolled and fast transmission between hosts 

could produce local epidemics, in those populations. Although rates of 

asymptomatic carriage could be high, disease rates are relatively low 

(approximately 1-1000 per 100,000 population) (Caugant and Maiden, 

2009). The conversion from harmless bacteria into pathogens is further 

explained in section 1.5. 

In 2004, WHO reported that there are 1.2 million cases of bacterial 

meningitis per year, 170,000 of which are fatal (Beaglehole et al., 2004, van 

Sorge and Doran, 2012). While in 2014, there was a decline to approximately 

15,000 suspected cases of bacterial meningitis globally (World Health 

Organization, 2015b), including 1,304 deaths (World Health Organization, 

2014), these mainly occurred in the meningitis belt of sub-Saharan Africa 

(World Health Organization, 2015b). Effective vaccines and advanced 

therapeutic interventions have reduced the numbers of fatal cases. Still, 

several countries reported meningitis epidemics in 2014 such as Benin, 

Ethiopia, Gambia, Ghana, Nigeria and Guinea (World Health Organization, 

2015b).  

The worldwide distribution of meningococcal serogroups causing 

disease is presented in Figure 1.2. Serogroup A and, to a lesser extent, 

serogroup C have caused major outbreaks in the ‘African meningitis belt’ 

(Greenwood et al., 1987, Greenwood, 1999, World Health Organization, 

2006, Stephens et al., 2007). Serogroup A also caused epidemics across 

China and Russia but have recently been replaced by localised disease due 

to serogroups B and C (Rouphael and Stephens, 2012). Serogroup B overall 

has a lower incidence compared to serogroup A. However, it is the most 

important cause of endemics in developed countries with significant 

morbidity and mortality. Serogroup W has been associated with 

meningococcal disease among pilgrims of Hajj in Saudi Arabia (Dull et al., 

2005). Return of the pilgrims to their home country might be associated with 



 

Chapter 1 – General Introduction 

 

 

9 

 

the spread of serogroup W throughout the world (Hahne et al., 2002, 

Lingappa et al., 2003, Wilder-Smith et al., 2003). Serogroup X and Y do not 

cause major outbreaks. However, serogroup Y remains the cause of 26% of 

the total meningococcal disease in the US (Cohn et al., 2010, Rosenstein et 

al., 1999, Centers for Disease Control and Prevention, 1993). Also, isolates 

of serogroup Y have been recorded in Europe, Latin America, and Israel 

(Rouphael and Stephens, 2012).  

 

 

 

Figure 1.2: Worldwide serogroup distribution of meningococcal disease 

(Rouphael and Stephens, 2012). Serogroup A and C are the cause of major 

outbreaks of meningococcal disease in Africa, while serogroup B and C are the 

predominant strains in Europe, Australia, and America. Serogroup A cause epidemics 

in Russia and China, while serogroup B cause epidemics in New Zealand. Serogroup 

W has been associated with meningococcal disease among pilgrims of Hajj in Saudi 

Arabia. Serogroup X and Y do not cause major outbreaks. Serogroup Y has been 

recorded mostly in the USA.       

The United Kingdom is one of the developed countries with the highest 

incidence of meningococcal disease (Maiden et al., 2002, Hill et al., 2015). 

In England, 755 cases of IMD were reported to the National Public Health 

England Meningococcal Reference Unit during 2017/2018, similar to the 748 

cases reported in 2016/2017 (Public Health England, 2018). Overall IMD 

incidence in 2017/2018 has remained stable at one per 100,000. Serogroup 

B (54% of all cases) was the dominant cause, followed by serogroups W 

(24%), Y (12%), and C (8%). Cases of serogroup W in 2017/2018 have 

decreased by 14% since the previous year. However, cases of serogroup Y 
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have increased by 10%. Adults aged 25 years and older accounted for most 

cases of serogroup Y. 

 

1.4 Treatment and prevention of IMD 

Treatment and prevention strategies for IMD should ideally be 

developed based on the pathophysiology, symptoms, and mechanisms of the 

disease in the human body. Treatment should begin as soon as possible, 

even before confirmation of the bacterial species involved. Samples from  

suspected patients could be retrieved from CSF, blood, skin lesion, or throat 

fluid, which can then be examined by basic methods (e.g. gram staining, 

agar culture) or molecular methods (e.g. PCR) (Miller et al., 2018). IMD is 

commonly treated with antibiotics including penicillin, cephalosporins, 

aminoglycosides, and quinolones (Tunkel et al., 2004, Van de Beek et al., 

2006, Brouwer et al., 2010, van de Beek et al., 2012). Sulfonamides are no 

longer used following the identification of sulfadiazine-resistant 

meningococci (Millar et al., 1963, Fiebelkorn et al., 2005).  

For the prevention of disease, four kinds of vaccines are available to 

protect against meningococcal infections including (1) polysaccharide, 

(2) polysaccharide-protein conjugate-based, (3) vaccines based on outer 

membrane vesicles (OMVs), and (4) vaccines based on OMPs.  

The first vaccines developed against meningococci incorporated the 

capsular polysaccharides of serogroups A, C, Y, and W (Goldschneider et al., 

1969, Gotschlich et al., 1969, Griffiss et al., 1981, Hankins et al., 1982). 

These vaccines were effective in providing serogroup-specific protection in 

adults. However, they were short-lived and they were ineffective in young 

children (Gold et al., 1975, Robbins, 1978, Jennings, 1983).  

More recently, conjugated vaccines were developed to provide 

longer-term protection through the induction of immunological memory 

(Keyserling et al., 2005, Lewis et al., 2009, Tan et al., 2010, Bröker et al., 

2011, Gasparini and Panatto, 2011). The examples of the developed 

conjugated vaccine are MCC (for MenC strains) (Miller et al., 2001) and 

MenAfrivac (for MenA strains) (Bilukha and Rosenstein, 2005, LaForce and 

Okwo-Bele, 2011). MCC and MenAfriVac contain polysaccharides conjugated 

to tetanus or diphtheria toxoid as a carrier (Miller et al., 2001, LaForce and 

Okwo-Bele, 2011). These vaccines work both directly and indirectly to 

protect the population. Directly, the MCC and MenAfriVac provide 

immunological memory and protection to each vaccinated individual. 
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Indirectly, mass vaccination induces a ‘herd immunity’ in which people who 

have not been vaccinated are also protected from IMD. The protection occurs 

because there has been a significant drop in the population-wide carriage. 

Both effects will significantly reduce the incidence of IMD where it has been 

adopted. 

Another type of meningococcal vaccine is exemplified by the 

quadrivalent MenACWY vaccines (e.g. Menactra®, Nimentrix®, Menveo®), 

which are given in the USA to adolescents at high risk of IMD (Centers for 

Disease Control and Prevention, 2011b). They have also been used in the 

UK for close contacts of an IMD patient with MenACWY or administered to 

travellers going to regions of the world where MenACW or Y is endemic. Since 

2015, MenACWY is routinely given to UK adolescents to combat the rise of 

MenW (Public Health England, 2015). There were also worries that immunity 

gained from childhood MenC has waned in adolescents; thus, the MenACWY 

vaccines also acts as a MenC booster.  

Development of vaccines against MenB has been the most challenging. 

The MenB capsule consists of (α28)-linked polysialic acid, a structure which 

is also found on some human neural-cells (Nedelec et al., 1990, Finne et al., 

1987). Thus, OMV vaccines have been developed based on the fact that the 

meningococcus produces and releases vesicles composed of OMPs, LOS, 

lipids, and periplasmic components. The first generation OMV vaccines 

against MenB primarily contained the meningococcal porins PorA and PorB 

as antigenic components (Fredriksen et al., 1991, Sierra et al., 1991, 

Boslego et al., 1995). PorA is a very abundant meningococcal OMP but is 

highly-variable among isolates. Thus, OMV (PorA)-based vaccines are 

serosubtype-specific and ineffective against heterologous invasive strains. 

Second generation OMV vaccines have been developed to increase coverage. 

For example, Claassen et al. genetically engineered meningococcal strains 

to express six PorA variants to produce hexavalent PorA vaccines (Claassen 

et al., 1996).  

One recently developed vaccine against MenB is 4CMenB that was 

licensed by GlaxoSmithKline by the name of Bexsero® (Gorringe and Pajon, 

2012). It contains four recombinant antigen components: factor H binding 

protein (fHbp), Neisserial adhesin A (NadA), Neisseria heparin binding 

Antigen (NHBA), and OMVs from a New Zealand epidemic strain (including 

PorA P1.4) (Gorringe and Pajon, 2012). Clinical trials showed that 4CMenB 

gave significant immunological responses among infants (Gorringe and 

Pajon, 2012). In the UK, Bexsero is now part of the infant immunisation 
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schedule. However, it is anticipated that the vaccine may need further 

improvement, possibly with additional components, because of its limited 

predicted protection against only ca. 78% of European invasive MenB strains 

(Vogel et al., 2013). 

Also, a recombinant fHbp-based vaccine against MenB was approved 

by European Medicines Agency in May 2017 (European Medicines Agency, 

2017). The recombinant vaccine includes two clones of fHbp representing 

two major classes of fHbp circulating in Europe. Pfizer licensed it under the 

name Trumenba® (McNeil et al., 2013). It is indicated for individuals from 10 

through 25 years of age. Targeting teenagers and adolescents for 

vaccination would significantly reduce the meningococcal carriage and 

transmission as these age groups has the pivotal role in the epidemiology of 

meningococcal disease (Vetter et al., 2016).  

 

1.5 Meningococcal pathogenesis 

Meningococcal pathogenesis, particularly the factors enabling the 

capacity to progress from harmless commensal residing in the nasopharynx 

into a pathogen, is not fully understood. The environmental conditions 

facilitating exposure and acquisition, the bacterial genetics influencing the 

virulence of the organism, and the host susceptibility favouring bacterial 

acquisition, colonisation, invasion, and survival are all factors which 

contribute to the development of invasive disease from meningococcal 

infection (Rouphael and Stephens, 2012). 

Meningococci are spread from one person to another by direct contact 

or via respiratory droplets (DeVoe, 1982, Caugant et al., 2007). The bacteria 

first colonise the human upper respiratory tract mucosa to establish a carrier 

state and, in some cases, may progress to meningococcal disease. During 

the carriage stage in the nasopharynx, co-colonisation with pathogenic and 

non-pathogenic bacteria may lead to horizontal genetic exchange and 

recombination events, which may result in the emergence of new 

meningococcal clones expressing one or more capsular polysaccharide to 

evade the host immune defences (Feil et al., 1999, Yazdankhah and 

Caugant, 2004). Moreover, new successful clones might be capable of wide 

global dissemination and could be associated with explosive epidemics of 

invasive disease (Caugant et al., 1986, Read, 2014). Transmissibility is 

essential in the life cycle of meningococci (Yazdankhah and Caugant, 2004). 
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The stages of meningococcal pathogenesis throughout the human body 

are illustrated in Figure 1.3 (Virji, 2009). After adhesion and colonisation in 

the nasopharynx, the bacteria may invade the epithelial barrier via 

transcytosis or through phagocytes. Then, the bacteria can translocate into 

the blood vessels, survive host-immune defences, proliferate, and 

disseminate throughout the body. After reaching the capillaries, 

meningococci bind to the vascular endothelium via type IV pili. Invasion into 

CSF via transcytosis and the paracellular route is the last stage of 

pathogenesis.  

 

 

Figure 1.3: Stages in the pathogenesis of N. meningitidis. Meningococci may 

be acquired through the inhalation of respiratory droplets. The organism establishes 

intimate contact with non-ciliated mucosal epithelial cells of the upper respiratory 

tract, where it may enter the cells briefly before migrating back to the apical surfaces 

of the cells for transmission to a new host. Asymptomatic carriage is common in 

healthy adults in which bacteria that enter the body by crossing the epithelial barrier 

are eliminated. Besides transcytosis, N. meningitidis can cross the epithelium either 

directly following damage to the monolayer integrity or through phagocytes in a 

'Trojan horse' manner. In susceptible individuals, once in the bloodstream, 

N. meningitidis may survive, multiply rapidly and disseminate throughout the body 

and the brain. Meningococcal passage across the brain vascular endothelium (or the 

epithelium of the choroid plexus) may then occur, resulting in infection of the 

meninges and the cerebrospinal fluid. The figure is reproduced from (Virji, 2009). 

 

1.5.1 Adhesion and colonisation 

Meningococci utilise adhesins to attach to ligands distributed on the 

surfaces of different human cells. Type IV pili, autotransporters, and various 
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adhesins facilitate contact of bacteria with host cells (Table 1.2).  The Type 

IV pili establish the initial contact with non-ciliated mucosal epithelial cells at 

the upper respiratory tract (Stephens et al., 1983, Virji, 2009). During this 

stage, the meningococcal capsule hampers intimate adhesion; thereby it is 

downregulated via phase variation (Hammerschmidt et al., 1996a, 

Hammerschmidt et al., 1996b, Deghmane et al., 2002). Loss of the capsule 

facilitates meningococcal attachment, microcolony formation, and the 

carriage state at human mucosal surfaces (Bartley et al., 2013, Tzeng et al., 

2016). Other surface structures, including pili, are also subject to phase 

variation, as well as post-translational modification, which allows dissociation 

of the meningococci from bacterial aggregates to the new colonisation sites, 

also migration across the epithelium (Chamot-Rooke et al., 2011). 
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Table 1.2: Adhesion and invasion proteins, modified from Virji, (2009). 

Proteins Properties Features Function Targets Receptors References 

Type IV 

pili 

 

 

PorA (with 

Type IV 

pili ‘PilQ’) 

15-20 kDa  

subunits 

 

 

45 kDa 

Polymeric fibres; phase and 

antigenically variable 

 

 

OMP 

Adhesion and 

invasion 

 

 

Adhesion and 

invasion 

 

Human epithelial cells, 

endothelial cells and RBC 

 

 

Human epithelial and 

endothelial cells 

CD46 

PAFr 

-adrenergic receptor 

CD147 

LAMR/Gal-3 

(Kallstrom et al., 1997) 

(Jen et al., 2013) 

(Coureuil et al., 2010) 

(Bernard et al., 2014) 

(Orihuela et al., 2009, Alqahtani et 

al., 2014) 

Opa 24–35 kDa;  

heat modifiable  

Eight-stranded β-barrel; phase 

and antigenically variable 

Adhesion and 

invasion 

Human epithelial cells 

and fibronectin 

CEACAMs 

  

HSPG  

ECM and integrins 

(Chen and Gotschlich, 1996, Virji 

et al., 1996, Muenzner et al., 

2000) 

(Chen et al., 1995, Van Putten and 

Paul, 1995, Virji et al., 1999) 

(Duensing and van Putten, 1998) 

Opc 24–35 kDa;  

heat modifiable  

Ten-stranded β-barrel; phase 

variable 

Adhesion and 

invasion 

Human epithelial cells, 

endothelial cells, 

activated vitronectin and 

fibronectin 

ECM, integrins  

 

HSPG 

(Virji et al., 1994, Unkmeir et al., 

2002) 

(De Vries et al., 1998, Prince et 

al., 2002) 

NhhA 57 kDa  Trimeric autotransporter; 

Haemophilus influenzae Hsf/Hia 

homologue 

Adhesion Human epithelial cells Laminin and HSPG (Scarselli et al., 2006) 

App 160 kDa  Autotransporter; H. influenzae 

Hap homologue 

Adhesion and 

spread 
Human epithelial cells MR, TfR1 

 

(Serruto et al., 2003, Khairalla et 

al., 2015) 

HrpA 

(TPS) 

180 kDa Bordetella pertussis FHA 

homologue 

Adhesion? Some human epithelial 

cell lines 

Unknown (Tala et al., 2008) 

NadA 38 kDa Trimeric Autotransporter 

belonging to Oca family; phase 

variable  

Adhesion and 

invasion 
Human epithelial cells β1 integrin  

HSP90 

(Nagele et al., 2011) 

(Capecchi et al., 2005) 

MspA 157 kDa Autotransporter; secreted; 

phase variable 

Adhesion Human epithelial and 

endothelial cells (when 

expressed by E. coli) 

MR, TfR1 

 

(Turner et al., 2006, Oldfield et al., 

2013, Khairalla et al., 2015) 
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 Retracting pili induce twitching motility that allows the meningococci to 

move along the epithelial mucosa until the bacteria come into intimate contact 

with specific receptors. Alqahtani et al. showed that Galectin-3 (Gal-3) and 

laminin receptor precursor (37LRP) on the surface of the host cell build a complex 

interaction with Type IV pili, meningococcal outer membrane protein PorA and 

LOS to enhance adherence to the epithelium (Alqahtani et al., 2014).   

Trimeric autotransporters, NhhA and NadA, are also involved in the 

bacterial-host cell close association. NadA forms stable trimers on the bacterial 

surface which promotes adherence and invasion to epithelial cells (Capecchi et 

al., 2005). Interestingly, NadA binds to human cytoplasmic chaperone Hsp90 

(Heat shock protein 90), and the purified Hsp90 was shown to inhibit NadA-

mediated adhesion and invasion in vitro (Montanari et al., 2012). NhhA also aids 

adhesion by binding to the extracellular matrix proteins of the epithelial cells 

heparin sulphate and laminin (Scarselli et al., 2006). NhhA affects the host 

immune system by promoting the apoptosis of macrophages and affecting the 

differentiation of monocytes, which sustain asymptomatic colonisation (Wang et 

al., 2016a). 

App and MspA, chymotrypsin-like serine proteases, were also reported to 

function as adhesins (Turner et al., 2006, Serruto et al., 2003). The proteins 

might remain temporarily associated with the cell surface before they are 

released. Heterologous expression of App and MspA in E. coli mediated adhesion 

of the bacteria to epithelial cells and endothelial cells, and this function was 

confirmed in N. meningitidis (Serruto et al., 2003, Turner et al., 2006). The 

capsule did not appear to limit App’s adhesin function, suggesting that the protein 

extends beyond the capsule to interact with its receptor on the Chang epithelial 

cells (Serruto et al., 2003).  

After the initial adhesion with diverse adhesins, meningococci continue to 

proliferate to form small micro-colonies. The close adherence of meningococci to 

host epithelial cells leads to the formation of cortical plaques (Doulet et al., 2006, 

Stephens et al., 2007). The intimate association generates specific signals and 

events, which eventually trigger the formation and extension of epithelial cell 

pseudopodia that engulf the meningococcus. The intimate association is 

mediated by the meningococcal opacity proteins Opa and Opc, which interact 

with CD66/CEACAMs and integrin receptors, respectively, which are both found 

on the surface of the epithelial cells (Virji et al., 1994). However, CEACAMs are 

also found on other type of cells including endothelial cells and cells of the 

immune system.  
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1.5.2 Bacteraemia  

Following the successful traversal of the nasopharyngeal mucosa, 

meningococci disseminate to sub-epithelial tissues from where they may gain 

access to the bloodstream. Meningococci must first evade human host defences, 

especially from phagocytes and the complement system, to survive in the 

bloodstream. Transient bacteraemia is expected when meningococci are faced 

with an effective immune response; however, if the latter is compromised, then 

meningococcal sepsis can be established (Hung and Christodoulides, 2013). To 

maintain bacterial survival, meningococci utilise a wide range of virulence 

factors. Functions of virulence factors involved in bacteraemia are summarised 

in Table 1.3.   
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Table 1.3: Functions of virulence factors involved in bacteraemia. 

Virulence Factors Function References 

Capsule - Protects against complement 

- Prevents phagocytosis 

- Resists temperature increases during inflammation  

- Provides resistance to antimicrobial peptides and 

antibiotics 

 

(Hammerschmidt et 

al., 1996b, Kahler et 

al., 1998) 

Type IV pili - Adhere to human vessels and trigger vascular 

damage 

- Adhere to endothelial cells leading to reshaping of 

the host cell plasma membrane with the formation 

of filopodia-like petrusions 

(Imhaus and 

Dumenil, 2014) 

LOS/Endotoxin 

 

- Lipid A induces a release of cytokines (IL-1, IL-6, 

and TNF-α), chemokines, reactive oxygen species 

(ROS), and nitric oxides; thus, it leads to necrosis 

of tissues 

- Prevent the binding of dendritic cells by modification 

of its structure 

 

(Zughaier et al., 

2007) 

 

 

(Kurzai et al., 2005) 

Factor H Binding 

Protein (fHbp) 

Binds to human fH and down-regulates complement 

pathway in host innate immunity 

 

(Hammerschmidt et 

al., 1996b, Kahler et 

al., 1998, Madico et 

al., 2006, Welsch 

and Ram, 2008) 

Iron acquiring 

proteins 

- TbpA/B  

- LbpA/B  

- HpuA/B  and 

HmbR  

 

FetA/FrpB 

 

Acquire iron from human blood iron-containing 

proteins including: 

- Transferrin,  

- Lactoferrin 

 

- Haemoglobin 

 

Binds to TonB siderophores secreted by other 

bacteria (e.g. E. coli) 

 

 

(Irwin et al., 1993) 

(Pettersson et al., 

1994) 

(Stojiljkovic et al., 

1995) 

(van der Ley et al., 

1996) 

 

IgA Protease - Cleaves host immunoglobulin IgA 

- Hampers phagosome maturation via degrading 

lysosome-associated membrane proteins (LAMP1) 

(Hopper et al., 

2000) 

NalP Cleaves human complement C3 and degrades 

human C3b, helps the bacteria evading the innate 

immune system 

(Del Tordello et al., 

2014) 

PorB - Binds to human fH  

- down-regulates complement pathway in vivo 

(Lewis et al., 2014) 
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The meningococcal capsules provide protection against complement-

mediated bacterial killing and phagocytosis (Hammerschmidt et al., 1996b, 

Kahler et al., 1998). Based on the study by Spinosa et al., the meningococcal 

capsule also promoted intracellular survival in HeLa, HEp-2, or Chang 

conjunctiva cells (Spinosa et al., 2007). The encapsulated bacteria had an 

increased resistance to cationic antimicrobial peptides (CAMPS), while the 

non-capsulated bacteria were more susceptible to defensins, cathelicidins, 

protregins, and polymyxin B, which are used as model compounds to define 

the mechanism of action of CAMPs.  

Similarly, shedding of outer membrane blebs, which are rich in 

bacterial endotoxin and outer membrane proteins (OMPs), allows diversion 

of antibodies and complement components away from the surfaces of intact 

bacteria. Survival of intracellular Neisseria is also influenced by the 

expression of IgA1 protease that hampers phagosome maturation via 

degrading lysosome-associated membrane protein 1 (LAMP1) (Hopper et al., 

2000). 

 To survive the iron-limited environment in the bloodstream, 

meningococci express surface receptors including haemoglobin-binding 

receptors (HmbR and HpuA/HpuB) (Stojiljkovic et al., 1995, Lewis et al., 

1997), transferrin-binding receptors (TbpA/TbpB) (Irwin et al., 1993), and 

lactoferrin-binding receptors (LbpA/LbpB) (Pettersson et al., 1994, 

Pettersson et al., 1998, Prinz et al., 1999), which are respectively assigned 

to hijack iron from human haemoglobin, transferrin and lactoferrin. Also, 

meningococci obtain iron from siderophores produced by other bacteria, for 

example the siderophore enterochelin, which is bound by the TonB-

dependent outer membrane protein FetA/FrpB (Pettersson et al., 1995, van 

der Ley et al., 1996, Perkins-Balding et al., 2004). These iron uptake 

systems would support the growth and proliferation. 



Chapter 1 – General Introduction 

 

 

20 

 

1.5.3 Traversing the blood-brain barrier 

After invasion of the epithelial mucosa and circulation in the 

bloodstream, meningococci encounter the endothelium of the Blood Brain 

Barrier (BBB). Meningitis can occur if the bacteria disrupt this structure and 

enter the CSF. However, the BBB contains unique endothelial cells which 

prohibit the free exchange of molecules. The molecule transport pathways 

via tight junctions and enzymatic pathways are strictly limited in BBB. Thus, 

interactions between meningococci and the endothelium are complex. Until 

now, researchers are still answering questions regarding these interactions, 

especially the signalling pathways initiated and mechanisms of bacterial 

uptake.  

The bacterial proteins involved in these interactions seem similar to 

those mediating bacterial interactions with the nasopharyngeal mucosa, in 

which the type IV pili, Opa, and Opc are the major adhesins that mediate 

adhesion to endothelial cells (Virji, 2009). The Type IV pili recruit the 

Par3/Par6/PKCzeta polarity complex which is essential in the establishment 

of eukaryotic cell polarity and the formation of intercellular junctions 

(Coureuil et al., 2009). The interaction between the pili and the polarity 

complex leads to the formation of ectopic intercellular junctional domains at 

the site of bacteria-host cell interaction and a subsequent depletion of 

junctional proteins at the cell-cell interface with opening of the intercellular 

junctions of the brain-endothelial interface.  

Then, meningococci hijack the β2-adrenoceptor/β-Arrestin pathway 

to cross the brain endothelium by confining β-arrestin-interacting partners, 

such as the Src tyrosine kinase and junctional proteins, under the 

meningococcal colonies (Coureuil et al., 2010). Cytoskeletal reorganisation 

mediated by β-arrestin-activated Src stabilises bacterial adhesion to 

endothelial cells, whereas β-arrestin-dependent delocalisation of junctional 

proteins results in anatomical gaps used by bacteria to penetrate into 

tissues.  In addition, meningococcal infection cause the brain endothelial 

cells to produce metalloproteinase-8, which disrupts the tight junction 

protein occludin leading to a subsequent BBB breakdown (Schubert-Unkmeir 

et al., 2010).  

Meningococcal infection also impacts on the restoration of endothelial 

barrier. The bacteria modulate and interfere with the host cell cycle 

progression that is crucial to the growth of new endothelial cells and 

preservation of its barrier function. The opacity proteins have been reported 
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to trigger the accumulation of cells in the S phase of the endothelial cell cycle 

via p21 and Cyclin G2 (Oosthuysen et al., 2016). 

 

1.6 Meningococcal porins  

One major group of OMPs involved in the pathogenesis of 

N. meningitidis are the porins. These trimeric proteins are the most 

abundant proteins in the outer membrane of meningococci and are important 

as virulence factors and antigens for vaccines and therapeutics (Naumann et 

al., 1999, Achouak et al., 2001, Galdiero et al., 2003, Galdiero et al., 2012). 

The main function of meningococcal porins is to form channels in the outer 

membrane that are essential for the exchange of ions and small molecules 

between the bacterial periplasm and the external milieu. Two major classes 

of meningococcal porins are PorA (class I) and PorB (class II/III). Class II 

and III proteins are produced by two alleles of the single-copy PorB locus 

(Minetti et al., 1998).   

PorA (ca. 45 kDa) contains 16 transmembrane -strands and eight 

surface-exposed loops (Figure 1.4) (Derrick et al., 1999). Loop 1 and Loop 

4 are the largest and most variable loops in PorA among different 

meningococcal strains (van der Ley et al., 1991).  

 

Figure 1.4: Ribbon diagram of the tertiary structure of PorA derived from 

N. meningitidis MC58 (Vassey, 2014). The model shows a classic -barrel 

structure in the membrane (yellow), helix-turn-helix in PorA (red), and eight 

extracellular loops (green). Loop 1 (left) and loop 4 (top right) are the most 

prominent loops on the surface.  
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 The variation of both loops is the basis of classification schemes as 

determined by both serological and DNA sequence-based schemes. PorB 

(ca. 33 kDa) has a similar loop structure to PorA, although they have 

different roles and characteristics in the pathogenesis of meningococci. 

 PorB has been reported to promote adhesion to host cells, translocate 

to mitochondria and affect host cell signalling. Muller et al. reported that 

PorB initiates the release of intracellular calcium and induces apoptosis via 

translocation to the host mitochondria (Muller et al., 1999). However, 

Massari et al. contradicted the previous report with the finding that PorB 

binds to mitochondrial porin voltage-dependent anion channel (VDAC) 

without an apoptotic effect, resulting in cell survival and activation of B cells 

(Massari et al., 2003). The immune stimulation by PorB was Toll-like receptor 

2 (TLR-2) and MyD88 dependent (Massari et al., 2002). PorB binds directly 

to TLR2/TLR1 heterodimer and activates NF-B (Massari et al., 2006). 

Although NF-B is involved in the regulation of Bcl-XL and inhibitors of 

apoptosis (IAPs) in the intrinsic pathway (Nagata, 1997, Chen et al., 2000, 

Bernal-Mizrachi et al., 2006), the antiapoptotic effect of PorB was 

independent of TLR-2 and NF-B (Massari et al., 2010).  In addition, PorB 

has been shown to regulate the alternative complement pathway via binding 

to human factor H (Lewis et al., 2014).   

Unlike PorB, PorA has not been reported to translocate from the 

bacterial membrane. PorA is not expressed by gonococci, suggesting a 

specific role in the life cycle of meningococci which may have implications 

for its pathogenesis. The loops of PorA are frequently recognised by human 

antibodies in convalescent patients. Thus, OMV vaccines have been produced 

based on porins (van der Ley et al., 1991). These loops are subject to 

variation by changing the length of the sequence via point mutations, 

insertions, and deletions in the gene encoding PorA resulting in changes in 

the protein structure and expression; they can also lead to attenuation in 

antibody binding. PorA expression is influenced by phase variation, which 

can lower expression rates during long-term persistent meningococcal 

carriage; such changes will become subjects to antibody-mediated selection 

(Alamro et al., 2014). It leads to host persistence, allowing the bacteria to 

establish a commensal relationship within the human host. Phase variation 

of PorA might also impact on the effectiveness of PorA-based vaccines.  

Reported strains of meningococci with a porA deletion were rare. Van 

der Ende et al. found that porA deletions in H44/76 and H355 strains were 
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probably caused by recombination between RS3 core sequences (Van der 

Ende et al., 1999). RS3 contains nine direct and inverted repeats, which 

share a common 6-bp core sequence, 5’-ATTCCC-3’ or 5’-GGGAATS’ (Haas 

and Meyer, 1986). The deletion of porA occurred via recombination between 

homologous regions of 116 bp upstream and downstream of porA.  

Our group’s previous studies showed that PorA (via Loop4) binds to the 

non-integrin laminin receptor (LAMR) in human microvascular endothelial 

cells (Orihuela et al., 2009, Abouseada et al., 2012). A recent paper 

confirmed these findings, as NMB1429 (aka PorA) was reported as part of 

the surface HBMEC interactome of Neisseria meningitidis (Kanova et al., 

2018). Both meningococcal PorA and PilQ are able to engage LAMR in 

HBMECs (Orihuela et al., 2009). However, not only meningococcal PorA 

binds to LAMR but also pneumococcal CbpA and OmpP2 of H. influenzae 

(Orihuela et al., 2009). Binding of these three major bacterial pathogens to 

LAMR reveals the importance of LAMR as a receptor for pathogens which 

target the central nervous system (CNS).  

 

1.7 Human non integrin laminin receptor (LAMR) 

as the cellular receptor for meningococcal 

adhesins  

LAMR is a cell-surface receptor, important for many fundamental 

cellular processes. It was first identified in 1983 as a 67-kDa protein (67LR) 

that binds to immobilised laminin-1 (Lesot et al., 1983, Malinoff and Wicha, 

1983, Rao et al., 1983, Orihuela et al., 2009, Abouseada et al., 2012). Later, 

Rao et al. reported that the protein might arise from a 37-kDa precursor 

(37LRP) based on SDS-PAGE results (Rao et al., 1989). The ribbon diagram 

of both 67LR and 37LRP is presented in Figure 1.5. LAMR is equivalent to 

laminin binding protein p40, part of the 40S ribosome. Thus, it is also known 

as ribosomal protein SA (RPSA) (Tohgo et al., 1994). 
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Figure 1.5: Crystal structure of LAMR (Jamieson et al., 2008). (a) Ribbon 

diagram of (a) 37 kDa LAMR (37LRP) with α helices colored red (A-E) and β strands 

colored yellow (1-7). (b) 67LR structure built from homodimer interaction of 37LRP 

(magenta) with another 37-LRP molecule (cyan). Residues in the dimer interface are 

labeled. The crystallographic two-fold axis is vertical. 

 

1.7.1 The molecular structure of LAMR 

LAMR is encoded in humans by the RPSA gene (NCBI Gene ID: 3921, 

Accession No.: AC_000135). The gene is a 5,833-bp stretch along 

chromosome location 3p22.2 consisting of seven exons and six introns 

(Jackers et al., 1996). The human RPSA gene produces a final mRNA of 1,155 

nucleotides (Accession No.: NM_002295) or a 1,109-nucleotide variant with 

an alternative 5’ exon prior to the start codon (NM_001012321) (Satoh et 

al., 1992). The open reading frame of 855 bases encodes a 295-amino acid 

protein termed 37LRP (Wewer et al., 1986, Castronovo et al., 1991).  

37LRP was originally presumed to be a precursor to 67LR based on 

two studies. The first study found the conversion of 37LRP to a higher 

molecular weight (HMW) 67-kDa form using pulse-chase radiolabelled cells 

to monitor the transition over time (Castronovo et al., 1991). The second 

attempt to solidify a precursor relationship comes from a study hypothesising 

that fatty acid acylation of 37LRP may be required for the transition to the 

HMW form (Buto et al., 1998).  

As the understanding of the receptor has grown, more evidence has 

suggested a more complex relationship between 37LRP and 67LR. Buto et 

al. proposed that LAMR is possibly a heterodimer between 37LRP and 

Galectin-3 (Buto et al., 1998), which is supported by the findings that lectin 

epitopes are present in LAMR, laminin recognition by LAMR is lactose 

dependent, and LAMR can be eluted from laminin-affinity chromatography 

columns by lactose (Castronovo et al., 1991). The hypothesis was confirmed 
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by our group’s findings of a heterodimeric form of LAMR consisting of 37LRP 

and Galectin-3 (Alqahtani et al., 2014).  

Later studies showed that more possible forms of LAMR are present in 

human cells. DiGiacomo and Meruelo suggested that there are possibly 

seven different LAMR species in the cell including (1) intracellular LAMR (37 

kDa), (2) extracellular peripheral membrane LAMR (67 kDa) capable of 

independently binding laminin, (3) extracellular peripheral membrane LAMR 

(37 kDa) supporting integrin laminin binding, (4) LAMR (67 kDa) 

membrane-associated via the properties of a homo- or heteromer, (5) LAMR 

(67 kDa) with hypothetical transmembrane domain (TMD), (6) shed LAMR 

(67 kDa), and (7) intracellular small ubiquitin-like modifier (SUMO)ylated 

LAMR (53 kDa) (shown in Figure 1.6) (DiGiacomo and Meruelo, 2015). LAMR 

has been localised to the membrane, ribosomes, cytoplasm, and nucleus. 
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Figure 1.6: Cellular Biology Overview of LAMR/RPSA. Several possible LAMR 

species are depicted including (1) intracellular LAMR; (2) extracellular peripheral 

membrane 67LR capable of independently binding laminin; (3) extracellular 

peripheral membrane 37LRP supporting integrin laminin binding; (4) 67LR membrane 

association via the properties of a homo- or heteromer; (5) 67LR with hypothetical 

transmembrane domain (TMD). It is unclear how LAMR membrane presence is 

dynamically regulated by intracellular proteins in the absence of a TMD; (6) shed 

67LR and (7) intracellular SUMOylated LAMR. Ribosomal, cytoskeletal and nuclear 

localisations of LAMR in addition to its presence at focal adhesions are also depicted. 

All protein-protein contacts represent experimentally demonstrated interactions. 

Signalling indications (yellow) represent preliminary evidence for signalling cascades 

involving LAMR. Because of ambiguity in the data, the subcellular locations of each 

protein are not necessarily accurate and represent only predictions based on available 

evidence. Similarly, the species of LAMR (i.e. 37/67 kDa) depicted for each function 

is not meant to suggest exclusivity or a definitive understanding of the relevant 

molecule(s). This figure is reproduced from (DiGiacomo and Meruelo, 2015).  

 

 In addition to 37LRP and 67LR, LAMR appears to have the 53-kDa 

(SUMO)ylated form after cellular stress or a particular signalling stimulus 

(Golebiowski et al., 2009, Manza et al., 2004). Previously, it was predicted 

that SUMO oligomers might build 67LR and larger species (Digiacomo et al., 

2015). However, a recent report suggested that SUMOylation is not 

associated with the 67LR formation (Umbaugh and Figueiredo, 2018).  
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1.7.2 The cellular function of LAMR 

In addition to laminin binding, LAMR has been shown to be involved 

in ribosomal biogenesis and translation, pre-RNA processing, cellular 

migration, invasion, cytoskeleton reorganisation, as well as chromatin and 

histone binding (DiGiacomo and Meruelo, 2015). The effects of reduced 

LAMR expression are known to include: decreases in viability (Scheiman et 

al., 2010a), reduction in proliferation and induction of G1 arrest (Satoh et 

al., 1999, Scheiman et al., 2010b), attenuation of protein synthesis 

(Scheiman et al., 2010b), disruption of pre-rRNA processing (O'Donohue et 

al., 2010), and reduced adhesive and migratory ability (Venticinque et al., 

2011).  

These phenotypes were confirmed by our group in a previous study 

(Vassey, 2014). Exposure of HBMECs to PorA-Loop4, the meningococcal 

ligand of 37LRP, caused a significant change to the cellular actin cytoskeleton 

in the immunofluorescent microscopy images. Flow cytometric analysis 

indicated that the PorA-Loop4 peptide caused G1 arrest. Using the Roche 

XCELLigence system, the treatment of HBMECs with PorA-Loop4 peptide 

resulted in a reduction of cellular impedance in a dose-dependent manner, 

indicating a change in cellular adhesion. The cell migration was also inhibited 

by the PorA-Loop4 in wound healing assay.  

LAMR binds to laminin in the basement membrane. The 67LR mainly 

interacts with laminin-1 (Sasaki et al., 2004). At least three regions of the 

C-terminal domain of 67LR are known to be involved in laminin binding: 

(1) the most C-terminal 53 amino acids containing four acidic TEDWS 

repeats, (2) a putative helical stretch between amino acids 205-229; and 

(3) a heparan sulfate-dependent laminin-binding region from amino acids 

161-180 (Figure 1.7) (Kazmin et al., 2000). The LAMR-laminin interaction 

affects intracellular laminin signalling. In the cytoplasm, LAMR was shown to 

co-localise with actin, focal adhesion kinase (FAK) and paxillin: all crucial 

cytoskeletal rearrangement participants in laminin signalling (Venticinque et 

al., 2011).  



Chapter 1 – General Introduction 

 

 

28 

 

 

Figure 1.7: The main functional regions of human LAMR. Blue boxes represent 

the specific binding domains of LAMR ligands with amino acids positions indicated 

numerically. Binding sites identified for known LAMR targeting pathogens (red), 

natural ligands/LAMR binding peptides (orange), and laminin binding sites (green). 

Functional domains identified from a combination of published literature and 

homology modelling (italics). TM: transmembrane, CbpA: Choline-binding protein A, 

OmpP2: Outer membrane protein P2, VEE: Venezuelan equine encephalitis, EGCG: 

green tea polyphenol epigallocatechin-3-gallate (anti-cancer properties working 

through LAMR as receptor) (Umeda et al., 2008), YIGSR homology domain: the 

binding site for the minimal ligand sequence of laminin required for interaction with 

LAMR (Di Giovanni et al., 2012), SUMO: small ubiquitin-like modifier LAMR, 

consensus SUMO motif: a SUMO motif observed in all mammalian species, 

nonconsensus SUMO motif: identified in H. sapiens 37LRP sequence (Umbaugh and 

Figueiredo, 2018). This image is modified from Vassey, (2014) and Qarani, (2015). 

37LRP is a part of the ribosome component defined as p40 (Tohgo et 

al., 1994). The function of LAMR ribosomal incorporation is not known 

outside the observation that it is important for protein synthesis and 

ribosome biogenesis (Malygin et al., 2011). The N-terminal domain of 37LRP 

is sufficient for ribosomal binding (Scheiman et al., 2010a), while the 

C-terminal (210-295) region is co-opted for binding additional proteins, 

stabilising binding or interacting with rRNA (Malygin et al., 2011). In a recent 

report, the lysine residues within putative SUMO motifs of 37LRP (Figure 1.7) 

appeared to alter steady-state levels of pre and/or mature rRNA levels 

(Umbaugh and Figueiredo, 2018).  

The nucleolar localisation of 37LRP was noted early, but the functional 

implications are still not clear. It is not clear if the SUMO modification of 

LAMR plays a role in nuclear import, a common function of SUMOylation 

Proposed 
TM domain

N-terminus
(Cytoplasm)

C-terminus
(extracellular space)

1 32 35
Laminin

86 101 155

Laminin

161 182

VEE virus
E. coli toxin CNF-1

Prion protein
Heparin
Laminin

188 194

YIGSR

206 229

Meningococcal PilQ & PorA
Pneumococcal CbpA
H. influenzae OmpP2

Prion protein
Heparin
Laminin

183 193
EGCG

295263 282

243 295

Meningococcal PorA-Loop4
Pneumococcal CbpA
H. influenzae OmpP2

Laminin

187 210  214

VEE virus
Tick-born encephalitis

Prion protein

263 278

VEE virus
Tick-born encephalitis

Prion protein

139

Pneumococcal CbpA

156
Meningococcal PorA
H. influenzae OmpP2

10 14
Consensus

SUMO motif 

41 44

Nonconsensus
SUMO motif Nonconsensus

SUMO motif 
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(Chen et al., 2013, DiGiacomo and Meruelo, 2016). The presence of LAMR in 

the nucleus is explained by its association with nucleolar pre-40S ribosomes 

and small nucleolar ribonucleoproteins (O'Donohue et al., 2010). 37LRP also 

potentially interacts with chromatin and histones (H2A, H2B, and H4) 

(Kinoshita et al., 1998, O'Donohue et al., 2010).  

LAMR is also reported to mediate intracellular signalling. LAMR was 

identified interacting with TGF-inhibited membrane-associated protein 

(TIMAP) and Protein phosphatase 1 (PP1) (Kim et al., 2005a), representing 

one possible mechanism leading to downstream effects. TIMAP and PP1 have 

been linked to the regulation of 67LR phosphorylation and GSK-3β signalling 

(Kim et al., 2005a, Li et al., 2007a). In addition, LAMR might alter the MAPK 

pathway based on a report that the lower LAMR levels gave an increase of 

phosphorylated ERK, JNK and p38 (Givant-Horwitz et al., 2004). 

Laminin-induced signals also might lead to the phosphorylation of 

phosphoprotein enriched in astrocytes 15 (PEA-15), an adaptor protein that 

binds LAMR (Formisano et al., 2012). Phosphorylation of PEA15 leads to 

activation of the ERK cascade as well as blockage of caspase activation, 

linking LAMR to laminin pro-survival signalling. 

 

1.7.3 LAMR association with human disease 

LAMR has been associated with several diseases including neoplastic 

and metastatic cancers, neurodegenerative diseases, several developmental 

aberrations, and certainly microbial infections.  

LAMR has mostly been studied for its overexpression in malignant 

cancerous cells. Tumour progression might be associated with LAMR’s 

ribosomal functions (Scheiman et al., 2010b, DiGiacomo and Meruelo, 

2016). It has been investigated as a prognostic marker in solid and 

haematological malignancies (Martignone et al., 1993, Ménard et al., 1998, 

Friedrichs et al., 2008). The receptor is mainly associated with breast 

carcinomas, colorectal carcinomas and lymphomas (Martignone et al., 1993, 

Colnaghi, 1994, Carbone et al., 1995, Sanjuan et al., 1996, Tagliabue and 

Pastorino, 1996, Viacava et al., 1997), but gastric (d'Errico et al., 1991), 

ovarian (Van den Brule et al., 1994), lung (Satoh et al., 1992, Pellegrini et 

al., 1994), thyroid (Basolo et al., 1996, Montuori et al., 1999), prostate 

(Waltregny et al., 1997), laryngeal (Zhou et al., 2006), and renal/adrenal 

tumours (Zelle-Rieser et al., 2001) have also been investigated in addition 

to mesotheliomas, melanomas, leukaemias, astrocytomas, 
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hepatocarcinomas, and the various metastatic sites of these cancers 

(DiGiacomo and Meruelo, 2015). 

 Neurodegenerative diseases and developmental aberrations are 

related to the interaction between LAMR and prions (DiGiacomo and Meruelo, 

2015). Prions are misfolded proteins responsible for neurodegenerative 

diseases in animals and humans. LAMR is the receptor responsible for the 

binding and internalisation of the protease-resistant infectious form of prions 

PrPsc (Simoneau et al., 2003). The PrPsc form of prions is the pathological 

molecule in bovine spongiform encephalopathy (mad cow disease) in bovids 

and Creutzfeldt-Jakob disease in humans (Rieger et al., 1999). LAMR also 

has been suggested to be involved in the development of Alzheimer’s disease 

because of the commonalities of amyloid beta (Aβ), an etiological agent in 

Alzheimer’s disease, with prion proteins and the association of PrPsc
 in 

Aβ-related pathology (Da Costa Dias et al., 2011). LAMR was reported to 

contain irregular oxidative modifications in proteomics investigation of the 

brains of Alzheimer’s disease model mice (Shin et al., 2004). Modulation of 

LAMR affected the Aβ cytotoxicity (Da Costa Dias et al., 2013), and its 

release from cells (Jovanovic et al., 2014).  

LAMR has been reported as the receptor for numerous microbial 

pathogens including viruses, protozoa, and bacteria (details in Section 

1.7.4). LAMR has been shown to interact with viruses including Sindbis 

(Wang et al., 1992, Strauss et al., 1994), Venezuelan equine encephalitis 

(Ludwig et al., 1996), Dengue (Thepparit and Smith, 2004), Adeno-

associated (Akache et al., 2006), West Nile (Bogachek et al., 2008), 

Tick-borne encephalitis (Protopopova et al., 1999), and Japanese 

encephalitis viruses (Thongtan et al., 2012). LAMR might enhance the cell 

surface interaction of the parasitic protozoan Toxoplasma gondii (Furtado et 

al., 1992). 

 

1.7.4 Roles of LAMR in bacterial infection 

All reports to date on the roles of LAMR in bacterial infection are 

related to bacterial meningitis. Chung et al. and Kim et al. studied LAMR as 

a cellular target for E. coli K1 cytotoxic necrotising factor 1 (CNF1) (Chung 

et al., 2003, Kim et al., 2005b). Binding of CNF1 to LAMR activates Rho 

GTPases, which triggers cytoskeletal rearrangements and enhances bacterial 

uptake in human brain microvascular endothelial cells (HBMECs).  
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In 2009, Orihuela et al. reported LAMR as a common receptor for 

pneumococcal CbpA, meningococcal PilQ and PorA, and OmpP2 of 

H. influenzae on the surface of HBMECs (Orihuela et al., 2009). The carboxyl 

terminus of LAMR appeared to be a likely common recognition site for these 

adhesins. Further studies by Abouseada et al. described meningococcal 

PorA-Loop4 and OmpP2-loop2 of H. influenzae as critical domains for LAMR 

binding (Abouseada et al., 2012). Residues 198-208 within PorA-Loop4 and 

residues 91-99 within OmpP2-loop2 were essential for optimal binding to 

LAMR. Subsequently, Alqahtani et al. showed evidence that PorA 

preferentially targets the 37LRP isoform of LAMR (Alqahtani et al., 2014). 

The binding region of PorA-Loop4 on 37LRP was in the region of amino acids 

263-282 on the C-terminal end of the protein (Alqahtani et al., 2014, Qarani, 

2015). These findings suggest an important role for PorA-Loop4 in the host-

pathogen interaction. An illustration of the interaction between 37LRP and 

meningococcal adhesins including PorA is presented in Figure 1.8. 

 

 

Figure 1.8: Illustration of meningococcal binding to host cells using surface 

ligands (Alqahtani et al., 2014). Initial contact mediated by PilC1, which binds its 

putative receptor, followed by 37LRP/Gal-3-PilE binding, which strengthens the initial 

contact, and pilus retraction, which brings the two cells closer together. Decametric 

PilQ on the meningococci surface binds to both 37LRP and Gal-3, establishes intimate 

contact, strengthens interactions, and triggers host cell signalling events. 

Meningococcal PorA not only facilitates bacterial binding to the 

surface of host cells but also likely alters host cell signalling leading to an 

alteration in the host cell cycle. Recently, a study by Vassey suggested that 

binding of PorA-Loop4 to 37LRP led to a cellular response including (1) 
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bacterial cellular invasion, (2) inhibition of cellular migration, and (3) G1-

phase cell cycle arrest (Vassey, 2014).  

The reduced expression of LAMR affected the association and invasion 

of N. meningitidis MC58 with HBMECs. The LAMR siRNA treatment for 48 h 

caused 20% reduction of meningococcal association and 40% reduction of 

meningococcal invasion (Vassey, 2014). Further experiments showed that 

the recruitment of 67LR to N. meningitidis MC58 was not affected by deletion 

of PorA-Loop4 (Vassey, 2014). However, the ability of this mutant to recruit 

and bind 37LRP under its colonies was significantly reduced by 20% 

(p≤0.001). It showed that the meningococcal invasion in HBMECs was 

established by the PorA-Loop4:37LRP interaction. 

The interaction of PorA-Loop4 with epithelial cells affected cellular 

migration. Using a wound healing assay, treatment of Human Colon 

Carcinoma Cells (HCT116) with PorA-Loop4 peptide significantly inhibited 

cell migration at all-time points between 16 - 60 h compared to the untreated 

(or scrambled peptide) control (Vassey, 2014). HCT116 were chosen as a 

model in the wound healing assay to replace HBMECs. The size of HBMECs 

were too large (50-100 µm diameter) and HBMECs closed the wound gap 

(ca. 400 µm) very quickly. In preliminary experiments, the wound gap was 

made larger but could no longer be visualised with the available microscope 

(Vassey, 2014).      

Using a ClickiT Edu proliferation assay, addition of PorA-Loop4 peptide 

to HBMECs, HCT116 cells or Human Pharyngeal Carcinoma cells (Detroit 

562) reduced the number of cells in S-phase by 24%, 10%, and 11%, 

respectively, suggesting the cells may have entered a cell cycle arrest 

(Vassey, 2014). Later, the results from BrdU incorporation assays (cell cycle 

analysis via flow cytometry) confirmed that the PorA-Loop4 treated cells 

showed a significant increase in the proportion of cells at the G1 checkpoint: 

23%, 10% and 8% of HBMEC, HCT116 and Detroit 562 cells, respectively, 

were arrested at this stage in the cell cycle (Vassey, 2014). 

Evidence for PorA-Loop4 inducing a G1 arrest via its interaction with 

LAMR is supported by the role of the laminin receptor in regulating the host 

cell cycle. 37LRP is essential for viability of HeLa and Hep3b epithelial cells 

(Kaneda et al., 1998, Susantad and Smith, 2008). Also, Scheiman et al. 

reported that the deletion of 75 amino acids at the C-terminal end of 37LRP 

affected host cell proliferation causing a G1 arrest in epithelial cells 

(Scheiman et al., 2010b). However, more investigation of the downstream 
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signalling events following PorA-Loop4 binding are required to confirm the 

mechanism/pathways involved which result in the G1 arrest. 

 

1.8 Mammalian Cell Cycle 

Cell division and proliferation are the essential functions of a living 

organism in order to maintain growth, development and tissue maintenance. 

Initially, cell division consists of two stages: mitosis (nuclear division), and 

interphase (interlude between two M phases). Mitosis was further divided 

into prophase, metaphase, anaphase, and telophase. The interphase was 

then carefully observed under the microscope and classified into G1 (first gap 

phase characterised by cell growth), S (DNA replication), and G2 (second gap 

phase in which cells are prepared for division) (Figure 1.9) (Pardee et al., 

1978). Together, these phases form a cell cycle or a cell-division cycle 

leading to duplication of DNA (DNA replication) and segregation of replicated 

chromosomes into two separate cells. 

Cells in G1 may enter a resting state called G0 before they are 

committed to DNA replication in the restriction (R) point (Baserga, 1976, 

Prescott, 1976, Pardee et al., 1978, Vermeulen et al., 2003). Cells in G0 

account for the major part of the non‐growing, non‐proliferating cells in the 

human body. The G0 cells can be stimulated by mitogenic signals to re-enter 

the cell cycle.  

Progression through the cell cycle is controlled mainly by the cyclins 

and their partner molecules, cyclin-dependent kinases (CDKs) (Vermeulen et 

al., 2003, Weinberg, 2014). Each cyclin binds and activates a specific CDK 

to form a Cyclin-CDK complex that modulates the cell cycle machinery 

(Figure 1.9). Other proteins also regulate the cell cycle including CDK 

inhibitors (CKIs), CDK substrates (i.e. retinoblastoma protein (pRb), Wee1, 

Myt1, Cdc25, microtubules, vimentin), and checkpoint regulators (i.e.. p53, 

ataxia‐telangiectasia‐mutated (ATM), ataxia and rad3 related (ATR), DNA-

dependent protein kinase) (Vermeulen et al., 2003).  
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Figure 1.9: Pairing of cyclins with cyclin-dependent kinases to control 

human cell cycle (Weinberg, 2014). Each type of cyclin pairs with a specific 

cyclin-dependent kinase (CDK) or set of CDKs. The D-type cyclins (D1, D2, and D3) 

bind CDK4 or CDK6, the E-type (E1 and E2) bind CDK2, the A-type cyclins (A1 and 

A2) bind CDK2 or CDC2, and the B-type cyclins (B1 and B2) bind CDC2. The brackets 

indicate the periods during the cell cycle when these various Cyclin–CDK complexes 

are active.  

 

1.8.1 Cyclin Dependent Kinases (CDKs) 

The CDKs are a family of serine/threonine kinases which are activated 

at specific points of the cell cycle. The active CDKs induce downstream 

processes by phosphorylating selected proteins (Morgan, 1995, Pines, 1995, 

Vermeulen et al., 2003). So far, nine CDKs have been identified, and of these 

five are active during the cell cycle, i.e. during G1 (CDK4, CDK6 and CDK2), 

S (CDK2), G2 and M (CDK1 also known as CDC2) (Figure 1.9, Table 1.4). A 

complex of CDK7 and Cyclin H acts as CDK Activating Kinase (CAK) at all cell 

cycle phase (Fisher and Morgan, 1994, Vermeulen et al., 2003). The 

remaining CDKs have not yet been shown to have a crucial role in normal 

cell cycle progression (Rickert et al., 1996, Vermeulen et al., 2003). CDK 

protein levels remain stable during the cell cycle, in contrast to their 

activating proteins, the cyclins.  
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Table 1.4: Cyclin‐CDK complexes are activated at specific points of the cell 

cycle (Vermeulen et al., 2003).  

CDK Cyclin Cell cycle phase activity 

CDK4 Cyclin D1, D2, D3  G1 phase 

CDK6 Cyclin D1, D2, D3 G1 phase 

CDK2 Cyclin E G1/S phase transition 

CDK2 Cyclin A S phase 

CDK1 (CDC2) Cyclin A G2/M phase transition 

CDK1 (CDC2)  Cyclin B M phase 

CDK7* Cyclin H* all cell cycle phases 

*CDK Activating Kinase (CAK) 

 

CDK levels remain constant throughout the cell cycle and most 

regulation is post-translational (Morgan, 1995, Arellano and Moreno, 1997). 

In general, there are four major regulatory mechanisms of CDKs: 1) most 

CDKs require binding to cyclins to become active; 2) CDK activity is inhibited 

by binding of CKIs; 3) phosphorylation of conserved residues in the ATP-

binding pocket of the CDK inhibits its activity; and 4) phosphorylation of a 

conserved residue in the T-loop of CDKs is required for the activation of most 

CDKs (Liu and Kipreos, 2000-2003). CAK phosphorylates CDK1, CDK2, and 

CDK4 at threonine 161, threonine 160, and threonine 172, respectively. The 

phosphorylation by CAK induces conformational changes and enhance the 

binding of cyclins (Jeffrey et al., 1995, Paulovich and Hartwell, 1995, 

Vermeulen et al., 2003). Loss of CAK activity leads to a cell cycle arrest 

(Larochelle et al., 1998). 

 

1.8.2 Cyclins 

Cyclins are a group of proteins that are classified based on the 

existence of a conserved 100 amino acid structure named ‘cyclin box’  

(Hadwiger et al., 1989, Weinberg, 2014). All cyclins contain a similar tertiary 

structure of two compact domains of 5 α helices (Brown et al., 1995). The 

first of which is the conserved cyclin box, outside of which cyclins are 

divergent. The cyclin box is involved in the binding and functional activation 

of CDKs (Hadwiger et al., 1989, Weinberg, 2014). 

The protein levels of cyclins oscillate during the cell cycle (Evans et 

al., 1983, Pines, 1991, Vermeulen et al., 2003). Different cyclins are required 

at different phases of the cell cycle (Table 1.4), thus, the cyclin genes are 
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expressed periodically at certain phases. However, Cyclin D differs from 

other cyclins as it is synthesised as long as extracellular signals and growth 

factor stimulations persist (Weinberg, 2014).  

Sixteen cyclins have been identified but only five cyclins are cell‐cycle 

related (Okamoto and Beach, 1994, Rickert et al., 1996, Peng et al., 1998, 

Vermeulen et al., 2003). Each of the Cyclin D proteins (Cyclin D1, Cyclin D2, 

and Cyclin D3) forms a complex with CDK4 or CDK6 to enter the G1 phase 

and regulate the cell cycle before the R point (Sherr, 1994, Weinberg, 2014). 

Another G1 cyclin is Cyclin E which binds to CDK2 to regulate the progression 

from G1 to S phase (Ohtsubo et al., 1995, Vermeulen et al., 2003). During 

S phase, the progression is regulated by Cyclin A-CDK2 complex (Girard et 

al., 1991, Walker and Maller, 1991, Vermeulen et al., 2003). In late G2, 

Cyclin A binds to CDK1 to promote entry into M phase. Mitosis is further 

regulated by Cyclin B-CDK1 complex (King et al., 1994, Arellano and Moreno, 

1997, Vermeulen et al., 2003). 

The collapse of cyclin levels is required to enter another phase of the 

cell cycle. Ubiquitins rapidly degrade the cyclins at each checkpoint of the 

cell cycle (Weinberg, 2014). The ubiquitin binds to a cyclin at destruction-

box motif or PEST sequence (segment rich in proline (P), glutamic acid (E), 

serine (S) and threonine (T) residues), and leads to a proteolytic breakdown 

in the proteasomes (Glotzer et al., 1991, Rechsteiner and Rogers, 1996, 

Vermeulen et al., 2003, Weinberg, 2014).  

 

1.8.3 CDK inhibitors (CKIs) 

CDK activity can be counteracted by CKIs which bind to CDK alone 

(Carnero and Hannon, 1998) or to the Cyclin-CDK complex (Polyak et al., 

1994, Harper et al., 1995, Lee et al., 1995, Hengst and Reed, 1998). CKIs 

consist of INK4 family and Cip/Kip family (Sherr and Roberts, 1995). The 

INK4 family consists of p15 (INK4b), p16 (INK4a), p18 (INK4c), and p19 

(INK4d). Each INK4 binds to CDK4 or CDK6 and  forms a stable complex 

before cyclin binding (Carnero and Hannon, 1998). The Cip/Kip family 

consists of p21 (Waf1, Cip1), p27 (Cip2), and p57 (Kip2). These inhibitors 

inactivate the Cyclin-CDK complexes (Polyak et al., 1994, Harper et al., 

1995, Lee et al., 1995, Hengst and Reed, 1998). The Cip/Kip family is also 

involved in the regulation of transcription, apoptosis, and cytoskeleton 

(Wang et al., 1997, Nagahara et al., 1998, Coqueret, 2003, Besson et al., 

2004). CKIs are regulated by both internal and external signals. Each CKI is 

induced by different stimuli (Figure 1.10).  
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Figure 1.10: Schematic representation of the Cell Cycle G1/S Checkpoint. The 

primary G1/S cell cycle checkpoint controls the commitment of eukaryotic cells to 

transition through the G1 phase to enter into the DNA synthesis S phase. Two cell 

cycle kinase complexes, Cyclin D-CDK4/6 and Cyclin E-CDK2, work in concert to 

relieve inhibition of a dynamic transcription complex that contains the retinoblastoma 

protein (Rb) and E2F. In G1-phase uncommitted cells, hypo-phosphorylated Rb binds 

to the E2F-DP1 transcription factors forming an inhibitory complex with HDAC to 

repress key downstream transcription events. Commitment to enter S-phase occurs 

through sequential phosphorylation of Rb by Cyclin D-CDK4/6 and Cyclin E-CDK2 

that dissociates the HDAC-repressor complex, permitting transcription of genes 

required for DNA replication (Cell Signaling Technology, 2012).  

 

1.8.4 CDK substrates 

When CDK is active, target proteins become phosphorylated on CDK 

consensus sites, resulting in changes that are physiologically relevant for cell 

cycle progression. The most frequently studied CDK target is pRb, the 

substrate of Cyclin D-CDK4/6 and Cyclin E-CDK2 complexes (Vermeulen et 
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al., 2003). The two complexes work in concert to relieve inhibition of a 

dynamic transcription complex that contains the retinoblastoma protein (Rb) 

and E2F (Figure 1.10).  

In G1-phase uncommitted cells, hypo-phosphorylated Rb binds to the 

E2F-DP1 transcription factors forming an inhibitory complex with histone 

deacetylases (HDAC) to repress key downstream transcription events (van 

den Heuvel and Dyson, 2008, Cell Signaling Technology, 2012).  During early 

G1, the Cyclin D-CDK4/6 complex phosphorylates pRb and this leads to 

disruption of HDAC and release of E2F-DP1, which positively regulate the 

transcription of genes whose products are required for S phase progression, 

including Cyclin A and Cyclin E (Buchkovich et al., 1989, Kato et al., 1993, 

Brehm et al., 1998). The Cyclin E-CDK2 complex maintains the hyper-

phosphorylated state of pRb for the remainder of the cell cycle.  

 

1.8.5 Signalling pathways that control cell proliferation 

Control of cell proliferation generally occurs during G1 phase when 

multiple signals, ranging from growth factors to DNA damage, influence the 

decision to enter S phase. Hence, G1 regulators are linked with a diverse set 

of pathways controlling differentiation, cell quiescence, senescence, and 

responses to a variety of stresses. Once the cell enters the R point, the cells 

will undergo an intracellular autonomous program which is independent of 

extracellular growth factors.  

 The Cyclin D1 transcription is activated by the canonical Ras–Raf–

MEK–ERK mitogen-activated protein kinase (MAPK) pathway (Morrison, 

2012). The pathway stimulates the transcription factors, Jun and Fos, which 

bind to an AP1 site in the Cyclin D1 promoter (Albanese et al., 1995).  The 

Cyclin D1 gene (CCND1) is also induced by other signalling pathways 

including mitogen-stimulated Rac and NF-κB signalling, cytokine signalling, 

signalling by receptors for extracellular matrix (ECM) proteins (e.g. 

integrins), and the Wnt and Notch pathways (Kopan, 2012, Nusse, 2012). 

Multiple transcription factors regulate the CCND1, including Jun, Fos, STAT3, 

β-catenin, and NF-κB (Duronio and Xiong, 2013).  

 The protein level of Cyclin D1 must be high during G1 phase, but then 

must be suppressed to low level during S phase for efficient DNA synthesis 

(Yang et al., 2006b). The Cyclin D1 degradation at the S phase is related to 

the phosphorylation at Thr286 and Thr288 by active GSK-3β and Dyrk1B, 

respectively (Diehl et al., 1998, Zou et al., 2004). Phosphorylated Cyclin D1 

is exported from the nucleus to the cytoplasm by the nuclear exportin CRM1 
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(Alt et al., 2000). In the cytoplasm, phosphorylated Cyclin D1 is degraded 

by the 26S proteasome system after ubiquitination catalysed by SCF complex 

(Figure 1.10) (Lin et al., 2006). The active GSK-3β also phosphorylates β-

catenin in the cytoplasm. Phosphorylated β-catenin is degraded, resulting in 

the inhibition of transcription of target genes such as CCND1 and c-myc 

(Takahashi-Yanaga and Sasaguri, 2008).  

PI3K/Akt pathway regulates the G1 phase through inhibition of 

GSK-3β (Hemmings and Restuccia, 2012, Duronio and Xiong, 2013). In the 

presence of growth factor, Akt phosphorylates GSK-3β at Ser9 (Frame et al., 

2001, Beurel et al., 2015). The phosphorylation at this site inactivate 

GSK-3β, and prevents GSK-β to bind Cyclin D1 causing the Cyclin D1 

degradation. The growth factor withdrawal reactivates GSK-3β to 

phosphorylate Cyclin D1, which leads to its rapid ubiquitination and 

proteasomal degradation (Figure 1.10).  

 

1.9 Hypothesis and aims of the study 

The PI3K/Akt pathway is important for regulating the human cell cycle 

at G1 phase. It also influences cellular quiescence, proliferation and 

longevity, and is known to be essential for cell survival by reducing 

apoptosis. Akt, a key protein in the pathway, has been reported to be down-

regulated by up to 76% during meningococcal infection (Schubert-Unkmeir 

et al., 2007). Also, Akt controls GSK-3β, a kinase which has been reported 

to be regulated by the interaction of TIMAP and PP1 to LAMR on the inner 

membrane (Kim et al., 2005a). Based on these reports and the finding that 

the interaction of PorA-Loop4:37LRP was cytostatic, not cytotoxic (Vassey, 

2014), it is hypothesised that PI3K/Akt pathway was affected by the PorA-

Loop4:37LRP interaction resulting in G1 arrest. The aim of this study is to 

investigate the perturbations of expression of key proteins involved in the 

PI3K/Akt pathway (including CDK4, Cyclin D1, GSK-3β, and Akt) after the 

treatment of HBMECs with PorA-Loop4. 
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2.1 Bacterial strains and culture conditions 

Neisseria meningitidis serogroup B, strain MC58 (B:15:P1.7.16b) was 

the wild-type meningococcal strain used throughout the study (Tettelin et 

al., 2000). All Neisseria strains were cultured on chocolate horse blood agar 

(Oxoid, Hampshire, UK) at 37oC in an atmosphere of 5% CO2. When grown 

in suspension, all meningococcal strains were grown in brain-heart infusion 

(BHI) broth (Oxoid) at 37oC with agitation at 200 rpm. A list of bacterial 

strains used in these studies is shown in Table 2.1.  

 

Table 2.1: List of bacterial strains which have been used in this study. 

Bacteria/Strain Description Source / Reference 

N. meningitidis MC58 Wild-type serogroup B 

strain 

(Tettelin et al., 2000) 

N. meningitidis MC58 

∆PorA-Loop4 

porA-Loop4 

(porA∆197-210) deletion 

mutant  

(Abouseada et al., 

2012) 

N. meningitidis MC58 

∆PorA 

porA deletion mutant 

replaced with an 

omega cassette 

(Abouseada et al., 

2012) 

N. meningitidis MC58 

∆PorA-Loop4 ∆PilQ 

Double mutants of 

porA-Loop4 and pilQ 

(Abouseada et al., 

2012) 

N. meningitidis MC58 

∆PorA ∆PilQ 

Double mutants of 

porA and pilQ 

(Abouseada et al., 

2012) 

 

2.2 Synthetic peptides, antibodies, and 

inhibitors 

Peptides used in this study were synthetic loops with sequence 

matching the N. meningitidis PorA VR2 (PorA-Loop4) from strain MC58. The 

sequence of the peptide was C-PIQNSKSAYTPAYYTKNTNNNLTLVPAVVGKP 

GS-C. The peptides were synthesised commercially by Alta Bioscience 

(Brimingham, UK) and PepMic (Suzhou, China). The polypeptide chains have 

been cyclised by the addition of cysteine residues on either end, to mimic 

the native structure of the extracellular loops.  The peptides were  high purity 

grade (>95%).
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For immunoblotting and immunofluorescence, antibodies used are 

presented in Table 2.2, and inhibitors in Table 2.3. 

 

Table 2.2: List of antibodies used in this study. 

Name Protein Target Supplier Class Host 

A-7 37LRP Santa Cruz Monoclonal Mouse 

PA5-64482 Phospho-CDK4  

(Thr172) 

Thermo Fisher 

Scientific 

Polyclonal Mouse 

92G2 Cyclin D1 Cell Signaling 

Technology 

Monoclonal Rabbit 

N1C3 Cyclin D1 GeneTex Polyclonal Rabbit 

D3A4 Phospho-GSK3β 

(Ser9) 

Cell Signaling 

Technology 

Monoclonal Rabbit 

193H12 Phospho-Akt 

(Ser473) 

Cell Signaling 

Technology 

Monoclonal Rabbit 

N3C2 Akt GeneTex Polyclonal Rabbit 

H-2 -actinin Santa Cruz Monoclonal Mouse 

P1.16  PorA-Loop4 NIBSC Monoclonal Mouse 

Anti-PorA PorA In-house Polyclonal Rabbit 

Anti-PilQ PilQ In-house Polyclonal Rabbit 

NA931 Anti-Mouse IgG 

HRP 

GE Healthcare Polyclonal Sheep 

NA934 Anti-Rabbit IgG 

HRP 

GE Healthcare Polyclonal Donkey 

A32734 Anti-Rabbit IgG 

Alexa Fluor 680 

Molecular 

Probes 

(Invitrogen) 

Polyclonal Goat 

A3562 Anti-Mouse 

IgG–Alkaline 

Phosphatase 

Sigma-Aldrich Polyclonal Goat 

A3687 Anti-Rabbit 

IgG–Alkaline 

Phosphatase 

Sigma-Aldrich  Polyclonal Goat 
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Table 2.3: List of inhibitors used in this study. 

Inhibitor name Target Supplier 

ZSTK474 PI3K Cell Signaling Technology 

1-Azakenpaullone GSK3β Sigma-Aldrich 

MK-2206 Akt reSource 

 

Unless otherwise stated, details of commonly used buffers, solutions, 

and reagents can be found in Appendix I.  

 

2.3 Enzyme-linked immunosorbent assay 

(ELISA) 

Covalink ELISA plates (Nunc, Fisher Scientific) were coated with 

synthetic peptides (1-10 µg ml-1) in 0.1 M sodium carbonate-bicarbonate 

buffer pH 9 (Appendix I). In each well, 100 µl of coating solution was added 

and incubated overnight at 4oC. Wells were washed three times using 

Phosphate Buffered Saline (PBS, 200 µl well-1) supplemented with 0.05% 

(v/v) Tween 20 (PBS-T) (Appendix I). Non-specific protein interactions were 

blocked with 100 µl of 1% (w/v) BSA/PBS-T for 1 h at room temperature 

(RT). Blocking buffer was decanted, and 100 µl of recombinant 37-LRP (rLR) 

(5-10 µg ml-1 in PBS) were added and incubated at 4oC overnight. The rLR 

was provided by Dr Sozan Qarani which was expressed in E. coli BL21 (DE3) 

(pLysS) containing pET28/LAMR and purified under denatured conditions 

(Qarani, 2015). The plate was washed five times with 200 µl of PBS-T. Then, 

100 µl of the diluted primary antibody (A-7, Santa Cruz, 1:1000, 0.2 µg 

ml-1)) was added and incubated for 1 h at RT. The plate was washed a further 

five times, 100 µl of the diluted alkaline phosphatase secondary antibody 

(1:10,000, 0.4 µg ml-1) added, and incubated for 1 h at RT. Plates were 

washed five times, and 100 µl of phosphatase substrate (BCIP: 0.15 mg 

ml-1; NBT: 0.3 mg ml-1, Sigma-Aldrich) was added. The OD of the developer 

colour change was read with an ELISA plate reader (Biotek EL 800, Biotek 

Instruments, Vermont, USA) at an absorbance of 405 nm. Data were 

collected from three independent experiments and statistically analysed with 

GraphPad Prism 7. 

  



Chapter 2 - Materials and Methods 

 

44 

 

2.4 Human brain microvascular endothelial cell 

culture  

Human brain endothelial cells (HBMECs; ScienCell Research Labs.) 

were cultured in complete medium containing Endothelial Cell Medium (ECM) 

supplemented with 5% (v/v) Fetal Bovine Serum (FBS), 1% (v/v) 

Penicillin/Streptomycin, and 1% (v/v) Endothelial Cell Growth Supplement 

(ScienCell Research Labs.). All cells were routinely maintained in the T-75 

fibronectin-coated flask (Biocoat, BD Biosciences) at 37°C, 5% CO2. Cells 

were passaged as required by washing in 10 ml of PBS (Gibco, Fisher 

Scientific), incubating in 2 ml of trypsin-EDTA 0.25% (w/v) (Sigma-Aldrich) 

for 5 min at 37oC, 5% CO2, and adding complete medium up to 10 ml. 

HBMECs used in this study were immortalised cell lines with passage number 

ranging from 20 to 40. During experiments, HBMECs were seeded onto 

fibronectin-coated 6-well plates (Corning). Each well was coated with 1 ml 

of bovine fibronectin solution (Appendix I) and incubated at 37°C, 5% CO2 

for 1 h before seeding. 

 

2.5 Association assay 

Association assays were performed essentially as previously described 

(Oldfield et al., 2007). HBMECs were seeded into the fibronectin-coated 

plates and incubated for 24 h at 37oC, 5% CO2. Once confluent, cells were 

washed with PBS (1 ml well-1). Cells were infected with bacteria at a 

multiplicity of infection (MOI) 100 and left to associate for 8 h at 37oC, 

5% CO2. After 1 h incubation, the bacterial suspension was discarded and 

changed with new medium. 

Starting inocula were retrospectively confirmed by serial dilution (10-1 

to 10-7) and plating onto Chocolate agar (Oxoid). Colony forming unit (cfu) 

were determined by plating 10 µl spots from the diluted suspensions, and 

incubating the plates overnight at 37oC, 5% CO2.   

To assess the association of meningococcal cells with the HBMECs, the 

infected monolayers were washed four times with PBS. For SDS-PAGE and 

immunoblotting, the cells were removed in 133 µl of SDS-sample buffer 

(Appendix I), disrupted with a cell scraper, and transferred into Eppendorf 

tubes. The cell suspension was boiled (100oC, 10 min) in a heat block and 

cells were lysed using sonicator. The supernatant was separated from the 

cell debris by centrifugation at 14,000 x g for 30 min at 4oC. For 

immunofluorescence, the infected monolayers were fixed with 1 ml of 4% 
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(w/v) paraformaldehyde (Appendix I) at RT for 10 min before proceeding to 

immunofluorescence steps.  

 

2.6 The viability of HBMECs in the presence of 

inhibitors 

Viability tests were performed to define the effective concentrations of 

the inhibitors before quantification of mRNA/protein expression. HBMECs 

(106 cells well-1) were treated with various concentrations of inhibitors 

dissolved in DMSO for 24 h at 37oC, 5% CO2. Cells were then washed with 

PBS (1 ml well-1) and detached with trypsin-EDTA 0.25% (w/v) (200 

µl well-1). Detached cells were centrifuged, resuspended in 500 µl of PBS and 

stained with 500 µl of 0.4% (w/v) Trypan blue solution (Sigma-Aldrich) 

before being counted in a haemocytometer. Cell viability (%) was 

determined by comparing treated and untreated cells. 

 

2.7 Quantification of gene expression  

2.7.1 Treatment of cells with peptides and inhibitors 

HBMECs in the assay plate were treated with 50 M of PorA-Loop4 

peptides for 0, 2, 4, 8, and 24 h. Cells were also treated with PBS (as solvent 

for PorA-Loop4 peptide) in complete medium as the untreated control. 

  

2.7.2 Extraction of total RNA 

The cells were washed twice with 1 ml well-1 serum free ECM medium 

(Sciencell Research Labs.) and detached with trypsin-EDTA 0.25% (w/v) 

(200 µl well-1). The number of cells (106 cells well-1) was determined using 

a haemocytometer. The total RNA was extracted using the RNeasy® Mini Kit 

(Qiagen) according to the manufacturer’s instructions. The quality of RNA 

samples was verified by measuring the optical density (OD, 260/280) 

absorption ratio using a Nanodrop ND-1000 spectrophotometer (NanoDrop 

Technologies). The remaining DNA was removed using Optizyme™ 

Recombinant DNase I (Fisher Scientific) at 37oC for 30 min. RNA was cleaned 

and concentrated using the RNeasy MinElute Cleanup Kit (Qiagen) according 

to the manufacturer’s instructions. The quantity and OD 260/280 ratio of the 

clean RNA was again measured using NanoDrop.  
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2.7.3 Quality assessment of the RNA 

The RNA template was qualitatively assessed using an Agilent 2100 

Bioanalyzer with RNA 6000 Pico LabChip Kit (Agilent Technologies). The gel 

images, electrophoregrams, and RNA integrity number (RIN) were measured 

to evaluate the quality and integrity of the total RNA. RNA with the 28S/18S 

ratio in a range between 1.8-3.2 and RIN above 8.7 was used as a template 

for cDNA synthesis.  

 

2.7.4 cDNA synthesis 

cDNA was synthesised from 0.5 µg RNA of each sample using High 

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) according 

to manufacturer’s instructions. The quantity and OD 260/280 ratio of the 

cDNA were measured using Nanodrop.   

 

2.7.5 qRT PCR 

Quantitative Real-Time PCR (qRT PCR) was performed using AB7500 

Real-time PCR system (Applied Biosystems) and Power SYBR® Green PCR 

Master Mix (Applied Biosystems) according to the manufacturer’s 

instructions. Primers specific to the genes being tested (CDK4 and Cyclin D1) 

and the housekeeping gene (GAPDH) are shown in Table 2.4. To test PCR 

efficiency, a standard curve was generated with a serial ten-fold dilution of 

a known amount of HBMEC cDNA using 100 nM of forward and reverse 

primers. A standard curve was plotted for GAPDH, CDK4, and Cyclin D1 using 

template dilution versus CT and ΔCT values. The qPCR reaction mixture (10 

μl total volume) consisted of 1 μl of cDNA (50 ng μl-1), 5 μl of Power SYBR® 

Green PCR Master Mix (2x), 100 nM of forward and reverse primers and H2O. 

Cycling was initiated at 95oC for 2 min, followed by 40 cycles of 95oC for 15 s 

and 60oC for 60 s. Samples were run in triplicate, and relative expression of 

CDK4 and Cyclin D1 were normalised to GAPDH as a housekeeping gene. 

The expression quantification of CDK4 and Cyclin D1 was relative to the 

untreated HBMECs and was determined by the ΔΔCT method (Livak and 

Schmittgen, 2001).   
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Table 2.4: Primers for qRT PCR used in this study. 

Gene Name  

(GeneBank 

Accession No.) 

 Primer Sequence (5’ – 3’)  Nucleotide 

Position 

CDK4 

(NM_000075.3) 

Forward AGTGTGAGAGTCCCCAATGG 398-456 

Reverse CGAACTGTGCTGATGGGAAG  

Cyclin D1 

(M64349) 

Forward CCGTCCATGCGGAAGATC 304-378 

Reverse GAAGACCTCCTCCTCGCACT  

GAPDH 

(AF261085) 

Forward CAACGTGTCAGTGGTGGACC 817-896 

Reverse CCTGCTTCACCACCTTCTTG  

 

2.7.6 Data analysis (ΔΔCT method) 

The ΔΔCT method for real-time relative quantitative PCR with power 

SYBR Green detection was used to estimate the relative gene expression of 

CDK4 and Cyclin D1 in HBMECs. Analysis of real-time PCR amplification data 

was performed using 7500 v 2.3 software (Applied Biosystems). First, the 

average of CT value from the housekeeping gene and the gene being tested 

was calculated from each treated sample and the untreated control. Then, 

the differences between the CT values of the housekeeping gene and the 

gene being tested were calculated (ΔCT). The differences of ΔCT from the 

treated samples and the untreated were measured (ΔΔCT). Since all 

calculations are in logarithm base 2, the value of 2-ΔΔC
T was measured from 

each sample to get the expression fold change. 

 

2.8 Quantification of protein expression  

In general, protocols overviewed in Figure 2.1 were performed to 

analyse the protein expression level in HBMECs. HBMECs were treated with 

peptide and/or inhibitors, lysed, and analysed for protein expression based 

on protocols in Section 2.8.1 to 2.8.5 (Figure 2.1 A). Lysates from infected 

cells (Section 2.5) were also analysed based on protocols from Section 2.8.3 

to 2.8.5 (Figure 2.1 B).   
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Figure 2.1: Protocol overview for analysing protein expression in the 

HBMECs. (A) HBMECs were treated with peptide and/or inhibitors, lysed with RIPA 

buffer, homogenised using a 21-gauge needle, and analysed for protein expression 

based on SDS-PAGE, immunoblotting, and densitometry analysis. (B) HBMECs were 

infected with bacterial suspension (MOI 100) and lysed with SDS-sample buffer. The 

cell aggregates were further lysed using sonicator. The lysates were also analysed 

for protein expression based on SDS-PAGE, immunoblotting, and densitometry 

analysis. *Endothelial Cell Medium (ECM) supplemented with 5% (v/v) Fetal Bovine 

Serum (FBS), 1% (v/v) Penicillin/ Streptomycin, and 1% (v/v) Endothelial Cell 

Growth Supplement. 
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2.8.1 Treatment of cells with peptides and inhibitors 

HBMECs in the assay plate were treated with 50 M of PorA-Loop4 

peptides, inhibitors (at various effective concentrations), and a combination 

of both PorA-Loop4 peptide and each inhibitor, in complete ECM medium for 

24 h at 37oC, 5% CO2. Cells were also treated with PBS and DMSO (as 

solvents for PorA-Loop4 peptide and inhibitors, respectively) in complete 

medium as the untreated control. 

 

2.8.2 Preparation of cell lysates 

Following the treatments of cells with peptides or inhibitors, the 

culture medium was discarded. One ml of cold RIPA buffer (Sigma-Aldrich) 

supplemented with PhosSTOP (Rochhe), and c0mplete Mini EDTA-free 

protease inhibitor cocktail (Roche) (Appendix I) was added to the cells. The 

plates were then placed on ice for 30 min. The cells were scraped; the lysates 

were collected in microfuge tubes and passed through a 21-gauge needle to 

break up the cell aggregates. The lysates were cleared by centrifugation at 

14,000  g for 30 min at 4oC, and the supernatants (total cell lysate) were 

either used immediately or stored at -20oC.  

 

2.8.3 SDS-PAGE 

Protein samples were resolved by SDS-PAGE using the Bolt™ Mini Gel 

Tank system (Novex®, Life Technologies, ThermoFisher Scientific). Before 

loading the gels, 40 l of samples were mixed with 10 l of 5 x SDS-sample 

buffer (Appendix I) and then heated at 100oC for 5 min to denature the 

proteins. Typically, 10-20 l of each sample was loaded into each well of 

10% (w/v) acrylamide gels (Appendix I) alongside ColourPlus pre-stained 

protein ladder (New England Biolabs). The total running time was 1 h at 

130V voltage. Proteins were visualised by staining with Coomassie Blue 

Staining Solution (Appendix I) for 1 h at RT, and then washed in destaining 

solution (Appendix I) overnight. 

 

2.8.4 Immunoblotting 

For immunoblot analysis, proteins in the gels were transferred to a 

nitrocellulose membrane (GE Healthcare) at 10 V for 30 min on a Trans-Blot 

Semi-Dry System (Bio-Rad). Membranes were blocked with 20 ml of 5% 

(w/v) BSA/Tris Buffered Saline supplemented with 0.1% (v/v) Tween 20 

(TBS-T) (Appendix I) for 1 h at RT. Primary antibodies were diluted (1:1000) 
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in 20 ml of 5% (w/v) BSA/TBS-T, and incubated with the membranes at 4oC 

overnight. Membranes were washed (3 × 5 min) in 20 ml of TBS-T and 

subsequently probed with diluted secondary antibodies (1:10,000) in 5% 

(w/v) BSA/TBS-T for 1 h at RT. The membranes were washed (3 × 5 min) 

with 20 ml of TBS-T, before membranes were exposed to 10 ml Luminata™ 

Crescendo Western HRP Substrate (Millipore) for 5 min. The membranes 

were drained, wrapped in plastic, and scanned with C-Digit Blot Scanner (LI-

COR Biosciences) to visualise the immunoreactive proteins.  

Confirmation of the amount of protein loaded in each well was 

performed by stripping the blots and re-probing with anti--actinin. The 

membranes were washed with (3 × 5 min) with 20 ml of TBS-T before 

membranes were placed in 20 ml of Restore™ Western Blot Stripping Buffer 

(ThermoFisher Scientific) for 30 min at RT. The membranes were re-washed 

in TBS-T, re-blocked with 5% (w/v) BSA/TBS-T, and re-probed with primary 

antibody against anti--actinin (H-2, Santa Cruz) using the same protocol as 

mentioned in the previous paragraph. 

 

2.8.5 Image analysis  

The bands in the scanned blots were quantified with Image J software 

(National Institutes of Health, USA). The area of each band was compared 

to the untreated sample (relative density). Then, the relative density of each 

sample was compared to the relative density of the loading control (adjusted 

density). The untreated samples were normalised to one, thus the adjusted 

density represents the fold change of each sample.  Data were collected from 

three independent experiments.  

 

2.9 Immunofluorescence 

Cells were grown on acid-etched glass 11 mm coverslips (SLS, 

Nottingham, UK). The coverslips were soaked with 1 M HCl overnight and 

rinsed with H2O and ethanol. Then, the dried coverslips were located in the 

24-well plate and incubated with 300 µl of 1 µg ml-1 of bovine fibronectin 

solution (Appendix I) for at least 1 h. One hundred thousand cells were 

seeded into each well and incubated for 24 h at 37oC, 5% CO2. 

After association assay (Section 2.5), the cells were fixed with 300 µl 

of 4% (w/v) paraformaldehyde (Appendix I) for 10 min at RT, washed with 

PBS, and permeabilised with 0.1% (v/v) TX-100/1% (w/v) BSA in PBS 

(Appendix I) for 5 min at RT. Following 1 h incubation with 4% (w/v) 
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BSA/PBS-T (Appendix I) to reduce non-specific binding, cells were incubated 

with primary antibody at recommended dilution (mAb pAkt, 1:200; mAb 

pGSK-3β, 1: 200; pAb Cyclin D1, 1:500; pAb pCDK4, 1:300) and incubated 

overnight at 4oC. Cells were washed three times in 500 µl of PBS and 

incubated with conjugated secondary antibodies, anti-rabbit IgG Alexa 680 

(1:100, Molecular Probes) in 4% (w/v) BSA/PBS-T for 24 h at 4oC. Coverslips 

were mounted with ProLong Gold anti-fade with DAPI (Invitrogen, UK), and 

images obtained by confocal microscope. For the co-localisation studies, 

samples stained for localisation of each protein individually were processed 

in parallel, and the fluorescence of the adjacent channels was monitored for 

spectral overlap. 

 

2.10  Confocal microscopy 

Images were acquired with Zen 2009 operating software on a Zeiss 

LSM 700 confocal microscope using a Plan-Apochromat 63x/1.40 Oil DIC M27 

objective. Alexa 680 and DAPI were detected using 635 nm and 405 nm 

lasers, respectively. The image size was 1024 x 1024 with 8 average frames 

taken per line and a pinhole size of 1 Airy unit. All images were captured 

with the same laser gains, and zoom setting. Co-localisation analysis was 

carried out using the ZEN software (2011 Blue Edition) inbuilt function with 

a FI threshold of 50 and was not intensity weighted. Images were further 

processed by Image J and GIMP 2.10.  

 

2.11  Statistical analysis 

Data are represented as the mean + standard deviation (SD) unless 

otherwise stated. Statistical analysis was carried out to test the significance 

of the datasets. T-test was used for pair-wise analysis, ANOVA was used for 

datasets with multiple comparisons. All ANOVAs were applied post hoc. 

One-way ANOVA was used to consider one independent variable or factor. 

Dunnett’s test was applied to compare every mean to a control mean, while 

Tukey’s test was applied to compare every mean with every other mean.  

The significance is represented as the P value. All data were analysed using 

GraphPad Prism 7. 
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3.1 Introduction 

In eukaryotic cells, cell cycle arrest usually happens when defects (e.g. 

DNA damage) are detected by checkpoint regulators (Bertoli et al., 2013). 

The cell cycle arrest occurs until the defects are repaired, or regulators may 

induce signals to cause apoptosis.  

During infection, pathogenic bacteria interfere with the host signalling 

pathways regulating the cell cycle in order to survive and sustain colonisation 

(Nougayrede et al., 2005). The bacteria produce molecules that cause the 

cell cycle arrest through perturbation of specific regulators. E. coli, Shigella 

dysenteriae, Campylobacter spp., Salmonella typhi, Haemophilus ducreyi, 

Helicobacter hepaticus and Actinobacillus actinomycetemcomitans produce 

cytolethal distending toxin (CDT) to cause DNA damage and block the cell 

cycle at G2 phase (De Rycke and Oswald, 2001). Enteropathogenic and 

enterohemorrhagic E. coli (EPEC and EHEC) use a type III secretion system 

(TTSS) to inject cycle inhibiting factor (CIF) into the host cytoplasm and 

trigger G2 arrest associated with prevention of CDK1 activation (Marches et 

al., 2003).  Fusobacterial immunosuppressive protein (FIP) from 

Fusobacterium nucleatum triggers G1 arrest through perturbation of 

proliferating cell nuclear antigen (PCNA) expression (Shenker and Datar, 

1995). Mycolactone secreted by Mycobacterium ulcerans induces cell cycle 

arrest in G0–G1 and eventually apoptosis (George et al., 1999).  

Meningococci have been reported causing the perturbation of the host 

cell cycle. The previous study in our lab showed that the binding of 

meningococcal PorA-Loop4 to 37LRP on the cell surface leads to cellular 

responses including the G1 arrest. The Click-iT EdU proliferation assay in 

a previous study suggested that the exposure of HBMECs to PorA-Loop4 

peptide to HBMECs caused a decrease of cells in the S phase by 24% 

(Vassey, 2014). BrdU incorporation assays confirmed that the PorA-Loop4 

treated cells showed a significant (23%) increase in the proportion of cells 

at the G1 checkpoint (p≤0.01) (Vassey, 2014). Still, the effect of PorA-Loop4 

to G1 regulators had not been investigated.  

The main regulators at early G1 phase are Cyclin D1 and CDK4 (Table 

1.4). Initially, the growth factors activate CDK4 by inducing Cyclin D1 to 

concentrations allowing it to overcome an inhibitory threshold imposed by 

INK4 inhibitory proteins (including p15, p16, p18, and p19) (Sherr, 1995, 

Bockstaele et al., 2006a). The INK4 proteins bind to the catalytic domain of 

the isolated CDK4, thus preventing cyclin association and activation (Hall et 

al., 1995, Sherr and Roberts, 1995, Pavletich, 1999). The Cyclin D1/CDK4 

complex is further stabilised by p21 at the nucleus (Figure 3.1) (Bockstaele 
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et al., 2006a). Then, CAK phosphorylates CDK4 at Thr172 in its activation 

loop (Kato et al., 1994). CAK is a trimeric protein which consists of CDK7, 

Cyclin H, and Mat1. The activation of CDK4 complexed to Cyclin D1 leads to 

phosphorylation of pRb, DNA replication, and cell cycle progression from G1 

to S phase.  

 

Figure 3.1: Schematic illustration of CDK4 regulation. Growth factors (GF) 

activate CDK4, mainly by inducing Cyclin D1 and also p21, which stabilises the Cyclin 

D1-CDK4 complex in the nucleus. Then, CAK (CDK4AK) phosphorylates CDK4 at 

Thr172 in its activation loop. Activation of CDK4 complexed to Cyclin D1 and p21 

leads to phosphorylation in pRb which contributes to initation of DNA replication. 

Diamond arrowheads represent inductions; the other dashed arrows are activations 

(+). This figure is modified from Bockstaele et al., (2006a). 

 

3.2 Aim 

The aim of this chapter is to study the effect of PorA-Loop4 on the 

expression of Cyclin D1/CDK4 in HBMECs, which controls the transition of 

cells from G1 to S phase. It is our aim to understand the effects of PorA-Loop4 

on the expression of Cyclin D1/CDK4 at both the mRNA and protein levels. 

Perturbation of Cyclin D1/CDK4 expression would support the previous 

finding that the cyclised peptide of PorA-Loop4 caused the G1 arrest. Also, it 

would provide evidence for the possible intracellular signalling pathways 

influenced by the interaction of PorA-Loop4 with 37LRP.    

 

3.3 Confirmation of the binding interaction 

between the PorA-Loop4 peptide and 

recombinant laminin receptor (rLR) 

Before investigating the expression of Cyclin D1/CDK4 in HBMECs, the 

cyclised synthetic peptide of PorA-Loop4 were tested for its capability to bind 

the rLR. The rLR was expressed and purified by Dr Sozan Qarani in a previous 
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study (Qarani, 2015). ELISA was used whereby the peptides were 

immobilised on a plate and then probed with the rLR. In each experiment, 

BSA coated wells were included to measure background levels of binding. 

Three parameters (incubation time, peptide concentration, rLR 

concentration) were optimised (Appendix II). The optimised conditions used 

in the subsequent experiments were 2 h incubation period with phosphatase 

substrate, 10 g ml-1 of peptide, and 5 g ml-1 of rLR. Figure 3.2 shows that 

the peptide of PorA-Loop4 used in this study bound to rLR. The absorbance 

from the PorA-Loop4 was significantly higher than the BSA (p≤0.05). The 

high variability between repeats occurred probably due to the use of different 

batches of PorA-Loop4 peptide (Alta bioscience and Pepmic) in this assay. 

The peptide from Pepmic was used to replace the finished batch from Alta 

bioscience. Change of supplier happened due to time and price 

considerations. Both batches have the same purity (>98%).   

 

 

 

Figure 3.2: Synthetic cyclised peptide of PorA-Loop4 binds to recombinant 

laminin receptor (rLR). Microtitre plate wells were coated with peptide of the PorA-

Loop4 and BSA. The concentrations of the coated proteins were all 10 µg ml-1. The 

coated wells were incubated with the rLR (5 µg ml-1) at 4oC overnight. The rLR was 

obtained from a previous study (Abouseada et al., 2012). Data represent mean + SD 

from three independent experiments (each carried out in triplicate). Statistical 

analysis was performed with t-test (*p≤0.05). 
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3.4 The mRNA levels of Cyclin D1 and CDK4 in 

PorA-Loop4-treated HBMECs  

To investigate the effect of PorA-Loop4 peptide on the transcription of 

Cyclin D1 and CDK4, qRT PCR was carried out. The concentration of the 

peptide used in this study was previously optimised (Vassey, 2014). The 

cytotoxicity of the peptide to HBMEC was measured using the XTT cell 

viability kit. The addition of 1 ml of 50 µM PorA-Loop4 peptide to 1x106  

HBMECs had no effect on cell viability compared to the untreated cells (data 

not shown). 

Before the main experiments, the total RNAs were extracted from 

monolayers of HBMECs treated with PorA-Loop4 peptide (50 M) for 2, 4, 8, 

and 24 h. RNA quantity and the OD 260/280 ratio was assessed 

spectrophotometrically using NanoDrop® ND-1000 Spectrophotometer, 

which showed that all samples fell within 100-200 ng l-1 and ratio of 2. The 

quality of extracted RNA was further confirmed by Agilent 2100 Bioanalyzer. 

The 28S/18S ratio of all samples were between 1.7-3.2, and the RIN values 

were 8.7-10 (Table 3.1) which are considered to reflect intact RNA (Fleige 

and Pfaffl, 2006, Imbeaud et al., 2005). Pseudo-gel images and 

chromatograms of the RNA samples are shown in Figure 3.3 and Appendix 

III, respectively. 
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Table 3.1: 28S/18s ratio and RIN values of RNA samples used in this study. 

The values were obtained from the Agilent 2100 Bioanalyzer.  

Incubation 

time (h) 

Samples Replicate 28S/18S 

ratio 

RIN 

0 Untreated 

1 1.9 9.8 

2 1.8 9.9 

3 1.7 10 

2 

Untreated 

1 2.1 9.6 

2 2.1 9.9 

3 1.9 8.7 

PorA-Loop4 

1 2.5 9.3 

2 2.0 10 

3 1.9 10 

4 

Untreated 

1 1.8 9.8 

2 2.7 10 

3 2.5 10 

PorA-Loop4 

1 1.7 9.8 

2 2.8 10 

3 3.0 10 

8 

Untreated 

1 1.7 9.6 

2 2.7 10 

3 2.9 10 

PorA-Loop4 

1 2.3 10 

2 2.1 10 

3 3.2 10 

24 

Untreated 

1 2.0 9.8 

2 2.2 10 

3 2.1 10 

PorA-Loop4 

1 1.8 9.6 

2 2.6 10 

3 2.7 10 
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Figure 3.3: Pseudo-gel images of RNA samples produced using the Agilent 2100 Bioanalyzer. Figure A-E show quality of samples from HBMECs 

treated with PorA-Loop4 peptide and untreated controls for 0, 2, 4, 8, and 24h, respectively, from three independent experiments. Each RNA sample was 

extracted from 1 x 106 cells of HBMECs using RNeasy® Mini Kit (Qiagen). Bands at 2000 and 4000 nt represent 18S and 28S RNA, respectively.

A. B.

C. D. E.
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Quantitative PCR (qPCR) was utilised to examine the effect of 

PorA-Loop4 peptide treatment of HBMECs on the transcription level of Cyclin 

D1 and CDK4 in time-dependent experiments. The ratios of gene expression 

levels were calculated using the ΔΔCT method (Livak and Schmittgen, 2001).  

To calculate relative transcriptional levels of the genes of interest using 

the ΔΔCT method, the reaction efficiency of PCR was calculated. cDNA was 

used as a template to perform standard curves for Cyclin D1, CDK4, and 

GAPDH to examine the PCR efficiency and linearity of template amplification. 

As shown in Figure 3.4, the slope of standard curves was -3.364, -3.608 and 

-3.093 for Cyclin D1, CDK4, and GAPDH, respectively, revealing 98.27, 89.3, 

110% efficient PCR amplification. Efficiencies between 90 and 110% are 

typically acceptable (Ruijter et al., 2009). The efficiency was calculated 

according to the following equation: E= 1+10(-1/slope) x 100. Figure 3.4 also 

demonstrates a linear correlation between the cDNA and CT values. The 

correlation coefficients (R) were 0.9348, 0.9227, and 0.996 for Cyclin D1, 

CDK4, and GAPDH, respectively, confirming the amplification efficiency.  

 

Figure 3.4: Standard curves for Cyclin D1, CDK4, and GAPDH to evaluate 

efficiency of qPCR. The diluted and undiluted cDNAs were used as templates for 

the amplification of Cyclin D1, CDK4, and GAPDH. The CT values were plotted versus 

the log concentrations of cDNAs. Slopes of the standard curves were -3.364, -3.608 

and -3.093 for Cyclin D1, CDK4, and GAPDH, respectively, revealing 98.27, 89.3, 

110% efficient PCR amplification. While the correlation coefficients (R) were 0.9348, 

0.9227, and 0.996 for Cyclin D1, CDK4, and GAPDH, respectively, confirming the 

amplification efficiency. Each point represents the mean of triplicate values for each 

Cyclin D1, CDK4, and GAPDH. 
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In addition, the ΔΔCT method can be used when the amplification 

efficiencies of the target and reference genes are approximately equal. The 

assessment of the amplification efficiency can be measured by studying ΔCT 

(CT (Target)–CT (Endogenous)) changes with different dilutions of cDNA. 

Close to identical efficiencies of the target (Cyclin D1 and CDK4) and 

reference gene (GAPDH) were observed, as indicated by slope values close 

to zero. As a result, the ΔCT of Cyclin D1-GAPDH and the ΔCT of CDK4-GAPDH 

was calculated and plotted versus log cDNA as shown in Figure 3.5. The 

slopes of the lines were -0.27 and -0.39, thus the ΔΔCT method can be used 

to analyse the data. 

 

 

Figure 3.5: Validation of 2-ΔΔC
T method. The ΔCT of Cyclin D1-GAPDH and the ΔCT 

of CDK4-GAPDH were calculated and plotted versus log cDNA of HBMECs. The data 

fit using linear regression analysis (n=3). Slopes of the regression lines reflect the 

amplification efficiencies of the target genes (Cyclin D1 and CDK4) and reference 

gene (GAPDH). The ΔΔCT method can be used when the slope values close to zero. 

The slopes of the regression lines were -0.27 and -0.39 for Cyclin D1-GAPDH and 

CDK4-GAPDH, respectively, confirming the almost equal efficiencies between the 

target and reference genes.  

The graphs showing Cyclin D1 and CDK4 expression levels are shown 

in Figure 3.6. A reduction in Cyclin D1 expression was observed in cells 

treated with PorA-Loop4 for 2, 4, 8, and 24 h compared to the untreated 

controls. Meanwhile CDK4 expression was increased in cells treated with 

PorA-Loop4 peptide for 2, 4, 8, and 24 h compared to the untreated controls. 

These findings suggest that the treatment of HBMECs with PorA-Loop4 

results in altered expression of Cyclin D1 and CDK4 at the transcriptional 

level.   
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Figure 3.6: PorA-Loop4 peptide caused decreased expression of Cyclin D1 

and increased expression of CDK4 at mRNA level. HBMECs (106 cells) were 

either left untreated or treated with cyclised peptide of PorA-Loop4 (50 µM) for 0-24 h 

incubation. RNA was extracted, cDNA was generated, and qRT PCR was performed 

to analyse mRNA expression. Bars represent RQ (relative quantification) mRNA 

expression (2-ΔΔC
T, fold change) of Cyclin D1 (Figure A) and CDK4 (Figure B) relative 

to GAPDH levels as the housekeeping gene. Data were normalised to the untreated 

cells. qRT PCR was performed in three independent experiments. Significant 

difference to the untreated controls (*p≤0.05, **p≤0.01, ***p≤0.001, 

****p≤0.0001, unpaired Student’s t-test).  

 

3.5 Protein expression of Cyclin D1 and pCDK4 

(Thr172) in PorA-Loop4-treated HBMECs  

Immunoblot analysis was performed to quantify the protein expression 

levels of Cyclin D1 and pCDK4 (Thr172) in treated HBMECs. Before 

immunoblotting, cells were lysed and centrifuged to create clear whole cell 

lysates. Typically, 15-20 l (5 g) of each sample was loaded into each well 

of the acrylamide gels. First, the gels were stained with Coomassie Blue to 

confirm that equal amount of proteins loaded from each sample. The results 

of the stained gels are shown in Figure 3.7.  

-

-

-A.

B.

-
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Figure 3.7: SDS-PAGE of whole lysates from PorA-Loop4 peptide treated 

HBMECs and untreated controls. Protein lysates (5 µg) were separated on 10% 

acrylamide gels. Samples were obtained from three independent experiments 

(1st-3rd).   

The separated proteins were then transferred onto a nitrocellulose 

membrane and probed with anti-Cyclin D1, anti-phosphoCDK4 (Thr172), and 

anti--actinin (loading control). The blot images and densitometry analysis 

are shown in Figure 3.8. The treatment with PorA-Loop4 peptide resulted in 

changes in protein expression of Cyclin D1 and pCDK4. Specifically, the 

adjusted density of Cyclin D1 was 0.6 fold lower than the control, while the 

adjusted density of pCDK4 was 0.9 fold higher than the control. Cyclin D1 

expression was significantly decreased in PorA-Loop4 treated cells compared 

to the control (p≤0.05), while a significant increase of pCDK4 (Thr172) was 

observed in the PorA-Loop4 treated cells compared to the control 

(p≤0.0001). PorA-Loop4 treated cells also caused the upregulation of CDK4 

24 h post treatment (data not shown). The CDK4 expression was significantly 

increased in PorA-Loop4 treated cells compared to the control (p≤0.01).     
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Figure 3.8: PorA-Loop4 peptide caused decreased expression of Cyclin D1 

(Figure A and C) and increased level of pCDK4 (Thr172) (Figure B and D) at 

the protein level 24 h post treatment. HBMECs (106 cells) were either left 

untreated or treated with cyclised peptide of PorA-Loop4 (50 µM) for 24 h incubation. 

The cells were lysed with RIPA buffer and homogenised using a 21-gauge needle. 

The whole lysates were separated on 10% acrylamide gels and probed with anti-

Cyclin D1 or anti-pCDK4 (Thr172). Figure A and B show immunoblot images from 

three independent experiments (1st-3rd), while Figure C and D show the densitometry 

analysis. Band intensities were quantified using Image J software. Alpha actinin was 

used as loading control in all immunoblots. All data were normalised to the untreated 

controls and adjusted to the loading control densities. Significant difference to the 

untreated controls (*p≤0.05, ****p≤0.0001, unpaired Student’s t-test).  
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3.6 Discussion 

The addition of PorA-Loop4 to HBMECs caused a significant reduction 

in the proportion of cells in S-phase and a corresponding increase in the 

proportion of cells in G1, indicating a G1 arrest (Vassey, 2014). To understand 

this finding, the full molecular mechanism of the cell cycle arrest should be 

elucidated. Expression analysis of cell-cycle checkpoint proteins, such as 

Cyclin D1 and CDK4, should provide an initial approach to understand the 

mechanism.  

Work in this thesis used a similar PorA-Loop4 peptide to the one used 

in previous study (Vassey, 2014). A scrambled peptide was used by Vassey 

as negative control which consists of the same amino acids as the PorA-

Loop4 peptide but in different sequences (Vassey, 2014). The scrambled 

peptide was not used in current study due to the solubility issues of the 

peptide. It was insoluble in DMSO and PBS.   

The treatment of HBMECs with PorA-Loop4 peptide caused a decreased 

level of Cyclin D1 and an increased level of CDK4 at both the mRNA and 

protein level. The expressions at both levels were studied in view of the fact 

that genes with cell-cycle specific functions tended to have unstable mRNA 

and unstable protein (Kendrick, 2014). A change in mRNA expression is not 

always reflected by similar changes in protein expression due to the 

complexity of post-transcriptional mechanisms and post-translational 

modifications (Liu et al., 2016). In this study, however, changes in mRNA 

levels strongly correlated with the changes at the protein level.  

Downregulation of Cyclin D1 at the mRNA and protein levels might lead 

to G1 arrest. The lack of Cyclin D1 would be expected to influence the 

formation of the Cyclin D1/CDK4 complex, which is required for progression 

from G1 to S phase in the cell cycle. Yet, the upregulation of pCDK4 (Thr172) 

caused by treatment with PorA-Loop4 raises many questions in regards to 

the G1-arrest effects. pCDK4 (Thr172) complexed to Cyclin D1 causes 

phosphorylation of Rb and thus facilitates further cell signalling leading to 

cell cycle progression (Figure 3.1). However, a subsequent phosphorylation 

of Rb by Cyclin E/CDK2 complex is needed to fully dissociate Rb from the 

HDAC-repressor complex and to allow the cell cycle progression from G1 to 

the S-phase. Future study in the downstream events of the G1/S checkpoint 

signalling pathway (e.g. Cyclin E, CDK2, pRb and E2F) is needed to fully 

elucidate the G1-arrest mechanism caused by the PorA-Loop4. 
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In addition, a second antibody was also used to detect the 

non-phosphorylated protein of CDK4 and that level of this form was also 

increased in the PorA-Loop4-treated cells. The upregulation of the total CDK4 

indicates that PorA-Loop4 may cause perturbation on CAK which 

phosphorylates the CDK4 at Thr172. Future studies are needed to confirm 

this assumption.  

Altered expression of cell cycle regulators following interaction with 

meningococci has also been noted by others. For example, recent work by 

von Papen showed that meningococcal infection from pathogenic and 

carriage isolates arrested epithelial cells (Detroit 562 and NP69) in G1 phase 

at 24 h post-infection and caused decreased expression of Cyclin D1 and 

increased expression of Cyclin E and p21 at the protein level (von Papen et 

al., 2016). Another report stated that Opa and Opc of N. meningitidis strain 

MC58 caused the S-arrest in HBMECs and the upregulation of p21 and Cyclin 

G2 (Oosthuysen et al., 2016).  

At the mRNA level, Schubert-Unkmeir et al. found that there were 

changes in HBMEC cell cycle regulators’ expression in response to 

meningococcal infection (Schubert-Unkmeir et al., 2007). A two-fold 

increase in Cyclin D1, Cyclin D3 and CDKs 8 and 9 were reported after four 

hours of infection, indicating significant changes in the key cell cycle control 

molecules at the G1 checkpoint in response to infection. Interestingly, they 

also confirmed a decrease in the expression of LAMR mRNA of 0.607 and 

0.490 fold at 4 and 8 h post infection, respectively. The increased expression 

of Cyclin D1 in the study by Schubert-Unkmeir et al. seems contrary to our 

result. However, it should be noted that they used whole MC58 bacteria to 

infect the endothelial cells. The bacteria possess many surface molecules 

that interact with components of the host cell surface, each of which may 

potentially alter different pathways in the host cell, and thus cause different 

effects on the cell cycle regulators.  

To gain a better understanding of the perturbation of the cell cycle 

regulators caused by the PorA-Loop4, the use of a whole PorA would be 

a good approach between peptide and whole bacteria. However, in a 

previous study by Vassey, difficulties were encountered in purifying 

recombinant PorA in a native conformation (Vassey, 2014). Approaches 

taken included expression of His-Tagged PorA in E. coli based systems, 

purification of PorA using the Invitrogen Membrane Max system, and 

ion-exchange and gel filtration chromatography. These methods were 

ineffective to obtain natively folded PorA with the necessary tertiary 
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structure in preparations that were sufficiently free of detergents. Later in 

this study (Chapter 5), whole cell N. meningitidis of strain MC58 and mutants 

derived from it lacking either PorA-Loop4 or PorA were used to confirm the 

results described in this chapter. 

Other bacteria also manipulate the cell cycle as part of their strategy 

to colonise and infect host cells. Most use toxins to damage the DNA of host 

cells, and thus stimulate apoptosis. A closely related pathogen to 

meningococci, Neisseria gonorrhoeae, has been shown to modulate G1 arrest 

through the decrease of Cyclin B1, Cyclin D1, and Cyclin E (Jones et al., 

2007). Gonococci interfere with the host cell cycle via translocation of 

bacterial restriction endonucleases into the host cell nucleus where they 

cause double strand breaks in the DNA and thus prevent progression of the 

host cell cycle (Weyler et al., 2014).  

 Meningococci potentially dysregulate host cell processes during 

disease progression and/or commensal carriage to facilitate long term 

colonisation. The PorA-Loop4:37LRP interaction with the cells in the local 

micro-environment is likely to influence normal turnover and renewal of 

endothelium by stalling the cell cycle via altered expression of the cell cycle 

regulators, and ultimately allowing bacteria to initiate a sustained 

colonisation. Nougayrede et al. described bacterial toxins and effectors that 

modulate the eukaryotic cell cycle as cyclomodulins (Nougayrede et al., 

2005). The data suggest that PorA-Loop4 is one such meningococcal 

cyclomodulin affecting the endothelial cell cycle, specifically by locking cells 

into the G1 phase.  

To study the whole mechanism of meningococcal PorA-Loop4 in 

triggering the G1 arrest in HBMECs, the possible affected signalling pathway 

from the inner membrane to the nucleus should be explored. Since Cyclin 

D1 and CDK4 were involved in several pathways and the cell cycle arrest 

happened in the G1 phase, it is hypothesised that the PorA-Loop4 acts via 

the PI3K/Akt pathway. The hypothesis is also based on some reports 

mentioned in Section 1.8. Thus, the perturbation of key proteins’ expression 

in the PI3K/Akt pathway and the effect of associated inhibitors in the 

pathway were investigated in the following chapter.  
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4.1 Introduction 

The PI3K/Akt pathway is one of the intracellular signalling pathways 

regulating the human cell cycle, and is known to be essential for cell survival 

by reducing apoptosis (Chang et al., 2003). It also influences other cellular 

functions including glucose metabolism (Hu et al., 2016), neuronal function 

(Zhong, 2016), and cellular migration (Xue and Hemmings, 2013). In order 

to promote the transition from G1 to S phase, the PI3K/Akt pathway involves 

some key proteins including PI3K, Akt, GSK, FOXO, p21, p27, Cyclin D and 

CDK4/6 (Figure 4.1).  

 

 

Figure 4.1: Schematic illustration of the PI3K/Akt pathway in the regulation 

of the human cell cycle. Binding of growth factor to its receptor activates 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), an enzyme which catalyses 

phosphatidylinositol (3,4)-biphosphate (PIP2) into phosphatidylinositol 

(3,4,5)-triphosphate (PIP3).  PIP3 activates protein kinase B (also known as Akt), 

localising it in the plasma membrane. Akt inhibits cell cycle regulators (p21 and p27) 

entering the nucleus, thus the cell cycle progresses. Akt also inhibits glycogen 

synthase kinase-3 (GSK3) which inhibits Cyclin D1 from making a complex with cyclin 

dependent kinase (CDK) 4/6. The CyclinD1/CDK4 complex is known to regulate the 

early G1 phase of the cell cycle. This figure is modified from Kong and Yamori, (2010).  

  

Cell cycle progression
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Phosphoinositide 3-kinases (PI3Ks) are a family of enzymes which 

phosphorylate the 3 position hydroxyl group of the inositol ring of 

phosphatidylinositol (Whitman et al., 1988). They are activated by a G 

protein-coupled receptor and a tyrosine kinase receptor (Leevers et al., 

1999). Class 1 PI3K, in particular, consists of p85 regulatory subunit and 

p110 catalytic subunit (Carpenter et al., 1990). The p85 subunit contains 

SH2 and SH3 domains which allow PI3K to dock with phosphorylated tyrosine 

residues on other proteins (Lemmon and Schlessinger, 2010). The p110 

subunit catalyses the conversion of PIP2 into PIP3 (Yu et al., 1998).  The 

conversion is antagonised by PTEN which removes the phosphate group from 

the D3 position of the inositol ring of PIP3 (Maehama and Dixon, 1998). In 

the PI3K/Akt pathway, Akt and PDK bind to PIP3, although Akt also binds to 

the PIP2 at lower affinity (DiNitto and Lambright, 2006). The binding of Akt 

to PIP3 keeps the Akt and PDK in the plasma membrane. 

Akt (also known as PKB) has three isoforms with different functions. 

Akt1 is the main isoform involved in the PI3K/Akt pathway (Cantley, 2004). 

It inhibits the apoptotic process via inhibition of Bad/Bcl-2 activity and 

degradation of p53. Akt1 also induces protein synthesis, and promotes cell 

proliferation. Akt2 has an important role in the insulin signalling pathways. 

The function of Akt3 is unclear but it appears to be predominantly expressed 

in brain, heart, and kidneys. In general, the protein structure of Akt contains 

three domains: (1) an amino-terminal pleckstrin homology domain (PH 

domain), (2) central kinase domain containing threonine residue Thr308, 

and (3) carboxyl-terminal regulatory domain (hydrophobic) containing 

serine residue Ser473 (Manning and Toker, 2017, Liao and Hung, 2010). The 

pleckstrin homology domain is a protein domain which binds to 

phosphatidylinositol lipids (PIP2 and PIP3) within biological membrane.    

Inactive Akt primarily resides in the cytoplasm. The activation of Akt 

involves the PH-domain dependent membrane translocation step, followed 

by phosphorylation of Thr308 and Ser473 (Manning and Toker, 2017, Liao 

and Hung, 2010). After the stimulation of RTKs or GPCRs and PIP3 

production at the plasma membrane, inactive Akt is recruited to the 

membrane. The three way interaction of Akt/PDK/PIP3 allows PDK1 to 

phosphorylate Akt at its Thr308 residue. It primes the phosphorylation at 

Ser473 caused by mTORC2 and marks the full activation of Akt (Manning 

and Toker, 2017, Jacinto et al., 2006). Signal termination is achieved by the 

PTEN, PP2A, and PHLPP protein phosphatases. PTEN reconverts PIP3 to PIP2, 

while PP2A and PHLPP2 dephosphorylates the Akt at Thr308 and Ser473, 
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respectively (Wlodarchak and Xing, 2016). The phosphorylated Akt is also 

partly ubiquitinated by E3 ligase EDD4 and degraded by the proteasome 

(Suizu et al., 2009).  

The active Akt phosphorylates glycogen synthase kinase-3β (GSK-3β) 

at Ser9 (Cross et al., 1995) and FOXO transcription factor at two or three 

critical residues (Thr24, Ser253, and Ser316 in FoxO1a) (Tzivion et al., 

2011). Phosphorylation at these sites is inhibitory and do not lead to 

activation of GSK-3β and FOXO. The inhibition of FOXO leads to 

downregulation of p21 and p27 (Hauck et al., 2007, Medema et al., 2000). 

The inhibition of p21 and p27 for nuclear localisation would facilitate the 

formation of Cyclin E/CDK2 complex which progresses the late G1 phase to 

the S phase (Abukhdeir and Park, 2008).  

GSK-3 is a kinase with over 100 known substrates involved in multiple 

signalling pathways (PI3K/Akt, mTOR, Wnt/β-catenin, MAPK/Erk, NF-κB, 

Hedgehog) (Jope and Johnson, 2004). It has two isoforms: GSK-3α and 

GSK-3β. The activity of GSK-3β in particular is regulated by the 

phosphorylation status of its tyrosine and serine residues. The activation 

requires the phosphorylation at Tyr216 in the activation loop (Lochhead et 

al., 2006). The Tyr phosphorylation was thought to be auto 

phosphorylation (Cole et al., 2004). However, phosphorylation by Src 

family tyrosine kinases has also been reported (Goc et al., 2014). 

Tyr216-phosphorylated GSK3β is constitutively active and is inactivated by 

phosphorylation at Ser9 by many protein kinases including Akt, PKA, 

P90RSK, PKC, and P70-S6 Kinase (Beurel et al., 2015, Jope and Johnson, 

2004). Phosphorylated Ser9 self-associates in the primed-substrate binding 

pocket, hindering the binding of primed substrates, and thus diminishes 

primed-substrate phosphorylation by GSK-3β (Beurel et al., 2015). 

 

4.2 Aim 

In the previous chapter, exposure of HBMECs to PorA-Loop4 caused 

the perturbation of Cyclin D1 and CDK4 expression. The primary aim of this 

chapter is to investigate whether the perturbation of Cyclin D1 and CDK4 

expression is associated with PI3K/Akt signalling. Another aim of this chapter 

is to investigate the effect of PorA-Loop4 on the expression and activation of 

pAkt (Ser473) and pGSK-3β (Ser9) as these two kinases regulate the 

PI3K/Akt signalling pathway. The final aim is to explore whether the 

perturbation of Cyclin D1 and GSK-3β expression caused by the PorA-Loop4 
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are dependent on, or influenced by, the activity of GSK-3β and Akt as 

upstream kinases in the PI3K/Akt pathway, respectively.  

 

4.3 The effect of PorA-Loop4 on Cyclin D1 

expression in the presence of PI3K inhibitor 

(ZSTK474) 

To test our hypothesis that PorA-Loop4 causes the perturbation of 

Cyclin D1 and CDK4 expression via the PI3K/Akt pathway, the HBMECs were 

exposed to PorA-Loop4 in the presence of a PI3K inhibitor to determine any 

subsequent change in Cyclin D1 and CDK4 expression. If PorA-Loop4 works 

via PI3K, the PI3K inhibition would be predicted to prevent the perturbation 

of Cyclin D1 and CDK4 caused by the PorA-Loop4.  ZSTK474, a PI3K inhibitor 

that acts through ATP-competition by binding at the ATP-binding pocket of 

PI3K Class I (Kong and Yamori, 2007, Kong and Yamori, 2010), was used to 

treat the HBMECs.     

First, the effect of ZSTK474 on the viability of HBMECs were assessed 

by using trypan blue as a viability stain (Figure 4.2). The cells were treated 

with various concentrations of ZSTK474 as suggested by the manufacturer. 

The viability of HBMECs treated with the maximum suggested concentration 

for 24 h was 83.05% (~16.95% of dead cells), significantly different to the 

untreated controls (p≤0.05). The viability from 2 µM to the lowest 

concentration (0.1 µM) were not significantly different to the untreated 

controls (p>0.05). In subsequent experiments, 2 µM and 0.1 µM ZSTK474 

were used to treat the HBMECs. 
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Figure 4.2: Effect of ZSTK474 on the viability of HBMECs. HBMECs (106 cells 

well-1) were treated with various concentrations of ZSTK474 (0.1-4 µM) for 24h, and 

the number of viable cells counted in a haemocytometer. Trypan Blue was used to 

stain dead cells. Cell viability (%) was calculated by comparison of treated viable 

cells with the untreated controls. Data were presented as the mean + SD (n=3).  

Significant difference to the untreated controls (*p≤0.05, ANOVA Dunnet’s test 

applied post hoc).  

HBMECs were then treated either with PorA-Loop4 peptide (50 µM), 

ZSTK474 (2 µM), or a combination of PorA-Loop4 peptide and ZSTK474, for 

2, 4, 8, 24 h. The treated cells and the untreated controls were lysed to 

extract the total RNA for the qRT PCR assays. The quality of extracted RNA 

was confirmed by Agilent 2100 Bioanalyzer. The RIN values, pseudo-image 

gels, and chromatograms from all samples used in this chapter are presented 

in Appendix IV. The 28S/18S ratio of all samples were between 1.7 and 3.5, 

and the RIN values were 8.2-10.  

The qRT PCR system used in this chapter was the same as section 3.4. 

Figure 4.3 shows the Cyclin D1 mRNA expression levels from all samples. A 

reduction of Cyclin D1 was observed in PorA-Loop4-treated cells for 2, 4, 8, 

and 24 h compared to the untreated controls. The ZSTK474-treated cells 

also showed a reduction of Cyclin D1, and it was significantly lower than  the 

Loop4-treated samples at 2 h post treatment (p≤0.01). However, Cyclin D1 

expression in ZSTK474-treated cells showed a tendency to return back to 

initial levels from 4 to 24 h post treatment. Cyclin D1 expression in PorA-

Loop4 and ZSTK474-treated cells was not significantly different from the 

ZSTK474-treated cells from 4 to 24 h post treatment (p>0.05).  

 

B.

C.



 

Chapter 4 - Effects of PorA-Loop4 on Akt and GSK-3β 

 

 73 

 

 

Figure 4.3: qRT PCR analysis of Cyclin D1 expression in treated-HBMECs. Bars 

represent RQ (relative quantification) mRNA expression (2-ΔΔC
T, fold changes) of 

Cyclin D1 in response to treatment with PorA-Loop4 (50 M), ZSTK474 (2 M), both 

PorA-Loop4 (50 M) and ZSTK474 (2 M), or in untreated controls. Data were 

adjusted for GAPDH levels, and normalised to the untreated cells. qRT PCR was 

performed in three independent experiments. Significant difference (**p≤0.01, 

****p≤0.0001, ns: not significant, one-way ANOVA Tukey’s test applied post hoc). 

 

To study Cyclin D1 expression at the protein level, immunoblotting and 

densitometry analysis were performed with lysates from 24h post treated 

HBMECs. The lysates were loaded into acrylamide gels for either staining or 

immunoblotting with the anti-Cyclin D1. Figure 4.4 shows the stained gels 

that illustrating the equal amount of protein between samples used in this 

section.  
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Figure 4.4: SDS-PAGE of lysates from the treated-HBMECs. The HBMECs were 

treated with PorA-Loop4 (50 M), ZSTK474 (2 M), both PorA-Loop4 (50 M) and 

ZSTK474 (2 M), or left untreated as controls. Protein lysates (5 g) were separated 

on 10% acrylamide gels. Images were obtained from three independent experiments 

(1st-3rd). 

 

Representative images of blots and the densitometry analysis of Cyclin 

D1 expression are presented in Figure 4.5. Overall, Cyclin D1 protein 

expression from all samples were similar to the Cyclin D1 mRNA expression. 

The PorA-Loop4-treated cells showed a lower expression of Cyclin D1 at the 

24 h post treatment compared to the untreated controls. The ZSTK474-

treated cells also showed the lower expression of Cyclin D1 than the 

untreated controls which was expected based on a previous report (Wang et 

al., 2016b). However, the ZSTK474-treated cells had a higher Cyclin D1 

protein expression than the PorA-Loop4-treated cells, although the 

difference was not significiant. The combined PorA-Loop4 and ZSTK474-

treated cells had the same level of Cyclin D1 expression as the ZSTK474 

only-treated cells.  Again there was a partial, but not statistically significant 

(p>0.05), recovery in Cyclin D1 protein expression in the presence of PorA-

Loop4 and ZSTK474.  
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Figure 4.5: Immunoblot images (A) and densitometry analysis (B) of Cyclin 

D1 expression in treated-HBMECs. HBMECs were treated with PorA-Loop4 (50 

µM), ZSTK474 (2 µM), both PorA-Loop4 (50 µM) and ZSTK474 (2 µM), or left 

untreated as controls. The HBMECs were lysed at 24 h post treatment. Representative 

images were obtained from three independent experiments (1st-3rd). Alpha actinin 

was used as loading control in all immunoblots. Band intensities were quantified by 

Image J software. All data were normalised to the untreated controls and adjusted 

to the loading control densities. Significant difference to the untreated controls 

(*p≤0.05, **p≤0.01, ns: not significant, one-way ANOVA Tukey’s test applied post 

hoc).  
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The lowest suggested concentration of ZSTK474 (0.1 µM) was also 

used to treat the HBMECs. The stained gels are presented in Figure 4.6, while 

the blot images and densitometry analysis are presented in Figure 4.7. 

PorA-Loop4 caused the lower expression of Cyclin D1 compared to untreated 

cells. The Cyclin D1 expressions in the ZSTK474-treated cells was not 

significantly altered (p>0.05), which was also seen in the combined PorA-

Loop4 and ZSTK474-treated cells. There was a significant recovery of Cyclin 

D1 expression in the combined PorA-Loop4 and ZSTK474-treated cells to the 

steady state level (p≤0.01). The data suggest that the PI3K inhibitor prevents 

the PorA-loop4’s effect on Cyclin D1 expression which means that PorA-

Loop4 is dependent on PI3K for downregulating Cyclin D1.  

 

 

 

Figure 4.6: SDS-PAGE of whole lysates from HBMECs treated with 

PorA-Loop4 peptide and/or ZSTK474 (0.1 µM), and the untreated controls. 

Protein lysates (5 µg) were separated in 10% acrylamide gels. Images were obtained 

from three independent experiments (1st-3rd).  

  

kDa

135

100

58

46

32

25

80

190

1st 2nd 3rd

245



 

Chapter 4 - Effects of PorA-Loop4 on Akt and GSK-3β 

 

 77 

 

Figure 4.7: Immunoblot images (A) and densitometry analysis (B) of Cyclin 

D1 expression in treated-HBMECs. HBMECs were treated with PorA-Loop4 (50 

µM), ZSTK474 (0.1 µM), both PorA-Loop4 (50 µM) and ZSTK474 (0.1 µM), or left 

untreated as controls. The HBMECs were lysed at 24 h post treatment. Representative 

images were obtained from three independent experiments (1st-3rd). Alpha actinin 

was used as loading control in all immunoblots. Band intensities were quantified by 

Image J software. All data were normalised to the untreated controls and adjusted 

to the loading control densities. Significant difference to the untreated controls 

(**p≤0.01, ns: not significant, one-way ANOVA Tukey’s test applied post hoc).  
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4.4 The effect of PorA-Loop4 on CDK4 

expression in the presence of PI3K inhibitor 

The alteration in CDK4 expression caused by the PorA-Loop4 was also 

investigated for its dependency on PI3K activity. The lysates, qRT PCR, and 

immunoblot system used for this purpose were similar to the previous 

experiments in Section 4.3.  

Figure 4.8 shows the qRT PCR analysis of CDK4 from the treated-

HBMECs. PorA-Loop4 caused higher CDK4 expression than the untreated 

controls at 2-24 h post treatment. The CDK4 expression at 2-24 h post 

treatment was not significantly altered in the ZSTK474-treated cells 

(p>0.05). The combined PorA-Loop4 and ZSTK474-treated cells showed a 

higher CDK4 expression than the untreated controls at the 2 h, but the CDK4 

expression went down gradually to the similar level of the untreated controls 

at 4-24 h post treatment. 

  

   

 

Figure 4.8: qRT PCR analysis of CDK4 expression in treated-HBMECs. Bars 

represent RQ (relative quantification) mRNA expression (2-ΔΔC
T, fold changes) of 

CDK4 in response to treatment with PorA-Loop4 (50 M), ZSTK474 (2 M), both 

PorA-Loop4 (50 M) and ZSTK474 (2 M), or in untreated controls. Data were 

adjusted for GAPDH levels, and normalised to the untreated cells. qRT PCR was 

performed in three independent experiments. Significant difference (*p≤0.05, 

**p≤0.01, ***p≤0.001, ****p≤0.0001, ns: not significant, one-way ANOVA Tukey’s 

test applied post hoc). 

 Figure 4.9 shows the immunoblot images and the densitometry 

analysis of pCDK4 (Thr172) level in the treated-HBMECs. PorA-Loop4 caused 

upregulation of pCDK4 (Thr172) at 24 h post treatment. The protein level 
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was not significantly altered in the ZSTK474-treated cells and the combined 

PorA-Loop4 and ZSTK474-treated cells (p>0.05). The data suggest that in 

the presence of the PI3K inhibitor, PorA-Loop4 could not exert an effect on 

pCDK4 (Thr172) level, and so PorA-Loop4 may act via a PI3K activity-

dependant upregulation of pCDK4 (Thr172).    

 

 

 

 

Figure 4.9: Immunoblot images (A) and densitometry analysis (B) of pCDK4 

(Thr172) level in treated-HBMECs. HBMECs were treated with PorA-Loop4 (50 

µM), ZSTK474 (2 µM), both PorA-Loop4 (50 µM) and ZSTK474 (2 µM), or left 

untreated as controls. The HBMECs were lysed at 24 h post treatment. Representative 

images were obtained from three independent experiments (1st-3rd). Alpha actinin 

was used as loading control in all immunoblots. Band intensities were quantified by 

Image J software. All data were normalised to the untreated controls and adjusted 

to the loading control densities. Significant difference to the untreated controls 

(**p≤0.01, ***p≤0.001, ns: not significant, one-way ANOVA Tukey’s test applied 

post hoc). 
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4.5 The levels of pAkt (Ser473) and pGSK-3β 

(Ser9) in PorA-Loop4-treated HBMECs 

After investigating PI3K’s influence on the ability of PorA-Loop4 to alter 

Cyclin D1/CDK4 expression, perturbation of pAkt (Ser473) and pGSK-3β 

(Ser9) levels were checked in the PorA-Loop4-treated HBMECs. The lysates 

used in this experiment were the same as Section 3.5. Figure 4.10: and 

Figure 4.11 show the immunoblot analysis of pAkt (Ser473) and pGSK-3β 

(Ser9), respectively. PorA-Loop4 caused a decrease in the level of pAkt 

(Ser473), 0.5 times lower than in untreated controls at 24 h post-treatment 

(p≤0.05). In contrast, PorA-Loop4 caused an increase in pGSK-3β (Ser9) 

levels, 2.6 times higher than the untreated controls at 24 h post treatment 

(p≤0.0001).  
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Figure 4.10: Exposure to 50 µM PorA-Loop4 resulted in decreased level of 

pAkt (Ser473) at 24 h post treatment. Panel A represents the immunoblot images 

from three independent experiments (1st-3rd), while Panel B represents the 

densitometry analysis. Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified using Image J software. All data were normalised to 

the untreated controls and adjusted to the loading control densities. Significant 

difference to the untreated controls (*p≤0.05, unpaired Student’s t-test). 
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Figure 4.11: Exposure to 50 µM PorA-Loop4 resulted in increased level of 

pGSK-3β (Ser9) at 24 h post treatment. Panel A represents the immunoblot 

images from three independent experiments (1st-3rd), while Panel B represents the 

densitometry analysis. Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified using Image J software. All data were normalised to 

the untreated controls and adjusted to the loading control densities. Significant 

difference to the untreated controls (****p≤0.0001, unpaired Student’s t-test). 
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4.6 The effect of PorA-Loop4 on Cyclin D1 

expression in the presence of GSK-3β 

inhibitor (1-Azakenpaullone) 

The previous experiments showed that PorA-Loop4 caused the 

downregulation of Cyclin D1 24 h post treatment. Based on reports that 

GSK-3β regulates the degradation of Cyclin D1, work described in this 

section aimed to investigate whether the downregulation of Cyclin D1 caused 

by the Loop4 is dependent on GSK-3β. 1-Azakenpaullone (1-AKP, 

Sigma-Aldrich), a selective GSK-3β inhibitor with 100-fold less 

cross-reactivity against CDKs (Kunick et al., 2004) was used to treat the 

cells.  

Figure 4.12 shows the effect of 1-AKP on the viability of HBMECs. 

HBMECs were treated with 1-AKP at various concentrations from 0.15 to 2.5 

µM as suggested by the manufacturer. Exposure to higher concentrations of 

1-AKP resulted in increased cell numbers as the GSK-3β inhibitor promotes 

cell proliferation (Stein et al., 2011, Mussmann et al., 2007). The minimum 

and maximum concentrations of 1-AKP (0.15 and 2.5 µM) were used to treat 

HBMECs.   

 

Figure 4.12: Effect of 1-AKP on the viability of HBMECs. HBMECs (106 cells 

well-1) were treated with various concentration of 1-AKP (0.15-2.5 µM) for 24 h, and 

the number of viable cells counted in a haemocytometer. Trypan Blue was used to 

stain dead cells. Cell viability (%) was calculated by comparison of treated viable 

cells with controls (untreated cells). Data were presented as the mean + SD (n=3). 

The increase of viable cells treated with 0.3 – 2.5 µM of 1-AKP were not significant.  

  

C.
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Figure 4.13 shows the stained gels of the lysates used for 

immunoblotting. It shows similar amount of proteins between samples. 

Figure 4.14 shows the immunoblotting analysis. The PorA-Loop4-treated 

cells showed decreased Cyclin D1 expression, similar to previous results in 

Section 3.5 and 4.3. The Cyclin D1 expression was not significantly altered 

in the 1-AKP-treated cells (p>0.05). PorA-Loop4 still caused the decrease of 

Cyclin D1 in the presence of minimum and maximum concentrations of 

1-AKP indicating that PorA-Loop4 alters Cyclin D1 expression in a GSK-3β-

independent manner.    

 

 

Figure 4.13: SDS-PAGE of whole lysates from HBMECs treated with 

PorA-Loop4 peptide (50 µM) and/or 1-Azakenapaullone (1-AKP, 0.15 and 

2.5 µM), and the untreated controls. Protein lysates (5 g) were separated on 

10% acrylamide gels. Images were obtained from three independent experiments 

(1st-3rd). 
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Figure 4.14: Immunoblot images (A) and densitometry analysis (B) of Cyclin 

D1 expression from treated-HBMECs. HBMECs were treated with PorA-Loop4 (50 

µM), 1-AKP (0.15 µM), PorA-Loop4 and 1-AKP (0.15 µM), 1-AKP (2.5 µM), 

PorA-Loop4 and 1-AKP (2.5 µM), or left untreated as control. The HBMECs were lysed 

at 24 h post treatment. Representative images were obtained from three independent 

experiments (1st-3rd). Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified by Image J software. All data were normalised to 

the untreated controls and adjusted to the loading control densities. Significant 

difference to the untreated controls (***p≤0.001, ****p≤0.0001, ns: not significant, 

one-way ANOVA Tukey’s test applied post hoc). 
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4.7 The effect of PorA-Loop4 on pGSK-3β (Ser9) 

level in the presence of Akt inhibitor 

(MK2206) 

Previous results showed that PorA-Loop4 caused an upregulation of 

pGSK-3β (Ser9) 24 h post treatment. Based on the fact that Akt 

phosphorylates GSK-3β at Ser9, work in this section aimed to investigate 

whether the upregulation of pGSK-3β (Ser9) caused by the Loop4 is 

dependent to the Akt activity. MK2206 (reSource), an allosteric Akt inhibitor, 

was used to prevent Akt-mediated phosphorylation of downstream signalling 

molecules (Hirai et al., 2010).  

Figure 4.15 shows the effect of MK2206 on the viability of HBMECs. 

HBMECs were treated with MK2206 at various concentrations from 0.6 to 20 

µM as suggested by the manufacturer. Higher concentrations of MK2206 

caused lower cell viability as the inhibitor promotes apoptosis (Agarwal et 

al., 2014). The viability of HBMECs treated with the maximum concentration 

(20 µM) was 64%. Although the difference was not statistically significant 

compared to the untreated controls (p>0.05), it still caused cytotoxicity to 

HBMECs resulting in 36% cell death. Therefore, 0.6 and 10 M MK2206 were 

used to treat the HBMECs in subsequent experiments.  

 

Figure 4.15: Effect of MK2206 on the viability of HBMECs. HBMECs (106 cells 

well-1) were treated with various concentrations of MK2206 (0.6-20 µM) for 24 h, and 

the number of viable cells counted in a haemocytometer. Trypan Blue was used to 

stain dead cells. Cell viability (%) was calculated by comparison of treated viable 

cells with controls (untreated cells). Data were presented as the mean + SD (n=3). 

The decrease of viable cells treated with 2.5 – 20 µM of MK2206 were not significant. 
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Figure 4.16 shows the stained gels of the lysates used for 

immunoblotting. It shows similar amount of proteins between samples. 

Figure 4.17 shows the immunoblotting analysis. PorA-Loop4 caused the 

upregulation of pGSK-3β (Ser9) which is similar to previous results. The 

MK2206-treated cells showed a decrease of pGSK-3β (Ser9) level, which was 

expected corresponding to a previous report (Swiatkowski et al., 2017). The 

combined PorA-Loop4 and MK2206-treated cells also showed the decrease 

of pGSK-3β (Ser9) levels, although there was a small increase but not 

significant compared to the MK2206 only-treated cells (p>0.05). The 

presence of the inhibitor at 0.6 and 10 µM caused a large decrease in levels 

of pGSK-3β, but addition of PorA-Loop4 did not significantly increase 

pGSK-3β expression in MK2206-treated cells. 

  

 

Figure 4.16: SDS-PAGE of whole lysates from HBMECs treated with 

PorA-Loop4 peptide and/or MK2206 (0.6 and 10 µM), and the untreated 

controls. Protein lysates (5 g) were separated on 10% acrylamide gels. Images 

were obtained from three independent experiments (1st-3rd). 

 

kDa

135

100

58

46

32

25

80

190

1st
2nd

245

3rd



 

Chapter 4 - Effects of PorA-Loop4 on Akt and GSK-3β 

 

 88 

 

Figure 4.17: Immunoblot images (A) and densitometry analysis (B) of 

pGSK-3β (Ser9) level from treated-HBMECs. HBMECs were treated with 

PorA-Loop4 (50 µM), MK2206 (0.6 µM), PorA-Loop4 and MK2206 (0.6 µM), MK2206 

(10 µM), PorA-Loop4 and MK2206 (10 µM), or left untreated as control. The HBMECs 

were lysed at 24 h post treatment. Representative images were obtained from three 

independent experiments (1st-3rd). Alpha actinin was used as loading control in all 

immunoblots. Band intensities were quantified by Image J software. All data were 

normalised to the untreated controls and adjusted to the loading control densities. 

Significant difference to the untreated controls (*p≤0.05, ***p≤0.001, 

****p≤0.0001, ns: not significant, one-way ANOVA Tukey’s test applied post hoc).  

A.
kDa

46

100

Loading 

Control

Loading 

Control

pGSK-3β

(Ser9)

Loading 

Control

46

100

46

100

B.

2nd

1st

3rd

pGSK-3β

(Ser9)

pGSK-3β

(Ser9)

A.
kDa

46

100

Loading 

Control

Loading 

Control

pGSK-3β

(Ser9)

Loading 

Control

46

100

46

100

B.

2nd

1st

3rd

pGSK-3β

(Ser9)

pGSK-3β

(Ser9)



 

Chapter 4 - Effects of PorA-Loop4 on Akt and GSK-3β 

 

 89 

4.8 Discussion 

In the previous chapter, it was shown that PorA-Loop4 caused 

perturbations in Cyclin D1 and pCDK4 (Thr172) protein expression, which 

might affect cell cycle progression from the G1 phase. In this chapter, the 

hypothesis that the interaction of PorA-Loop4:37LRP on the surface of 

HBMECs cause the G1 arrest via the PI3K/Akt signalling pathway was tested. 

PI3K activity was inhibited using ZSTK474, and the effect of PorA-Loop4 on 

Cyclin D1 and pCDK4 (Thr172) was shown to be PI3K-dependent (at both 

mRNA and protein levels).  

Furthermore, the effect of the PorA-Loop4 on Akt and GSK-3β 

expression was studied as these proteins are the central kinases in the 

PI3K/Akt signalling pathway which regulate Cyclin D1 degradation at S 

phase. Akt-mediated phosphorylation of GSK-3β on Ser9 decreases its 

kinase activity for Thr286 of Cyclin D1, which consequently inhibits nuclear 

export and cytoplasmic proteasomal degradation of Cyclin D1 (Alao, 2007, 

Diehl et al., 1998). In the current study, the data suggest that the 

PorA-Loop4 caused the downregulation of pAkt (Ser473) and the 

upregulation of pGSK-3β (Ser9) at the protein levels in HBMECs.  

The downregulation of pAkt (Ser473) was expected as the decrease in 

Akt would interfere with signal transduction to the downstream kinases in 

the pathway and potentially cause the cell cycle arrest. However, the 

upregulation of pGSK-3β (Ser9) raises many questions, as the decrease of 

pAkt (Ser473) might lead to reduced levels of phosphorylation of GSK-3β on 

Ser9. However, multiple signalling pathways feed into increasing the 

serine9-phosphorylation of GSK-3β, which can be mediated by PKA, PKC, 

p70-S6 kinase, and other kinases (Beurel et al., 2015). This suggests that 

PorA-Loop4 may not only affect the PI3K/Akt pathway, but also other 

signalling pathways causing the upregulation of pGSK-3β (Ser9).  

Current work did not include the effect of PorA-Loop4 on the non-

phosphorylated form of GSK-3β, or on pGSK-3β (Tyr216), which directly 

affects Cyclin D1. The pGSK-3β (Tyr216) partially induce the degradation of 

Cyclin D1 by phosphorylating Cyclin D1 on Thr286 (Zou et al., 2004, Diehl 

et al., 1998). Future study investigating the effect of PorA-Loop4 on non-

phosphorylated GSK-3β and pGSK-3β (Tyr216) would fill gaps in the current 

findings. The PorA-Loop4 possibly upregulate the pGSK-3β (Tyr216) to cause 

the subsequent downregulation of Cyclin D1. The assessment of the non- 

phosphorylated form of GSK-3β would provide information about the total 
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protein expression and the ratio of each phosphorylated form could be 

assessed. It would provide a better perspective on how the PorA-Loop4 

affects the post-translational modification of the GSK-3β.    

The GSK-3β influence on the perturbation of Cyclin D1 was also 

investigated. The GSK-3β activity was inhibited using 1-AKP and it was 

shown that the PorA-Loop4 affected Cyclin D1 independently of GSK-3β. 

Previous reports suggested that GSK-3β has a limited role in cell cycle 

regulation of Cyclin D1 levels (Yang et al., 2006a), and degradation of Cyclin 

D1 might occur independently of phosphorylation of Thr286 by GSK-3β 

(Germain et al., 2000). Another kinase, such as Mirk/Dyrk1B, may serve to 

regulate Cyclin D1 stability in situations where GSK-3β activity is absent (Zou 

et al., 2004). Dyrk1B phosphorylates Cyclin D1 at Thr288, inducing nuclear 

export and degradation of Cyclin D1. Future studies investigating the effect 

of PorA-Loop4 to Mirk/Dyrk1B in particular, or the effect of PorA-Loop4 on 

cytoplasmic Cyclin D1 degradation would fill gaps in the current findings.  

It was also shown that PorA-Loop4 was dependent on Akt to cause the 

upregulation of pGSK-3β (Ser9). This result confirms that PorA-Loop4 affects 

the PI3K/Akt pathway via Akt and GSK-3β. However, again the opposite 

effect caused by the PorA-Loop4 on pAkt (Ser473) and pGSK-3β (Ser9) 

would only be possible if PorA-Loop4 affects multiple pathways not only on 

the PI3K/Akt pathway. Possibly, PorA-Loop4 upregulates other kinases which 

phosphorylate the Ser9 of GSK-3β such that it would overcome the 

decreased kinase activity of Akt.  

In addition, the inhibitor concentrations used to block Akt may have 

been too high. The concentrations were based on the suggestion from the 

manufacturers and the viability of the HBMECs at the suggested 

concentrations. The MK2206 at 0.6-10 µM decreased the GSK-3β at very low 

level. Use of lower concentrations of MK2206 which could block Akt activity 

without decreasing pGSK-3 (Ser9) expression would have been more 

appropriate to allow the importance of Akt in upregulation of pGSK-3 by 

PorA-Loop4 to be assessed. Testing of a wider range of concentrations would 

have also allowed confirmation of the dose-dependency of any effects seen. 

Future studies may use alternative inhibitors to validate current results 

as the current inhibitors may cause off target effects. The off target effects 

may occur due to the conserved nature of the ATP-binding sites across the 

kinase family. Work in this chapter used ZSTK474 to inhibit PI3K Class I by 

binding to the ATP-pocket of the catalytic subunit p110 (Kong and Yamori, 

2007, Kong and Yamori, 2010). ZSTK474 is a pan-PI3K inhibitor which blocks 
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all p110 isoforms, α, β, δ, and γ. The pan-PI3K inhibitor may cause off-target 

effects as each isoform is expressed differently, and it is associated with 

different stimuli and receptors (Wang et al., 2015). PI3Kα-selective inhibitors 

may be used in the future as they block the isoform α which plays essential 

roles in cell metabolism, growth, and proliferation. DW09849 would be a 

good alternative to ZSTK474 as the inhibitor was reported to block PI3K and 

cause G1 arrest without killing cells in vitro (Liu et al., 2014) 

1-AKP was used in the current study based on the fact that the 

kenpaullone derivative has an enhanced GSK-3β selectivity against CDK1 

(Kunick et al., 2004). The inhibitor acts through ATP binding of GSK-3β which 

could potentially also cause off target effects as the ATP-pocket of GSK-3β 

is relatively similar to the structure of CDKs. Non ATP-competitive GSK-3β 

inhibitors (e.g. thiadiazolidinones analogues, tricantin, menzamin, 

quinolone) might be considered to be used in the future as these allosteric 

inhibitors bind to the sites that are highly conserved to GSK-3β but differ to 

other GSK-3 isoform or other kinases (Palomo et al., 2011, Pandey and 

DeGrado, 2016).    

MK2206 was used in the current study to inhibit Akt based on previous 

report that it targets all three Akt isoforms and induce G1 arrest (Hirai et al., 

2010, Jiao et al., 2013). Current results may be validated by using an 

inhibitor that selectively targets Akt1. The Akt1 is the main isoform involved 

in the PI3K/Akt pathway. The Akt-1 inhibitor, A-674563, is a good candidate 

for future studies as the inhibitor inhibits the cell proliferation more 

effectively than MK2206 (Chorner and Moorehead, 2018). The MK2206 was 

not significantly induced the G1 arrest in non-small cell lung cancer (NSCLC) 

cell lines (A549, A427, and NCI-H23 cells), while A-674563 still cause the G1 

arrest in these cell lines.  

Bacterial pathogens have been reported to manipulate the host 

PI3K/Akt pathway to alter the host cytoskeleton and membrane, reinforce 

focal adhesions, and internalisation (Krachler et al., 2011). Pseudomonas 

aeruginosa subverts the PI3K/Akt pathway to gain entry from the apical 

surfaces of the host cells (Kierbel et al., 2007). PI3K/Akt activity is also 

important for the internalisation of Staphylococcus aureus in Bovine 

endothelial cells via phosphorylation of GSK-3α, GSK-3β, and NF-κB 

(Oviedo-Boyso et al., 2011). So far, limited reports have been published on 

the meningococcal alteration of PI3K/Akt/GSK-3β/Cyclin D1/CDK4 pathway. 

However, Lambotin et al. reported that meningococci hijack the PI3K/Rac1 

signalling pathway via meningococcal LOS to facilitate the bacterial uptake 
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(Lambotin et al., 2005). Also, meningococcal infection caused a 

downregulation of Akt (Schubert-Unkmeir et al., 2007).   

Work described in the next chapter would aim to extend the study by 

investigating the effect of the abrogation of PorA-Loop4 in meningococcus 

on the Akt/GSK-3β/Cyclin D1/CDK4 pathway using wild-type and 

PorA-Loop4 deficient meningococcal strains.
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Chapter 5 – Effects of abrogation 

of PorA-Loop4 in intact cells on 

the ability of N. meningitidis to 

alter the PI3K/Akt pathway 
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5.1 Introduction  

In addition to PorA, Orihuela et al. showed that meningococcal PilQ 

also binds LAMR of HBMECs (Orihuela et al., 2009). PilQ is an essential 

component of type IV pili, which play a key role in bacterial binding to 

epithelial and endothelial cells (Virji et al., 1993). PilQ influences host cell 

signalling by stimulating a calcium signal (Kallstrom et al., 1998). 

Structurally, N-terminal domain of PilQ contains 4 to 7 copies of 

octapeptides, PAKQQAAA, termed small basic repeats (SBRs) which appear 

to influence the pilus expression (Tonjum et al., 1998). The C-terminal 

domain of PilQ contains 13 β-strands, which are embedded in the outer 

membrane (Bitter et al., 1998). The C-domain of PilQ is  responsible for 

secretin oligomer formation and is conserved in Gram negative bacteria 

(Genin and Boucher, 1994). PilQ subunits form dodecameric complex 

structures that are extremely stable at high temperature and in the presence 

of denaturing agents such as SDS. The PilQ complex forms a channel through 

which the moving pilus fiber is extended and retracted from the bacterial 

surface (Frye et al., 2006). MDAΦ, an 8 kb genomic island from certain 

hypervirulent lineages of the meningococcus, has the characteristics of a 

filamentous prophage which is secreted using PilQ (Meyer et al., 2016).  

The deletion of PorA and PilQ abrogates recruitment of laminin receptor 

under meningococcal colonies. Synthetic peptides corresponding to 

PorA-Loop4 bound LAMR and could block LAMR-binding to bacterial ligands 

in a dose-dependent manner (Abouseada et al., 2012). When both porA and 

pilQ were inactivated in N. meningitidis MC58, recombinant LAMR (rLR) 

binding was significantly reduced compared to the wild type (p≤0.01) 

(Abouseada et al., 2012). Amino acids 197-210 (Loop4) of PorA confer the 

rLR-binding activity, as the MC58 mutant lacking these amino acids 

(PorAΔ197–210) and PilQ failed to bind to rLR.  

The abrogation of PorA-Loop4 and PilQ did not interfere with the 

expression of PorA or the ability of the protein to correctly localise to the 

meningococcal outer membrane (Abouseada et al., 2012). Immunoblot of 

cell fractions confirmed the presence of PorA in MC58 ΔPorA-Loop4 ΔPilQ at 

similar levels to PorA in MC58 wild-type in outer membrane-enriched sub-

cellular fractions. In addition, a mouse monoclonal antibody directed against 

PorA-Loop1 (P1.7) bound to the surface of MC58 wild-type or MC58 

ΔPorA-Loop4 ΔPilQ at similar levels as observed by confocal microscopy, but 

not to MC58 ΔPorA ΔPilQ.  
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Subsequently, Alqahtani et al. showed evidence that PorA 

preferentially targets the 37LRP isoform of LAMR in a dimer form with Gal-3 

(Alqahtani et al., 2014). The binding region of PorA-Loop4 on 37LRP was in 

the region of amino acids 263-282 in the C-terminal end of the protein 

(Alqahtani et al., 2014, Qarani, 2015).  

A study by Vassey also quantified the co-localisation of the wild-type 

strain N. meningitidis MC58 and MC58 ΔPorA-Loop4 in the HBMECs (Vassey, 

2014). The analysis of immunofluorescence images showed that the wild-

type strain were found to co-localise significantly more with 37LRP than 67LR 

(71% and 58%, respectively; p≤0.0001). Additionally, pre-incubation of 

HBMECs with 37LRP-specific antibody reduced invasion of the wild-type 

strain by 25%, whereas the 67LR-specific antibody had no effect. 

Quantification of the co-localisation coefficient showed that recruitment of 

67LR to N. meningitidis MC58 was not affected by deletion of PorA-Loop4. 

However, the ability of this mutant to recruit and bind 37LRP under its 

colonies was significantly reduced (p≤0.0001). These findings suggest an 

important role of PorA-Loop4 in particular, in the host-pathogen interaction. 

Bacterial porins have been known to play important roles in 

host-pathogen interactions and the surface exposed loops of porins facilitate 

the binding of the bacteria to the host cells. Recent studies have shown that 

these loops were involved in the binding and signalling during adhesion and 

internalisation. In H. influenzae, Vitiello et al. reported that Loop L7 of porin 

P2 induced the MEK1-MEK2/MAPK phosphorylation in human astroglioma 

cells (U87-MG) and upregulated the cellular adhesion molecules and IL-6 

production (Vitiello et al., 2011). Similarly, in E. coli, loop 1, 2 and 3 of porin 

OmpA were shown to mediate entry of the bacteria to HBMEC via the host 

receptor cPLA2(Maruvada and Kim, 2011). In the meningococcus, a study 

by Kattner et al. showed that loop7 of PorB (serogroup W) mediates the 

binding to TLR2 (Kattner et al., 2014). 

The Meningitis Research Foundation UK has been collating a genome 

database for all meningococcal disease isolates in England, Wales and 

Northern Ireland. There are 1,381 meningococcal genomes in the database 

of 2010-2015 and of these, there are 132 unique PorA sequences. These 

sequences are used to identify and subgroup the meningococci.  

Although PorA is highly variable among strains, interaction of PorA and 

LAMR is not specific to PorA subtype (Vassey, 2014). In a previous study, 

nine major whole PorA molecules expressed by invasive serogroup B 

meningococci in the UK (Pfizer), were tested for their ability to bind 
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recombinant LAMR in ELISA assays, and no significant differences in LAMR 

binding were observed (p>0.05) (Vassey, 2014). The nine PorA variants 

used in the study occurred in 41.99% of invasive meningococcal isolates 

subtyped in UK from 2010-2013. These variants differed in sequence in the 

variable region 1 (Loop1) as well as the variable region 2 (Loop4) suggesting 

a significance in the tertiary structure for protein-protein interactions with 

the host LAMR.  

 

5.2 Aims  

In previous chapters, exposure of HBMECs to the PorA-Loop4 peptide 

caused the perturbation on the pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, 

and pCDK4 (Thr172) expression in the PI3K/Akt signalling pathway. Given 

that PorA and PilQ are specific ligands of LAMR and play important roles in 

the host-pathogen interaction, the aim of this chapter is to investigate the 

effect of the abrogation of PorA-Loop4, PorA, PorA-Loop4 PilQ, and PorA PilQ 

on pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) 

expression in HBMECs. It is also our aim to determine the localisation of pAkt 

(Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) with respect to 

adherent or internalised meningococci on HBMECs by confocal microscopy. 

 

5.3 The protein expressions of pAkt (Ser473), 

pGSK-3β (Ser9), Cyclin D1, and pCDK4 

(Thr172) in infected HBMECs 

To study the effect of abrogation of PorA-Loop4, PorA, and PilQ on pAkt 

(Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) expression, 

HBMECs were infected with N. meningitidis wild-type MC58 and its isogenic 

strains of ΔPorA-Loop4, ΔPorA, ∆PorA-Loop4 ∆PilQ, and ΔPorA ∆PilQ. All 

strains were obtained from previous study (Abouseada, 2010). All mutants 

retained wild-type growth rates (data not shown).  

First, the engineered mutations in the isolates from stocks were 

confirmed. Lysates of infected cells were separated by SDS-PAGE, 

transferred into a nitrocellulose membrane and probed with anti-PorA-Loop4 

(P1.16), anti-PorA, and anti-PilQ. Colorimetric detection was used for this 

purpose. The blots were probed with secondary antibody conjugated to 

alkaline phosphatase and subsequently exposed with BCIP/NBT as the 

precipitating substrate. The blot images are presented in Figure 5.1.  
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The strains used were confirmed as ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 

ΔPilQ, and ΔPorA ΔPilQ. Only wild-type sample showed band at ca. 42 kDa 

in the blot probed with anti-PorA-Loop4 (Figure 5.1 A). The wild type, 

ΔPorA-Loop4, and ΔPorA-Loop4 ΔPilQ showed bands at ca. 42 kDa in the blot 

probed with anti-PorA (Figure 5.1 B). These results were expected as the 

42-kDa reactive protein agrees with the known molecular mass of PorA 

(Derrick et al., 1999).  

The wild type, ΔPorA-Loop4, ΔPorA-Loop4, and ΔPorA showed bands 

at ca. 83 kDa in the blot probed with anti-PilQ (Figure 5.1 C) which is 

consistent with the expected size of the PilQ monomer (Collins et al., 2001). 

Three less abundant proteins of 72, 55, and 43 kDa reacted with the anti-PilQ 

antisera in extracts of ΔPorA-Loop4 and ΔPorA samples, and presumably 

represent degradation products of PilQ (Burkhardt et al., 2011). Other bands 

detected in extracts of ΔPorA-Loop4 ΔPilQ and ΔPorA ΔPilQ cells were 

non-specific proteins that reacted to the polyclonal anti-PilQ.  
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Figure 5.1: Immunoblot confirmation of isogenic strains of N. meningitidis 

MC58. Bacteria were grown overnight in BHI broth. Samples were lysed in sample 

buffer and then separated on a 10% Tris-Glycine SDS-PAGE. After transfer to 

nitrocellulose membrane, blots were probed with (A) anti-PorA-Loop4 (P1.16) 

(1:1000), (B) anti-PorA (1:1000) or (C) anti-PilQ (1:1000). Subsequent detection 

was carried out with anti-mouse IgG-alkaline phosphatase conjugate (1:10,000) or 

anti-rabbit IgG-alkaline phosphatase conjugate (1:10,000).
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Immunoblotting and densitometry analysis were performed to study 

the perturbation of pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 

(Thr172) expression at the protein level. Lysates from the infected HBMECs 

were loaded onto acrylamide gels for either staining or immunoblotting with 

specific antibodies of each protein. Figure 5.2 shows the stained gels 

illustrating that approximately equal amount of protein were loaded for each 

samples used in this section. Representative images of blots and the 

densitometry analysis of pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and 

pCDK4 (Thr172) expression are presented in Figure 5.3, Figure 5.4, Figure 

5.5, Figure 5.6, respectively.  
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Figure 5.2: SDS-PAGE of lysates from infected HBMECs. Protein lysates were separated on 10% acrylamide gels. Images were obtained from 

three independent experiments (1st-3rd).
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Figure 5.3: Immunoblot images (A) and densitometry analysis (B) of pAkt 

(Ser473) level in infected-HBMECs. HBMECs were infected with either 

N. meningitidis wild-type MC58 or its mutants (ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 

ΔPilQ, ΔPorA ΔPilQ) at MOI 100.  The HBMECs were left to associate with the bacteria 

for 8 h and lysed. Representative images were obtained from three independent 

experiments (1st-3rd). Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified by Image J software. All data were normalised to 

the uninfected as the control and adjusted to the loading control densities. Significant 

difference compared to the uninfected cells are indicated (*p≤0.05, ns: not 

significant, one-way ANOVA Dunnet’s test applied post hoc). 
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Figure 5.4: Immunoblot images (A) and densitometry analysis (B) of pGSK-

3β (Ser9) level in infected-HBMECs. HBMECs were infected with either 

N. meningitidis wild-type MC58 or its mutants (ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 

ΔPilQ, ΔPorA ΔPilQ) at MOI 100.  The HBMECs were left to associate with the bacteria 

for 8 h and lysed. Representative images were obtained from three independent 

experiments (1st-3rd). Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified by Image J software. All data were normalised to 

the uninfected as the control and adjusted to the loading control densities. Significant 

difference compared to the uninfected cells are indicated (**p≤0.01, ns: not 

significant, one-way ANOVA Dunnet’s test applied post hoc).
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Figure 5.5: Immunoblot images (A) and densitometry analysis (B) of Cyclin 

D1 expression in infected-HBMECs. HBMECs were infected with either 

N. meningitidis wild-type MC58 or its mutants (ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 

ΔPilQ, ΔPorA ΔPilQ) at MOI 100.  The HBMECs were left to associate with the bacteria 

for 8 h and lysed. Representative images were obtained from three independent 

experiments (1st-3rd). Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified by Image J software. All data were normalised to 

the uninfected as the control and adjusted to the loading control densities. Significant 

difference compared to the uninfected cells are indicated (*p≤0.05, ns: not 

significant, one-way ANOVA Dunnet’s test applied post hoc).
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Figure 5.6: Immunoblot images (A) and densitometry analysis (B) of pCDK4 

(Thr172) level in infected-HBMECs. HBMECs were infected with either 

N. meningitidis wild-type MC58 or its mutants (ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 

ΔPilQ, ΔPorA ΔPilQ) at MOI 100.  The HBMECs were left to associate with the bacteria 

for 8 h and lysed. Representative images were obtained from three independent 

experiments (1st-3rd). Alpha actinin was used as loading control in all immunoblots. 

Band intensities were quantified by Image J software. All data were normalised to 

the uninfected as the control and adjusted to the loading control densities. Significant 

difference compared to the uninfected cells are indicated (*p≤0.05, ns: not 

significant, one-way ANOVA Dunnet’s test applied post hoc). 
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Table 5.1 represents the summary of perturbation of pAkt (Ser473), 

pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) after HBMECs were treated 

with the peptide of PorA-Loop4 (results of Chapter 3 and 4) and after 

HBMECs were infected with the wild-type MC58 and its derivative mutants 

(ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 ΔPilQ and ΔPorA ΔPilQ). Similar changes 

in expression of pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and pCDK4 

(Thr172) were observed in cells infected with wild-type meningococci as 

were previously observed in cells treated with synthetic PorA-Loop4.  

 

Table 5.1: The perturbation of key proteins’ expression in the PI3K/Akt 

pathway after HBMECs were treated with the peptide of PorA-Loop4, or 

infected with the wild-type MC58 and its mutants (ΔPorA-Loop4, ΔPorA, 

ΔPorA-Loop4 ΔPilQ and ΔPorA ΔPilQ). +: upregulated, - : downregulated, ns: 

not significant to the untreated/uninfected cells. 

 PorA-

Loop4 

Wild 

type 

ΔPorA-

Loop4 

ΔPorA ∆PorA-Loop4 

∆PilQ 

ΔPorA 

∆PilQ 

pAkt 

(Ser473) 
- - ns  ns ns ns 

pGSK-3β 

(Ser9) 
+ + ns ns ns ns 

Cyclin D1 - - ns ns ns ns 

pCDK4 

(Thr172)  
+ + ns - - - 

 

In cells infected with the wild-type N. meningitidis MC58, levels of pAkt 

(Ser473) were significantly reduced compared to uninfected cells (p≤0.05). 

By contrast, in cells infected with mutants lacking either PorA or PorA-Loop4, 

either alone or combined with a PilQ mutation, pAkt (Ser473) levels did not 

differ significantly from uninfected cells (p>0.05).   

The levels of pGSK-3β (Ser9) were increased in cells infected with the 

wild type (p≤0.01). By contrast, the levels of pGSK-3β (Ser9) in the cells 

infected with ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 ΔPilQ, and ΔPorA ΔPilQ did 

not differ significantly from uninfected cells (p>0.05).  

The downregulation of Cyclin D1 (p≤0.05) was observed in cells 

infected with the wild type. However, Cyclin D1 expression in the cells 

infected with ΔPorA-Loop4, ΔPorA, ΔPorA-Loop4 ΔPilQ, and ΔPorA ΔPilQ did 

not differ significantly from uninfected cells (p>0.05). Overall, the data 
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suggest that PorA has a role in the perturbation of pAkt (Ser473), pGSK-3β 

(Ser9), and Cyclin D1.  

The levels of pCDK4 (Thr172) were increased in cells infected with the 

wild type (p≤0.05), while the levels pCDK4 (Thr172) in cells infected with 

the ΔPorA-Loop4 did not differ significantly from uninfected cells (p>0.05). 

However, cells infected with ΔPorA, ΔPorA-Loop4 ΔPilQ, and ΔPorA ΔPilQ had 

a decrease level of pCDK4 (Thr172) which were the opposite from cells 

infected with the wild type. These data showed that the upregulation the 

pCDK4 (Thr172) was caused mainly by the Loop4, not by other parts of the 

PorA nor by PilQ.  

 

5.4 Localisation of pAkt (Ser473), pGSK-3β 

(Ser9), Cyclin D1, and pCDK4 (Thr172) in 

the infected HBMECs  

The data described above suggested that the exposure of HBMECs to 

PorA-Loop4 peptide or infection of these cells with wild-type N. meningitidis 

MC58 caused similar perturbation of levels of pAkt (Ser473), pGSK-3β 

(Ser9), Cyclin D1, and pCDK4 (Thr172).  These effects were not observed 

however, in cells infected with meningococcal mutants lacking either PorA or 

PorA-Loop4. To confirm these results, the localisation of pAkt (Ser473), 

pGSK-3β (Ser9), Cyclin D1, and pCDK4 (Thr172) were observed in the 

uninfected cells, and cells infected with the wild type and ΔPorA-Loop4 using 

confocal microscopy.  

Cells were grown up on coverslips, associated with either 

N. meningitidis MC58 wild type or MC58 ∆PorA-Loop4 at MOI of 100 for 8 h. 

The infected cells were then fixed and stained for each investigated protein 

(Alexa Fluor, red) and DNA content (DAPI, blue). The fluorescence pattern 

across the cell surface were then imaged using confocal microscopy Zeiss 

LSM700 (63x objective, scale bar = 50 µm). The uninfected cells was also 

monitored as control. Representative images for pAkt (Ser473), pGSK-3β 

(Ser9), Cyclin D1, and pCDK4 (Thr172) are shown in Figure 5.7, Figure 5.8, 

Figure 5.9, and Figure 5.10, respectively. The images were obtained from 

three independent experiments.  
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Figure 5.7 shows the diffuse pattern of pAkt (Ser473) which primarily 

localised in the cytoplasmic regions. Cells infected with the wild type 

exhibited less overall fluorescence than uninfected cells, while cells infected 

with the PorA-Loop4 mutant strain displayed a similar pattern to uninfected 

cells. These images confirmed the immunoblots results as the wild type 

caused the downregulation of pAkt (Ser473), while the mutational loss of 

PorA-Loop4 abrogated the effect caused by wild-type meningococci.  

 

 

Figure 5.7: Immunofluorescence microscopy of pAkt (Ser473) in the 

uninfected, MC58 wild-type-infected, and ΔPorA-Loop4-infected HBMECs. 

HBMECs were associated with either N. meningitidis MC58 wild type or MC58 

∆PorA-Loop4 at MOI of 100 for 8 h. The infected monolayers on coverslips were fixed 

with 4% paraformaldehyde and stained with anti-pAkt (Ser473) (193H12, 1:200) 

followed by secondary Alexa antibody (Alexa 680, red). Coverslips were mounted 

with ProLong Gold anti-fade with DAPI (blue). Images were acquired using a Zeiss 

LSM700. Representative images were obtained from three independent experiments 

(1st-3rd). Scale bar = 50 µm.  
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Figure 5.8 shows a diffuse pattern of the pGSK-3β (Ser9), which 

localised in the cytoplasmic regions. Cells infected with the wild type 

exhibited more overall fluorescence, although the pattern of fluorescence 

was similar to that seen in uninfected cells. Cells infected with the PorA-

Loop4 mutant strain displayed a similar pattern and overall fluorescence 

levels to those observed in the uninfected cells.  

 

 

Figure 5.8: Immunofluorescence microscopy of pGSK-3β (Ser9) in the 

uninfected, MC58 wild-type-infected, and ΔPorA-Loop4-infected HBMECs. 

HBMECs were associated with either N. meningitidis MC58 wild type or MC58 

∆PorA-Loop4 at MOI of 100 for 8 h. The infected monolayers on coverslips were fixed 

with 4% paraformaldehyde and stained with anti-pGSK-3β (Ser9) (D3A4, 1:200) 

followed by secondary Alexa antibody (Alexa 680, red). Coverslips were mounted 

with ProLong Gold anti-fade with DAPI (blue). Images were acquired using a Zeiss 

LSM700. Representative images were obtained from three independent experiments 

(1st-3rd). Scale bar = 50 µm.  
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Figure 5.9 shows diffuse pattern of Cyclin D1 which primarily localised 

in the cytoplasmic regions. Cells infected with wild-type meningococci 

showed very little cytoplasmic Cyclin D1. By contrast, cells infected with the 

PorA-Loop4 mutant strain displayed similar pattern to the uninfected cells.  

 

 

Figure 5.9: Immunofluorescence microscopy of Cyclin D1 in the uninfected, 

MC58 wild-type-infected, and ΔPorA-Loop4-infected HBMECs. HBMECs were 

associated with either N. meningitidis MC58 wild type or MC58 ∆PorA-Loop4 at MOI 

of 100 for 8 h. The infected monolayers on coverslips were fixed with 4% 

paraformaldehyde and stained with anti-Cyclin D1 (N1C3, 1:500) followed by 

secondary Alexa antibody (Alexa 680, red). Coverslips were mounted with ProLong 

Gold anti-fade with DAPI (blue). Images were acquired using a Zeiss LSM700. 

Representative images were obtained from three independent experiments (1st-3rd). 

Scale bar = 50 µm.  
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Figure 5.10 shows the diffuse pattern of pCDK4 (Thr172). The 

localisation were observed in cytoplasmic and nuclear regions. Cells infected 

with the wild type showed the higher diffuse pattern of pCDK4 (Thr172) and 

spread into the cytoplasmic regions. The cells infected with the PorA-Loop4 

mutant strain displayed similar pattern to the uninfected cells.   

 

 

Figure 5.10: Immunofluorescence microscopy of pCDK4 (Thr172) in the 

uninfected, MC58 wild-type-infected, and ΔPorA-Loop4-infected HBMECs. 

HBMECs were associated with either N. meningitidis MC58 wild type or MC58 

∆PorA-Loop4 at MOI of 100 for 8h. The infected monolayers on coverslips were fixed 

with 4% paraformaldehyde and stained with anti-pCDK4 (Thr172) (PA5-64482, 

1:300) followed by secondary Alexa antibody (Alexa 680, red). Coverslips were 

mounted with ProLong Gold anti-fade with DAPI (blue). Images were acquired using 

a Zeiss LSM700. Representative images were obtained from three independent 

experiments (1st-3rd). Scale bar = 50 µm.  
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Overall, the observation from confocal microscopy confirmed the 

previous immunoblotting results. However, there were no specific 

localisation of the four investigated proteins surrounding the bacterial 

colonies. 

 

5.5 Discussion 

In the previous chapter, it was shown that the PorA-Loop4 peptide 

caused the perturbation of PI3K/Akt pathway via Akt/GSK-3β/Cyclin 

D1/CDK4. Here, intact bacterial cells were used; the N. meningitidis MC58 

wild type and its isogenic strains (ΔPorA-Loop4, ΔPorA, ∆PorA-Loop4 ∆PilQ, 

and ΔPorA ∆PilQ) were used to infect HBMECs and levels of 

Akt/GSK-3β/Cyclin D1/CDK4 were determined after infection. All strains 

were obtained from the previous study (Abouseada, 2010). All mutants 

retained the wild-type growth rates (data not shown).  

However, spontaneous mutation could cause other phenotypic changes 

in meningococci. Such changes might affect the interaction between 

meningococcal PorA and LAMR on the surface of HBMECs. The abrogation of 

PorA-Loop4 did not perturb the expression of PorA or the ability of the protein 

to correctly localise to the meningococcal outer membrane (Abouseada et 

al., 2012). However, the encapsulation assays for the mutants have not been 

performed and possible effects of changes in expression of this phase-

variable surface component on LAMR binding cannot therefore be completely 

ruled out. 

The binding of N. meningitidis MC58 wild type and ΔPorA-Loop4 to each 

isoform of LAMR, 37LRP or 67LR, have been quantified in previous study 

using immunofluorescence microscopy (Vassey, 2014). The data showed 

that the abrogation of PorA-Loop4 reduced the recruitment of 37LRP.  

However, the binding of other isogenic strains to the two isoforms have not 

been assessed. Future studies are required to confirm the interaction of each 

isogenic strain to 67LR or 37LRP due to its possible phenotypic changes.       

Similar perturbation of pAkt (Ser473), pGSK-3β (Ser9), Cyclin D1, and 

pCDK4 (Thr172) were observed in PorA-Loop4 treated cells and cells infected 

with wild-type meningococci, demonstrating that the PorA-Loop4 effects 

were not an artefact of the synthetic peptide. The PorA-Loop4 mutant 

infected cells did not show any significant perturbation compared to 

uninfected cells, demonstrating that the effect observed in HBMECs treated 

with wild-type meningococci was mediated by PorA-Loop4. These findings 
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suggest that the PorA-Loop4 has a significant role in causing the perturbation 

of these key proteins involved in the PI3K/Akt pathway. As PorA-Loop4 

preferentially binds to 37LRP, the PorA-Loop4:37LRP interaction may block 

this pathway thus causing perturbation in Akt, GSK-3β, Cyclin D1, and CDK4.   

Both meningococcal PorA and PilQ bind to LAMR in HBMECs (Orihuela 

et al., 2009).  PilQ supports the meningococcal binding to the host cells by 

its interaction with 37LRP and Gal-3 (Figure 1.8) (Alqahtani et al., 2014). 

While PilQ is known to bind to LAMR, the data presented here indicate that 

only PorA, and specifically its fourth extracellular loop, mediate the observed 

effects on the PI3K/Akt pathway via Akt/GSK-3β/Cyclin D1.   

However, the perturbation of pCDK4 (Thr172) was quite different from 

the other investigated proteins. HBMECs infected with ΔPorA-Loop4 showed 

unaltered expression of pCDK4 (Thr172) compared to uninfected cells. While 

HBMECs infected with ΔPorA, ΔPorA-Loop4 ΔPilQ, and ΔPorA ΔPilQ caused 

the downregulation of pCDK4 (Thr172) which are the opposite from the 

effect caused by the wild type. It suggest that the upregulation the pCDK4 

(Thr172) was caused by the Loop4, not by other parts of the PorA nor by the 

PilQ. The reason for the observed reduction of pCDK4 (Thr172) in the mutant 

cells lacking PorA-Loop4 is not clear.  

In this study, pAkt (Ser473) was mainly observed in the cytoplasmic 

regions. The phosphorylation of Akt at Ser473 by mTORC2 occurs in the 

plasma membrane (Manning and Toker, 2017), but recent reports provided 

evidence that there were endomembrane pools of PIP3 and PI3,4P2 in the 

cytoplasmic regions that directly contribute to Akt activation (Manning and 

Toker, 2017, Jethwa et al., 2015). The meningococcal infection to HBMECs 

lead to depletion of the pAkt (Ser473) in the membrane, as the diffuse 

pattern in the wild-type infected cells were localised nearer to the nuclear 

regions. The termination of Akt signalling involves PHLPP to dephosphorylate 

Akt directly at Ser473, resulting in inhibition of kinase activity and promotion 

of apoptosis (Manning and Toker, 2017, Gao et al., 2005). As there was no 

observed localisation of pAkt (Ser473) surrounding bacterial colonies, it is 

possible that meningococci stimulate PHLPP to dephosphorylate Akt.  

The pGSK-3β (Ser9) was also observed throughout the cytoplasm. This 

was expected as the GSK-3β has traditionally been considered to be largely 

a cytosolic protein (Beurel et al., 2015). However, GSK-3β is also present 

within the nucleus (Bijur and Jope, 2001).  

 The Cyclin D1 was also observed throughout the cytoplasm. Cyclin D1 

does not contain a nuclear localisation signal (NLS) and its sequestration 
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may result in accumulation within the cytoplasm (Alao, 2007). Cytoplasmic 

Cyclin D1 is transported into the nucleus in association with CDK4 and 

possibly various transcription factors (Alao, 2007). In this study, in wild-type 

infected cells cytoplasmic Cyclin D1 was greatly reduced. It is possible that 

the cytoplasmic Cyclin D1 was degraded, and meningococci might possibly 

stimulate proteins which degrade the Cyclin D1 (e.g. Dyrk1B).  

The pCDK4 (Thr172) was observed in the nuclear and cytoplasmic 

regions. CDK4 in complex with Cyclin D1 is phosphorylated at Thr172 by CAK 

which localises to the nucleus (Diehl and Sherr, 1997). Although the 

Cyclin D1/CDK4 complex does not contain an NLS, their nuclear location has 

been shown to depend on their association with Cip/Kip family proteins (p21 

and p27), which possess a classical bipartite nuclear localisation signal 

(Reynisdottir and Massague, 1997). However, Bockstaele et al found that 

subcellular localisation of CDK4 does not affect its Thr172 phosphorylation 

(Bockstaele et al., 2006b). The nuclear translocation of CDK4 is not the 

rate-limiting step of CDK4 phosphorylation by nuclear CAK. They found 

similar proportions of nuclear and cytoplasmic pCDK4 (Thr172) bound to 

p27.  

It is conceivable that the observed changes in signalling proteins may 

occur at the site of meningococcal microcolony formation. This might have 

indicated that signalling complexes occurred containing these proteins. 

Immunofluorescence data, however, show no evidence of this and the 

signalling molecules were observed throughout the cytoplasm. This might be 

explained by events occurring at the site of meningococcal attachment, 

followed by diffusion of the signalling molecules, or alternatively, by changes 

in as yet unidentified signalling molecules lying upstream of the molecules 

under study. 

In the previous study, the exposure of PorA-Loop4 caused a decrease 

of cells in the S phase by 24%, and an increase in the G1 by 23% (Vassey, 

2014). However, the immunofluorescence images in current results suggest 

that more cells are expressing the target proteins so are affected by the 

PorA-Loop4. The Loop4 may cause a more generalised effect on pAkt 

(Ser473), pGSK-3β (Ser9), Cyclin D1, pCDK4 (Thr172) as shown by changes 

in protein localisation, but then fewer cells actually going into cell cycle 

arrest. This may be due to variation in LAMR receptor expression or another 

step required to trigger cell cycle arrest.  

The heterologous expression of PorA-Loop4 in meningococcal strains 

should also be considered in future studies. The discrepancies in some assays 
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for the effects of deletion of PorA-Loop4 or the whole of PorA could be 

clarified by adding PorA-Loop4 peptide to the mutant-infected cells. This 

would reveal if there are differences between the effects of the synthetic 

peptide and the native meningococcal PorA-Loop4 on HBMECs.  

So far, the physiological relevance between the peptide concentration 

and the amount of PorA present on the bacterial surface has not been 

estimated. The expression level of PorA on the surface of N. meningitidis 

strain MC58 has not been assessed. Also, the data is not available from other 

reports. It should be noted that PorA is subject to phase variation. Since 

expression of the porA gene may vary over time, the peptide concentration 

used in assays may not always represent the amount of native PorA 

expressed on the surface of meningococci. 
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6.1 Study Objectives  

The work described in this thesis aimed to explore the possible 

intracellular pathways influenced by the meningococcal PorA-Loop4 following 

its interaction with the 37LRP in HBMECs. Specifically, this work focused on 

the perturbations of levels of key proteins in the PI3K/Akt pathway (including 

Akt, GSK-3β, Cyclin D1, and CDK4) caused by the treatment of PorA-Loop4 

peptide in HBMECs.  

 

6.2 Main findings  

The exposure of HBMECs to PorA-Loop4 peptide caused a decreased 

level of Cyclin D1 and increased level of CDK4 at mRNA level. The 

PorA-Loop4 peptide also caused a decreased level of Cyclin D1 and increased 

level of pCDK4 (Thr172) in HBMECs at protein level. The downregulation of 

Cyclin D1 at the mRNA and protein levels might lead to G1 arrest. The lack 

of Cyclin D1 might influence the formation of the Cyclin D1/CDK4 complex 

which is required for the cell cycle progression at G1 phase. The effect of 

PorA-Loop4 on Cyclin D1 and pCDK4 (Thr172) was PI3K-dependent (at both 

mRNA and protein levels).  

Further, the study was extended to investigate the effect of PorA-Loop4 

on Akt and GSK-3β as these proteins affect the Cyclin D1 in the PI3K/Akt 

pathway. It was shown that PorA-Loop4 caused the downregulation of pAkt 

(Ser473) and the upregulation of pGSK-3β (Ser9) at the protein levels in 

HBMECs. The PorA-Loop4’s effect on pGSK-3β (Ser9) appeared to be 

dependent to Akt, and the downregulation of Cyclin D1 was independent of 

GSK-3β. Figure 6.1 shows the schematic summary of PorA-Loop4’s effect in 

the PI3K/Akt pathway. Experiments to investigate the perturbation effect on 

Akt/GSK-3β/Cyclin D1/CDK4 in bacterial-infected HBMECs showed that the 

effects of PorA-Loop4 were reproduced in cells interacting with 

meningococci, and the lack of such perturbations in cells infected with 

mutants lacking PorA-Loop4 demonstrated that the observed effects were 

indeed mediated by this extracellular loop of PorA.  
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Figure 6.1: Meningococcal PorA-Loop4 causes the perturbation of PI3K/Akt 

pathway via Akt/GSK-3β/Cyclin D1/CDK4. Exposure of HBMECs (106 cells) to 

PorA-Loop4 peptide (50 µM) caused downregulations of pAkt (Ser473) and Cyclin D1 

and upregulations of pGSK-3β (Ser9) and pCDK4 (Thr172) at the protein level 24 h 

post treatment. The PorA-Loop4’s effect on pGSK-3β (Ser9) appeared to be 

dependent to Akt, and the downregulation of Cyclin D1 was independent of GSK-3β. 

The degradation of Cyclin D1 caused by the PorA-Loop4 possibly leads the G1 arrest.                                                                  

 : stimulation,    : inhibition. 

 

So far, limited reports have been published on the meningococcal 

alteration of PI3K/Akt/GSK-3β/Cyclin D1/CDK4 pathways. Lambotin et al. 

previously reported that meningococci hijack the PI3K/Rac1-GTPase 

signalling pathway via meningococcal LOS to cause membrane protrusion 

and facilitate the bacterial uptake in non-phagocytic cells (Lambotin et al., 

2005). Also, meningococcal infection of strain MC58 has been reported to 

cause a downregulation of Akt at mRNA level (Schubert-Unkmeir et al., 

2007).  

 In regards to G1-arrest caused by meningococci, work in other labs 

has shown blockades at other points in the cell cycle. Oosthyusen et al. 

reported that Opa and Opc of N. meningitidis MC58 caused the S-arrest in 

HBMECs and caused an increase in expression of p21 and Cyclin G2 

(Oosthuysen et al., 2016). The cel -cycle arrest effect were thought to be 

associated with the preservation of post‐injury restoration of endothelial 

barrier integrity following the bacterial infection.  

Von Papen et al. have reported that meningococcal infection from 

pathogenic and carriage isolates caused decreased expression of Cyclin D1 

and increased expression of Cyclin E and p21 at the protein level, leading to 

Meningococcal
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Akt
P S473

Cyclin D1
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G1 arrest 24 h post infection (von Papen et al., 2016). However, the report 

did not attribute the G1 arrest effect to any cyclomodulin(s) and was based 

on epithelial cells (Detroit 562 and NP69).  

The findings of cell cycle blockade in both G1 (Vassey, 2014, von Papen 

et al., 2016) and S phase (Oosthuysen et al., 2016) caused by 

meningococcal infection suggest that there may be functional redundancy 

showing the importance of cell cycle blockade during meningococcal 

interactions with host cells. In addition, given that cell cycle blockade were 

also caused by meningococcal infection from carriage isolates (von Papen et 

al., 2016), it is possible that cell cycle arrest has a role during carriage stage 

of meningococci, as meningococcal disease is probably not important to the 

long term survival and dissemination of these organisms. Thus, it is likely 

that the effects on HBMEC cells, and the likely role they might play in disease, 

are probably a reflection of mechanisms important during interaction of cells 

of the nasopharynx during carriage.  

Some results in the current study are still in the areas of uncertainty 

and require more studies. The upregulation of pCDK4 (Thr172) caused by 

the PorA-Loop4 raises many questions in regards to the G1-arrest effects. 

The activated CDK4 in complex with Cyclin D1 leads to phosphorylation of 

the specific site of pRb and thus the passage through the R point (Bockstaele 

et al., 2006a). Subsequent phosphorylation of pRb by the Cyclin E/CDK2 

complex in the late G1 phase fully dissociates Rb from the HDAC-repressor 

complex, permits transcription of genes required for DNA replication, and 

induces the progression from the G1 to the S-phase.  

However, in a recent report, pCDK4 (Thr172) was also found in a 

complex with p16 or p27 (Bockstaele et al., 2006b). p16 binds to catalytic 

domain of CDK4/6 preventing cyclin association (Hall et al., 1995, Sherr and 

Roberts, 1995, Pavletich, 1999). p27 functions not only to inhibit CDK4 

activity (Polyak et al., 1994) but also target the CyclinD1/CDK4 complex to 

the nucleus (Reynisdottir and Massague, 1997). Bockstaele et al found that 

the Thr172 phosphorylation of CDK4 appeared to be relatively stable, which 

could allow the re-association with p16 of some phosphorylated CDK4 

released by the rapid turnover of labile D-type cyclins (Bockstaele et al., 

2006b). Indeed, some Thr172 phosphorylation persisted in CDK4 bound to 

either p16 or p27, even after disappearance of Cyclin D1.  

Given that PorA-Loop4 caused decreased levels of Cyclin D1, the 

upregulation of pCDK4 (Thr172) seemed to be associated with the p27. The 

assumption was based on our finding that the pCDK4 (Th172) in MC58 wild-
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type infected HBMECs were localised in both nuclear and cytoplasmic 

regions, as p27 are localised in both regions. Von papen et. al also mentioned 

in their report that staining revealed punctate p27 foci in cells exposed to 

meningococci, along with p27 localisation in the nuclear region (von Papen 

et al., 2016).    

A future study investigating the effect of PorA-Loop4 on p27 expression 

in both endogenous and CDK4-bound complex form would be required to 

test our current hypothesis. In addition, future study investigating the effect 

of PorA-Loop4 in the downstream of the G1/S checkpoint signalling pathway 

(e.g. Cyclin E, CDK2, pRb and E2F) would also provide a better 

understanding of the G1-arrest mechanism caused by the PorA-Loop4. 

The upregulation of pGSK-3β (Ser9) caused by the PorA-Loop4 also 

raises many questions, as the decrease of pAkt (Ser473) might lead to the 

lack of phosphorylation of GSK-3β on Ser9. Further, it was shown that the 

PorA-Loop4’s effect on pGSK-3β (Ser9) appeared to be dependent on Akt 

activity. PorA-Loop4 might upregulate other kinases which phosphorylate the 

Ser9 of GSK-3β such that it would overcome the decreased kinase activity 

of Akt. This assumption was based on the fact that many kinases 

phosphorylate GSK-3β on Ser9 including PKA, PKC, p70-S6 kinase, and other 

kinases (Beurel et al., 2015). A future study investigating the effect of PorA-

Loop4 on non-phosphorylated GSK-3β and pGSK-3β (Tyr216) would fill gaps 

in the current findings as pGSK-3β (Tyr216) directly affects Cyclin D1 in the 

PI3K/Akt pathway.   

PorA-Loop4 was also observed affecting the Cyclin D1 independently 

from GSK-3β activity. Based on the fact that another kinase, Mirk/Dyrk1B, 

may serve to regulate Cyclin D1 stability in situations where GSK-3β activity 

is absent, and that it induces nuclear export and degradation of Cyclin D1 

(Zou et al., 2004), the PorA-Loop4 seems to downregulate Cyclin D1 via 

Mirk/Dyrk1B. Future studies are required to investigate the effect of 

PorA-Loop4 on Mirk/Dyrk1B in particular or the effect of PorA-Loop4 on 

cytoplasmic Cyclin D1 degradation in general.  

The experimental work in this thesis has focused on the role of 

PorA-Loop4 peptide originally derived from serogroup B strain MC58. 

According to the MRF database (2010-2015), there were 2395 

meningococcal isolates of serogroup B, W, Y circulated in the UK with diverse 

PorA sequences. It raises questions whether other PorA-Loop4 sequences or 

PorA molecules from different strains/isolates would exert similar effects. 
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Investigating the cellular effects of a range of peptides with other PorA-Loop4 

sequences would provide more insights to the current findings.  

In the previous study, nine different PorA molecules (including PorA 

from strain MC58) known to be in circulation in the UK from 2010-2013 were 

tested for their capabilities to bind rLR (Vassey, 2014). Results showed that 

all nine molecules were able to bind rLR and no significant differences in 

LAMR binding were observed (p>0.05). The results suggest that the PorA-

LAMR interaction is not driven specifically by the Loop4 sequence found in 

strain MC58. To enhance this study further a much wider range of PorA-

Loop4 peptides or PorA molecules should be tested for their LAMR binding 

capacity and their cellular effects. So far, the data from Neisseria PorA typing 

database (http://pubmlst.org/neisseria/PorA/) showed serogroup B, W, and 

Y as the three most prevalent frequent serogroups causing IMD in the UK. 

Ten most frequently occurring PorA-Loop4 sequences from 2395 

meningococcal isolates of serogroup B, W, Y circulated in the UK (2010-

2015) are presented in Appendix V. Given that nowadays serogroup W and 

Y cases are increasing in the UK, studying the Loop4 variants from these 

serogroups (Loop4 variant 2 from serogroup W, Loop4 variant 10-1 from 

serogroup Y) would provide more understanding to the current study.   

Many bacterial pathogens block the cell cycle progression of host cells 

usually for survival, growth, colonisation and invasion. The pathogenic 

bacteria produce multiple compounds termed as cyclomodulins to alter the 

cell cycle progression of host cells, impairing essential cellular functions and 

impeding host cell division.  

A closely related pathogen to meningococcus, N. gonorrhoea, has been 

reported to cause G1 arrest through the decrease of Cyclin B1, Cyclin D1, 

and Cyclin E (Jones et al., 2007). Yet, the report did not associate the G1 

arrest effect to any cyclomodulin(s). Immunoblotting and flow cytometry 

analysis showed that the infection with N. gonorrhoea strain MS11 P+ 

(piliated Opa- phenotypes, MOI 100) for 24 h reduced the protein levels of 

Cyclin B1, Cyclin D1, and Cyclin E in epithelial cells by 10%, 20%, and 30%, 

respectively. Flow cytometry confirmed that a 24 h gonococcal infection 

caused G1 arrest and decreased the number of cells in the S phase by 40%. 

Other pathogenic bacteria that produce cyclomodulins causing the 

G1-arrest are presented in Table 6.1. Most are toxins that damage the DNA 

and cause apoptosis. The cyclomodulins that cause the G1 arrest through a 

decrease of Cyclin D1 are subtilase toxin (SubAB), anthrax toxin, cholera 

toxin (CTX), and Panton–Valentine leukocidin (PVL).  
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Table 6.1: Bacterial cyclomodulins causing G1 arrest, modified from El-

Aouhar Filho et al., (2017). 

Cyclomodulins Types Species 

Cycle inhibiting factor 

(CIF) 

Cysteine 

protease 

E. coli (EHEC, EPEC) 

Yersinia pseudotuberculosis 

Pseudomonas sp. 

Enterobacter sp. 

Serratia sp. 

 

T-glutamyl 

transpeptidase (GGT) 

 

Enzyme Helicobacter pylori 

Cytolethal Distending 

Toxin (CDT) 

 

Three 

globular 

toxin 

E. coli 

H. hepaticus 

Salmonella enterica serovar 

Typhimurium 

 

Subtilase AB (SubAB) 

 

AB5 toxin E. coli (STEC) 

Anthrax toxin (Edema 

toxin/Lethal toxin) 

 

Tripartite 

toxin 

Bacillus anthracis 

Cholera toxin (CTX) AB5 toxin 

Oligomeric 

complex 

Vibrio cholerae 

Adenylate Cyclase 

Toxin (ACT) 

 

AB5 toxin Bordetella pertussis 

Vacuolating cytotoxin 

(VacA) 

Pore-

forming 

toxin 

 

H. pylori 

Panton–Valentine 

leukocidin (PVL) 

β-pore-

forming 

toxin  

 

S. aureus 

Mycolactone Macrolide M. ulcerans 
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Shiga Toxin-producing E. coli (STEC) non-O157 strains produce the 

SubAB that play a role in the pathogenesis of haemolytic uremic syndrome 

(HUS) (Paton et al., 2004, Irino et al., 2010). The SubAB have been reported 

to bind integrin α2β1 at the surface of Vero cells (green monkey kidney 

epithelial cells) (Yahiro et al., 2006). Immunoblotting and flow cytometry 

showed that the SubAB toxin internalise into the Vero cells by endocytosis, 

traffic through Golgi to the endoplasmic reticulum. The SubAB cleaves the 

chaperone BiP that activates PERK and eIF2α, leading to a translation 

inhibition, downregulation of Cyclin D1, and finally the G1 arrest (Morinaga 

et al., 2008). 

Anthrax edema toxin (ET) of B. anthracis and adenylate cyclase toxin 

(ACT) of B. pertussis induce production of ubiquitous second messenger, 

cAMP, at non-lethal concentrations, followed by inactivation of the c-

Raf/MEK/ERK cascade and G1 arrest (Gray and Hewlett, 2011). The ET and 

ACT at 1-10 ng ml-1 inhibit the murine reticulum cell sarcoma J774 cell 

proliferation without cytotoxicity. Analysis by flow cytometry revealed that 

treatment with either ET or ACT to J774 cells for 24 h caused a higher 

proportion of cells in G1 phase (30% of those treated with ET and 23% with 

ACT) and a decrease in S phase. Immunoblotting showed that ET or ACT 

caused downregulation of phosphorylated ERK 1/2 and Cyclin D1, and 

upregulation of phospho‐CREB and p27. PD98059, a MEK inhibitor, elicits a 

comparable reduction in Cyclin D1 to that produced by the two toxins and 

blocks proliferation.  

Lethal toxin (LT), the other catalytic subunit of the anthrax toxin, 

directly inactivates the N-terminal end of MEK. Ha et al showed that the LT 

resides inside cell and continuously cleaves MEK1 for prolong periods (∼4–5 

days) in murine macrophage cell line RAW246.7 cells and prevents TNFα 

production (Ha et al., 2007a). The inactivation of MEK leads to inhibition of 

ERK, followed by downregulation of Cyclin D1, Cyclin D2, and checkpoint 

kinase 1 (Ha et al., 2007b). The perturbation would lead to a cell cycle arrest 

as it was observed in LT-treated monocytic cell lines (Ha et al., 2007b). The 

G1 arrest may trigger necrosis in monocytes and macrophage cells causing 

severe defects in immune responses to B. anthracis in host.  

V. cholerae produce CTX to bind GM1 gangliosides receptor at the cell 

membrane (van Heyningen, 1974). The binding of CTX B subunit (CTB) to 

GM1 on the intestinal cells (enterocytes) leading to endocytosis, cleavage of 

CTX A1 subunit (Nitulescu et al.) which then catalyses ADP-ribosylation of 

the Gs alpha subunit (Gαs) of the G protein, thereby stimulating adenylate 
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cyclase to produce cAMP (O'Neal et al., 2005). High cAMP level disrupt the 

electrolyte balance causing a drastic efflux of ions and water from 

enterocytes, leading to watery diarrhoea (Nichols et al., 2015). Li et al 

reported that CTX induces accumulation of C6 rat glioma cells in the G1 phase 

through the downregulation of Cyclin D1 and CDK2 and the upregulation of 

p27 and p21 (Li et al., 2007b). Moreover, using two human bladder cell lines, 

T24 and UM-UC-3, it was demonstrated that CTX inactivates the c-

Raf/MEK/ERK cascade, via the PKA-dependent c-Raf phosphorylation at 

Ser43. This results in the downregulation of Cyclin D1, CDK4, and CDK6 

followed by the G1 arrest (Zheng et al., 2014). 

 PVL of S. aureus is responsible for leukocyte destruction and necrotic 

haemorrhagic pneumonia, a highly lethal infection that essentially affects 

healthy children and young adults. LukS-PV subunit of PVL had been 

reported to bind human complement C5A receptor (Spaan et al., 2013). It 

was observed that the LukS-PV subunit inhibits the proliferation of the 

human acute myeloid leukemia cell line THP-1 (Bu et al., 2013). The flow 

cytometry analysis revealed that the LukS-PV-treated THP-1 cells had a 

reduced number of S-phase cells while increasing the number of G0/G1-phase 

cells. The G1 arrest was associated with the inhibition of Cyclin D1 in a dose- 

and time-dependent manner.   

Overall, most cyclomodulins that delay the G1 phase via 

downregulation of Cyclin D1 are associated with the MAPK/ERK pathway 

involving cAMP, PKA, and CREB. Given that the upregulation of pGSK-3β 

(Ser9) in HBMECs caused by the PorA-Loop4 might be associated with PKA, 

the MAPK/ERK pathway is also involved.  

Interestingly, the recovery from the G1 arrest in the LT-treated cells is 

facilitated by the PI3K/Akt pathway via upregulation of pGSK-3β (Ser9) (Ha 

et al., 2007b). Pre-treatment of THP-1 cells with LT or the GSK-3β-specific 

inhibitor SB-216763, or transfection with dominant active mutant Akt or 

degradation-defected mutant Cyclin D1 protected cells from LT-induced cell- 

cycle arrest. Based on this report, the upregulation of pGSK-3β (Ser9) in 

PorA-Loop4-treated HBMECs might be associated with the recovery 

mechanism from the G1 arrest. Yet, the time-dependent experiments of the 

PorA-Loop4 treatment should be performed to confirm this assumption.    

Current work only observed the effect of PorA-Loop4 in the 

endothelial cell line HBMEC. The variability of LAMR expression on the surface 

of different cell line might affect the PorA-Loop4:37LRP interaction and the 

following effect in the PI3K/Akt pathway and G1 arrest. RNA-sequencing 
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analysis of RPSA/LAMR gene expression in 27 different human tissue showed 

that the gene is expressed lowest in liver; the LAMR is expressed lower in 

brain than in colon or lung (Fagerberg et al., 2014). So far, the study by 

Vassey had observed the PorA-Loop4-induced G1 arrest in three different cell 

lines including epithelial cell lines (HCT116, Detroit 562) and endothelial cell 

line (HBMEC) (Vassey, 2014). Future study are required to confirm the PorA-

loop4’s inhibition of the PI3K/Akt pathway in the epithelial cell lines.       

 Based on current findings and the previous published reports, our 

group suggest that meningococcal PorA potentially dysregulate host cell 

processes during disease progression to facilitate long term colonisation. The 

PorA-Loop4:37LRP interaction with the cells in the local micro-environment 

is likely to influence normal turnover and renewal of endothelium by stalling 

the cell cycle via altered expression of the cell cycle regulators and PI3K/Akt 

pathway which ultimately allowing the bacteria to initiate a sustained 

colonisation. 

 

6.3 Conclusions 

In summary, the work presented in this thesis has shown that the 

exposure of PorA-Loop4 peptide in HBMECs caused the perturbation of 

PI3K/Akt pathway via Akt/GSK-3β/Cyclin D1/CDK4. Our current findings 

have implications for the currently known molecular mechanisms involved in 

the interaction of N. meningitidis with brain vascular cells. A thorough 

understanding of PorA interaction with LAMR and its effect in the PI3K/Akt 

pathway may provide another strategy for the development of interventions 

against meningococcal infection, and possibly against infections with other 

Gram-negative bacteria. Given that LAMR is a subject to extensive research 

in relation to cancer, the thorough understanding of PorA-Loop4:37LRP 

including the trafficking and downstream signalling pathway may offer not 

only an approach to interfere the meningococcal infection but also an 

alternative tool for treatment of cancers.  
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Appendix I – Commonly used 

buffers and solutions 
 

Sodium carbonate buffer (coating buffer):  9.3 g of Sodium Carbonate 

(Na2CO3) and 1 g Sodium Bicarbonate (NaH2CO3), made up to 1L with dH2O, 

pH adjusted at 9.4. 

 

Sodium dodecyl sulphate (SDS)-separating (resolving) buffer 

(Buffer A): 181.7 g Tris base, 40 ml 10% (w/v) SDS, made up to 1L with 

dH2O, pH adjusted at 8.8.    

 

SDS-stacking buffer (Buffer B): 60.6 g Tris base, 40 ml 10% (w/v) SDS, 

made up to 1L with dH2O, pH adjusted at 6.8.    

 

SDS-running buffer (10x): 30.3 g Tris base, 144 g Glycine, 10 g SDS 

made up to 1L with dH2O. 

 

SDS-sample buffer (5x): 1 g SDS, 5 ml Glycerol, Bromophenol Blue 

25 mg, Tris base 150 mg, 1 ml 2-mercaptoethanol, made up to 10 ml with 

dH2O, pH adjusted at 6.8.  

 

10% Acrylamide mini gels 

- Separating (resolving) gel master mix: 2.5 ml Buffer A, 3.3 ml 

Acrylamide/Bis-acrylamide (30%, w/v), 4.1 ml dH2O, 30 µl 10% (w/v) 

Ammonium persulfate (APS), 30 µl Tetramethylethylenediamine 

(TEMED).  

 

- Stacking gel master mix: 1.3 ml Buffer B, 1 ml Acrylamide/ 

Bis-acrylamide (30%, w/v), 2.7 ml dH2O, 10 µl 10% (w/v) APS, 10 µl 

TEMED.  

 

SDS-PAGE Coomassie Staining Solution: 0.6 g Coomassie Blue 

(Sigma-Aldrich), 250 ml methanol, 51 ml acetic acid, made up to 500 ml 

with dH2O.   

 

SDS-PAGE Destaining Solution: 250 ml methanol, 104.2 ml acetic acid, 

made up to 1L with dH2O. 
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Semi-dry transfer buffer: 5.82 g Tris, 2.93 g Glycine, 3.75 ml 10% SDS, 

200 ml methanol, made up to 1L with dH2O, pH adjusted at 9. 

 

Tris-buffered saline (TBS, 10x): 24 g Tris base, 88 g NaCl, made up to 

1 L with dH2O, pH adjusted at 7.6. 

 

Phosphate buffered saline solution (PBS): prepared by dissolving 

1 tablet of phosphate buffered saline (Dulbecco A, Oxoid) in 100 ml dH2O 

and autoclave. (NaCl 0.116 mol, KCl 0.003 mol, Na2HPO4 0.008 mol, K2HPO4 

0.001 mol, pH 7.3).  

 

Blocking buffer (BSA): 1-5% (w/v) Bovine serum albumin (Sigma-Aldrich 

A3912) in PBS-T or TBS-T, sterilize by filtration (0.22 µm filter).   

 

Blocking buffer (Milk): 5% (w/v) skimmed milk powder in TBS-T. 

 

Washing buffer (TBS-T): 0.1% (v/v) Tween20 in TBS 1x. 

 

Washing buffer (PBS-T): 0.05-0.1% (v/v) Tween20 in PBS. 

 

Radio-immunoprecipitation assay (RIPA) buffer: 5 ml of RIPA buffer 

(Sigma-Aldrich) supplemented with ½ tablet of PhosSTOP cOmplete ultra 

protease inhibitor tablet (Roche) and ½ tablet of cOmplete mini EDTA-free 

protease inhibitor cocktail tablet.   

 

Antibiotics: All antibiotics were purchased from Sigma-Aldrich, UK, 

prepared according to the recommended concentration, sterilised by 

filtration, and stored at 4oC.  

 

Kanamycin (50 mg ml-1 stock solution prepared in dH2O) 

Streptomycin (50 mg ml-1 stock solution prepared in dH2O) 

Spectinomycin (50 mg ml-1 stock solution prepared in dH2O) 

 

Working concentration was 1000x dilution from the prepared stock. 

 

Fibronectin solution: 1 µg ml-1 of bovine fibronectin (Sigma-Aldrich) in 

PBS, sterilised by filtration (0.22 µm filter).   
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Fixing solution (4% paraformaldehyde): 40 g of paraformaldehyde 

powder was added to the pre-heated 800 mL of PBS at 60oC. pH was slowly 

adjusted at 6.9 by 1 N NaOH, final volume made up to 1L with PBS. 

 

Permeabilization solution: 0.5 g of BSA in 50 ml of mixture of 0.1% of 

Triton X-100 (v/v) in PBS. 
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Appendix II – Optimisation of 

ELISA parameters 
 

 

Figure A.1: Optimisation of ELISA parameters in current study. (A) 

Optimisation for the incubation period with phosphatase substrate. Two hours 

incubation of the substrate gave the highest absorbance to the assay, before entering 

the static phase for longer incubation (not shown in the graph). (B) Optimisation for 

the concentration of PorA-Loop4 peptide to coat the plate. The binding of 10 µg ml-1 

PorA-Loop4 to the rLR showed higher absorbance than the binding from 5 µg ml-1 of 

PorA-Loop4. (C) Optimisation for the rLR concentration. The binding of the 

PorA-Loop4 peptide to the 5 µg ml-1 of rLR showed similar/static absorbance to the 

binding from 10 µg ml-1 of rLR. BSA was used as a control to measure the background 

absorbance. Absorbance represents average from three wells; error bars represents 

the SD.

A.

B.

C.
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Appendix III – Chromatograms of RNA samples used in 

Chapter 3 
 

Figure A.2: Electrophoregram of mRNA samples extracted from PorA-Loop4 treated cells and the untreated controls for 

0, 2, 4, 8, and 24 h. The two distinctive peaks at 2000 and 4000 [nt] represent the ribosomal subunits 28s and 18s from eukaryotic 

cells RNA.  
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Appendix IV – RIN, pseudo-image 

gels and chromatograms from 

RNA samples used in Chapter 4 
 

Table A.1: 28S/18s ratio and RIN values of RNA samples used in 

Chapter 4.  

Incubation 

time (h) 

Samples Replicate 28S/18S 

ratio 

RIN 

0 Untreated 

1 1.9 9.8 

2 1.8 9.9 

3 1.7 10 

2 

Untreated 

1 2.1 9.6 

2 2.1 9.9 

3 1.9 8.7 

PorA-Loop4 

1 2.5 9.3 

2 2.0 10 

3 1.9 10 

ZSTK474 

1 1.5 9 

2 3.1 10 

3 2.2 10 

PorA-Loop4 + 

ZSTK474 

1 2 10 

2 1.7 9.9 

3 2.1 10 

4 

Untreated 

1 1.8 9.8 

2 2.7 10 

3 2.5 10 

PorA-Loop4 

1 1.7 9.8 

2 2.8 10 

3 3.0 10 

ZSTK474 

1 1.8 8.2 

2 2.8 10 

3 2.8 10 

PorA-Loop4 + 

ZSTK474 

1 1.8 9.8 

2 2.9 10 

3 3.5 10 

Continue to the next page 
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Table A.1 (continued) 

 

Incubation 

time (h) 

Samples Replicate 28S/18S 

ratio 

RIN 

8 

Untreated 

1 2.1 9.6 

2 2.1 9.9 

3 1.9 8.7 

PorA-Loop4 

1 2.5 9.3 

2 2.0 10 

3 1.9 10 

ZSTK474 

1 2.5 9.9 

2 2.6 10 

3 2.6 10 

PorA-Loop4 + 

ZSTK474 

1 2 9.6 

2 2.7 10 

3 3.1 10 

24 

Untreated 

1 1.8 9.8 

2 2.7 10 

3 2.5 10 

PorA-Loop4 

1 1.7 9.8 

2 2.8 10 

3 3.0 10 

ZSTK474 

1 2 9.9 

2 2.5 10 

3 2.8 10 

PorA-Loop4 + 

ZSTK474 

1 2 9.7 

2 2.4 10 

3 2.3 10 
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Figure A.3: Pseudo-gel images of RNA samples used in Chapter 4. Figure A-E 

represent quality of samples from HBMECs treated with PorA-Loop4 peptide, 

ZSTK474, both PorA-Loop4 peptide and ZSTK474, and untreated controls for 0, 2, 4, 

8, and 24h, respectively from three independent experiments. Each RNA sample was 

extracted from 1 x 106 cells of HBMECs using RNeasy® Mini Kit (Qiagen). Bands in 

2000 and 4000 nt represent 18S and 28S RNA, respectively. 
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Figure A.4: Electrophoregram of mRNA samples extracted from treated cells and the untreated for 0, 2, 4, 8, and 24 h. The 

cells were treated either with PorA-Loop4 peptide, ZSTK474, or both PorA-Loop4 peptide and ZSTK474. The two distinctive peaks at 2000 

and 4000 [nt] represent the ribosomal subunits 28s and 18s from eukaryotic cells RNA.  
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2h Untreated 1 Untreated 2 Untreated 3 

PorA-Loop4 2 PorA-Loop4 3 PorA-Loop4 1 

ZSTK474 1 ZSTK474 2 ZSTK474 3

PorA-Loop4 + ZSTK474  1 PorA-Loop4 + ZSTK474  2 PorA-Loop4 + ZSTK474 3 
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4h Untreated 1 

PorA-Loop4 1 PorA-Loop4 2 PorA-Loop4 3 

Untreated 3 Untreated 2 

ZSTK474 1 ZSTK474 2 ZSTK474 3

PorA-Loop4 + ZSTK474  1 PorA-Loop4 + ZSTK474  2 PorA-Loop4 + ZSTK474 3 

Continue to the next page 
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PorA-Loop4 3 

Untreated 2Untreated 1 Untreated 3

PorA-Loop4 1 

8h

PorA-Loop4 2 

ZSTK474 1 ZSTK474 2 ZSTK474 3

PorA-Loop4 + ZSTK474  1 PorA-Loop4 + ZSTK474  2 PorA-Loop4 + ZSTK474 3 

Continue to the next page 
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24h
Untreated 1 

PorA-Loop4 3 

Untreated 2 Untreated 3 

PorA-Loop4 1 PorA-Loop4 2 

ZSTK474 1 ZSTK474 2 ZSTK474 3

PorA-Loop4 + ZSTK474  1 PorA-Loop4 + ZSTK474  2 PorA-Loop4 + ZSTK474 3 
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Appendix V – Most frequent PorA-Loop4 variants circulating 

in the UK  
 

Table A.2: Ten most frequent PorA-Loop4 variants from UK meningococcal isolates from serogroup B, W, and Y (2010-2015). Frequency 

was calculated as isolate number of the variant divided to the total number isolates per serogroup. The total number of meningococcal isolates of 

serogroup B, W, and Y in the current database was 2395 isolates. The % sequence identity of each variant to MC58 sequence was generated by 

EMBOSS WATER, pairwise sequence alignment software available on http://www.ebi.ac.uk/Tools/psa/emboss_water/. The sequences in red were the 

variable regions of the variants.  

No. 
Loop4          

Variant 
Sequence 

% 

sequence 

identity       

(to MC58, 

variant    

16-2) 

Serogroup B          

(1619 isolates) 

Serogroup W                          

(382 isolates) 

Serogroup Y          

(394 isolates) 

Total 
Frequency 

(%) No. 

Isolates 

Frequency 

(%) 

No. 

Isolates 

Frequency 

(%) 

No. 

Isolates 

Frequency 

(%) 

1 2 C-PAQNSKSAYTPAHFVQQTPKSQPTLVPAVVGKPGS-C 70.3 22 1.36 322 84.29 2 0.51 346 14.45 

2 9 C-PAQNSKSAYTPAYVDEQSKYHAAVVGKPGS-C 61.1 320 19.77 0 0.00 2 0.51 322 13.44 

3 4 C-PIQNSKSAYTPAHVVVNNKVATHVPAVVGKPGS-C 75.0 304 18.78 0 0.00 0 0.00 304 12.69 

4 14 C-PIQNSKSAYKPAYVDEKKMVHAAVVGKPGS-C 61.1 259 16.00 2 0.52 0 0.00 261 10.90 

5 10-1 C-PAQNSKSAYTPAHFVQNKQNQPPTLVPAVVGKPGS-C 73.0 20 1.24 4 1.05 213 54.06 237 9.90 

6 16 C-PIQNSKSAYTPAYYTKDTNNNLTLVPAVVGKPGS-C 97.2 115 7.10 3 0.79 10 2.54 128 5.34 

7 10-4 C-PAQNSKSAYTPAHFVQNKQNKQNQPPTLVPAVVGKPGS-C 67.5 12 0.74 4 1.05 85 21.57 101 4.22 

8 15 C-PIQNSKSAYTPAHYTRQNNADVFVPAVVGKPGS-C 77.8 86 5.31 0 0.00 0 0.00 86 3.59 

9 15-11 C-PIQNSKSAYTPAHYTRQNNIDVFVPAVVGKPGS-C 77.8 86 5.31 0 0.00 0 0.00 86 3.59 

10 3 C-PAQNSKSAYTPATLANGANNTIIRVPAVVGKPGS-C 69.4 30 1.85 41 10.73 4 1.02 75 3.13 

 

http://www.ebi.ac.uk/Tools/psa/emboss_water/

