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POPULAR SCIENCE SUMMARY OF THE THESIS 
Bacteria are microscopic single celled organisms that have an important impact on the human 
body and the environment. They have existed for over three billion years, long before the first 
humans, and will thrive long after we are gone. The ability of bacteria to survive the most 
extreme of conditions is based on their fast rate of reproduction which allows them to quickly 
adapt to environmental changes. By evolving this way, bacteria have settled in all imaginable 
places – such as soil and water. They also colonise the human body where they mostly live in 
harmony, helping in food digestion or protecting from harmful microorganisms. However, 
the human body is an ever-changing environment and the immune system a threat to the 
survival of microorganisms. Bacteria have consequently adapted to activate, or deactivate, 
certain properties that help them to survive – a process known as gene regulation. 

Genes are units on the DNA, a large molecule that is the library of information needed for all 
functions in any organism. Each gene can therefore be considered as a book within that 
library. To extract the information from the book, a copy is made in the form of RNA, which 
is then transferred to a factory to produce proteins according to this copy. Replicas of the 
entire library are created when an organism reproduces. All these processes – information 
storage, reproduction, copying, transferring of information, production, and the final product 
– are influenced by gene regulation, and can be initiated by various stimuli. This thesis 
advances the knowledge on how gene regulation is mediated by RNA. While many RNA 
molecules exist to transfer information, there are several other categories of RNA that can 
interfere with that transfer (regulatory RNA).  

The bacterium Neisseria meningitidis resides in the upper airways of humans without causing 
problems, but occasionally, it invades the blood stream (blood poisoning) and/or cause 
inflammation of the membranes covering the brain (meningitis). How and why the bacterium 
causes disease is still not fully understood. Currently, it is hypothesised that the progression 
to disease is an accidental event induced by specific properties in its gene regulation. N. 
meningitidis can exchange or re-arrange DNA pieces in its genetic code in large scale. These 
events may lead to errors on how information is transferred from DNA to RNA and proteins. 
Ultimately this can influence properties that help the bacteria to evade the immune system or 
invade human cells, which may lead to higher capabilities to cause disease. 

This thesis presents a study showing how N. meningitidis could cause disease by sensing 
increasing temperature. Inflammation induced by the immune system increases 
environmental temperature and may serve as a warning signal. Changes of the DNA in N. 
meningitidis lead to a fault in a temperature sensing regulatory RNA. These changes were 
shown to be more present in N. meningitidis known to cause disease, suggesting that this 
regulatory RNA plays a critical role. Similarly, a second study in this thesis demonstrates that 
other bacteria in the upper airways employ the same strategy as N. meningitidis. 
Streptococcus pneumoniae and Haemophilus influenzae possess at least two temperature 



sensing regulatory RNAs that control immune evasion. These findings suggest that this 
temperature sensing mechanism might be of importance for bacteria in the upper airways. 

N. meningitidis was further shown to be able to acquire and recycle nutrients from dead 
bacteria, mediated by a regulatory RNA that senses nutrient availability. The RNA molecule 
deactivates the manufacturing process of proteins that produce these nutrients. This switch 
enables the bacterium to instead scavenge the available nutrients from the environment which 
can help to conserve energy. 

Within the DNA library of N. meningitidis there are some DNA pieces that occur several 
times, located outside or within genes. The final study in this thesis presents such a repetitive 
DNA piece to function as a regulatory RNA and to influence how the bacterium attaches to 
cells. Cell adhesion is a major ability of N. meningitidis, as it allows the bacterium to transfer 
between persons and various sites of the human body. Important insights, such as how to 
prevent spread and disease manifestation of the bacterium, might arise from understanding 
the regulation of its cell adhesion process. 

In conclusion, this thesis presents several studies that show gene regulation by RNA to be an 
important contributor to survival of bacteria and their interaction with the human host. More 
detailed knowledge about the reaction of bacteria to certain stimuli could help in disease 
prevention and treatment. 

  



 

 

ABSTRACT 
Neisseria meningitidis is a transient commensal bacterium of the upper respiratory tract and 
spreads through respiratory secretions produced by the carrier. While mostly harmless, the 
bacterium can cause invasive meningococcal disease by entering the circulatory system, 
leading to septicaemia and/or meningitis. It is widely theorised that the disease is the result of 
accidental dysfunctional gene regulation based on its genome plasticity. High mutation rates, 
genome re-arrangement and horizontal gene transfer may lead to a phenotype that is more 
immune evasive, more invasive, or better adapted to survive in the nasopharynx for an 
extended amount of time. Differential gene regulation is suggested to play a role in the ability 
of N. meningitidis to cause disease. This thesis presents several aspects of RNA-mediated 
gene regulation in N. meningitidis as an energy efficient mode of gene expression control. It 
is further demonstrated that Streptococcus pneumoniae and Haemophilus influenzae have 
developed a similar strategy to evade the immune system by sensing temperature. 

The temperature in the nasopharynx is slightly cooler than body temperature, which leads to 
adaption of colonising bacteria. Inflammation through immune responses can lead to higher 
temperature in that niche, serving as a warning signal for bacteria. Studies in this thesis 
unveiled, that S. pneumoniae and H. influenzae control production of their immune evasive 
polysaccharide capsule und factor H binding proteins by RNA thermosensors. Identifying the 
same ability in clinical isolates of S. pneumoniae suggests that the mode of temperature-based 
gene regulation is of advantage for nasopharyngeal bacteria and dysregulation may lead to 
invasive disease. In N. meningitidis, analysis of disease and carrier isolates uncovered a 
tandem repeat configuration in the RNA thermosensor that regulates its polysaccharide 
capsule production. Specific tandem repeat configurations induced higher capsulated 
phenotypes which were more associated with isolates that cause invasive disease. 

Other work in this thesis explored the ability of N meningitidis to scavenge nutrients in the 
nasopharynx. Two thiamine pyrophosphate dependent riboswitches were identified and 
linked to nutrient acquisition from dead bacteria. Salvaging thiamine from the environment 
and turning off de novo biosynthesis via the riboswitch can conserve energy and may 
facilitate colonisation. Furthermore, a novel cis-encoded RNA element has been identified to 
contain the Correia Repeat Enclosed Element (CREE), a repetitive sequence of the Neisseria 
genus genome. The work demonstrates that a CREE can be transcribed as the regulatory 
RNA Crrp. It interacts with other CREEs located on 5′-untranslated regions of mRNAs 
involved in type IV pilus biosynthesis, therefore influencing the natural competence and cell 
adhesion ability of N. meningitidis. 

In summary, this thesis demonstrates similarities in immune evasion control of 
nasopharyngeal pathogens and expands the knowledge about regulation of gene expression in 
N. meningitidis. 
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1 INTRODUCTION 
The human body provides various habitats to many bacterial species. Many of them are 
regarded as gift-bearing guests (commensals). Some are gate crashers and disturb the 
harmony (pathogens). There are also some guests that may or may not misbehave during their 
stay (opportunistic pathogens). 

Bacteria can colonise almost every niche on the human body and provide a range of benefits 
to the host. In our digestive system, bacteria are able to break down ingested food to produce 
essential nutrients [1]. Often, these commensal intestinal bacteria may help to prevent 
overgrowth of other microorganisms which otherwise could be harmful in high numbers [1, 
2]. Furthermore, the effect of the gut microbiota on the brain has become a prominent field of 
research due to the advance of high-throughput sequencing techniques and the development 
of new bioinformatic analysis methods [3]. On our skin, a slightly acidic environment is 
established due to bacterial metabolism which helps to protect against colonisation of 
pathogens. Additionally, the commensal bacteria on the skin train the immune system to react 
more efficiently to an eventual pathogenic microorganism [4]. The upper respiratory tract 
(URT) is a direct gateway to the body with different niches for microorganisms to live in. As 
with the other habitats, the commensal community of the URT helps to teach the immune 
system and is hypothesised to influence correct development of the respiratory tract of 
neonates [5]. High competitiveness between bacterial species for food and habitat further 
protects the human host from disease [6, 7]. Microbial diversity may also play an important 
role to protect the human host since a less diverse microbiota in the URT has been associated 
with higher risk for disease [8].  

Although many bacteria live in symbiosis with their hosts, there are many bacterial species 
that can break through immune defences and cause disease. These are often commonly 
referred to as “true pathogen” as they cause disease in any susceptible host. For example, 
Vibrio cholerae can overcome the intestinal microflora and infect host cells to multiply [9]. 
Viruses are another group of pathogens that rely on infiltrating host cells to reproduce. In 
many cases, our immune system is able to eliminate viruses. However, various viruses persist 
as human pathogens through mutations that protect them from immune responses. For 
example, the Influenza A underwent a significant evolutionary leap with the H1N1 pandemic 
of 1918 and has plagued humanity ever since [10]. Although the influenza disease is heavily 
researched and experience in its treatment exists, every year the virus causes significant 
damage to society by hijacking cells in the human respiratory tract to reproduce [11, 12].  

Colonisations usually confer benefits to the host, yet some bacteria can cause disease under 
the right circumstances. Such opportunistic pathogens have adapted to survive the constant 
onslaught of the immune system and to compete with the larger microbial community. Under 
the right conditions, the strong defences may enable these bacteria to overcome the immune 
system and cause disease. The opportunistic pathogen Staphylococcus aureus causes wound 
infection and is infamous for hospital associated outbreaks and possible extensive antibiotic 
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resistances [13]. In 2011, a large outbreak of haemolytic-uremic syndrome took place in 
Germany, caused by Escherichia coli, a common member of the human intestinal flora. This 
particular strain acquired several virulence factors which primed it to cause severe disease 
[14]. The microbiome of the upper respiratory tract harbours many prominent opportunistic 
pathogens. Staphylococcus epidermidis and S. aureus can be found in the anterior nares, 
together with Corynebacterium diphtheriae, causative agent of diphtheria. Moraxella 
catarrhalis (opportunistic respiratory tract infections), Streptococcus pyogenes (streptococcal 
pharyngitis), Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus influenzae 
are commensals of the nasal and nasopharyngeal niches. Interestingly, these bacteria are more 
prevalent in infants than in adults, whose URT is dominated by other bacterial species [15].  

Our understanding of pathogenic bacteria has developed significantly, and infection 
prevention has been developed for many. The transition of opportunistic pathogens is less 
predictable as they are commensal colonisers yet cause disease. Why commensals would 
switch from harmless to harmful remains elusive for many species. The capability of N. 
meningitidis to cause fatal disease is especially problematic because it can colonise only 
humans. Death of its host would therefore strip the bacterium of its habitat, suggesting that 
disease is caused accidentally. N. meningitidis has a wide arsenal to protect itself from the 
immune system and to colonise the mucosa of the URT. In addition, the bacterium possesses 
various mechanisms of gene regulation which enable switching between different 
colonisation stages or fine tune its defence. The large variability of its genome and associated 
disease-causing virulence factors may help N. meningitidis to colonise the human 
nasopharynx but could further enable the bacterium to overcome the immune system.  

S. pneumoniae and H. influenzae can also cause community-acquired meningitis and/or blood 
stream infection (septicaemia). Due to the high mortality rate of these invasive diseases, the 
three causative species are classified as very important pathogens, and the rapid progression 
of N. meningitidis invasive disease makes it particularly complicated to treat. Analogies in the 
lifestyle of the three species and their ability to cause community-acquired meningitis 
suggests that disease triggering mechanism might be similar. In this thesis, several studies are 
presented that try to explain how N. meningitidis, S. pneumoniae and H. influenzae could 
switch from commensalism to pathogen through RNA-mediated gene regulation. The thesis 
explores how temperature serves as a warning signal to enhance immune evasion for all three 
pathogens enabled by RNA thermosensors. It is further investigated, how RNA-mediated 
gene regulation in N. meningitidis is involved in nutrient acquisition, as well as host 
colonisation and genome plasticity.  
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1.1 COMMUNITY-ACQUIRED BACTERIAL MENINGITIS 

Infection of the cerebrospinal fluid (CSF) in the subarachnoid space and meninges leads to 
the inflammatory disease called meningitis. Clinical manifestations such as headaches, stiff 
neck and fever are common. Other accompanying symptoms may include high leukocyte 
counts in the CSF and systemic infection [16]. A variety of microbiological agents can cause 
meningitis and the routes of infection are mostly through the respiratory airways or the 
enteric system. Spontaneous exposure to the organism causes community-acquired bacterial 
meningitis, but pathogens can also be introduced through invasive injuries  to cause 
nosocomial meningitis [17]. Survivors often experience neurological sequelae, such as 
hearing loss or seizures [18].   

The incidence rate of bacterial meningitis has decreased in industrialised nations but remains 
a destructive disease. In low-income countries, especially those in the African continent, there 
are still large outbreaks with high morbidity and mortality. Three respiratory pathogens are 
the major cause for community-acquired bacterial meningitis: N. meningitidis, S. 
pneumoniae, and H. influenzae. These bacteria are commonly spread via respiratory droplets 
by asymptomatic carriers and can cause disease in all age groups. However, infants and the 
elderly are in particular vulnerable to developing invasive disease [19-24]. The bacteria can 
also invade the blood only, but this septicaemia is widely hypothesised to increase the 
likelihood of meningitis through a higher probability of bacteria to penetrate the blood brain 
barrier [25]. Vaccine developments have helped to massively decrease the incidence of 
infection by H. influenzae type b (Hib) and major outbreak strains of S. pneumoniae in 
countries that undertake vaccination programmes [26-28]. N. meningitidis outbreaks 
diminished as well although no clear evaluations can yet be made for all sub-groups because 
two vaccines against the extremely virulent serogroup B have been approved in Europe only 
recently [29-33].  

Studies suggest attendance in childcare centres and crowded living conditions as risk factors 
for acquiring invasive meningococcal and pneumococcal disease (IMD and IPD, 
respectively) [34-36]. Infants with an under-developed immune system and waning of 
maternal antibodies are at highest risk of invasive infection [37, 38]. Elderly people above the 
age of 65 years are also at high risk as the strength of the immune system starts to deteriorate 
[39]. Genetic dispositions altering innate immunity are another high risk factor to develop 
systemic infection [40]. It appears that a non-functional immune defence, may it be through 
age, genetics, medical treatment, or other infections (e.g., HIV [41-43]), is the predominant 
cause for systemic infection with N. meningitidis, S. pneumoniae, and H. influenzae.  
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1.2  THE THREE RESPIRATORY PATHOGENS CAUSING COMMUNITY-
AQUIRED MENINGITIS 

1.2.1 Neisseria meningitidis 

N. meningitidis, is a Gram-negative, aerobic diplococcus occasionally residing as a 
commensal in the human upper respiratory tract; mainly within the nasopharynx [44]. It was 
first described as Diplococcus intracellularis meningitidis by the Austrian bacteriologist 
Anton Weichselbaum in 1887 who was able to isolate it from the CSF [45]. N. meningitidis is 
a fastidious organism which can be cultured in a laboratory at 5% CO2 and 35-37°C on agar 
containing lysed blood cells, e.g., chocolate agar. Cultivation is dominantly used to diagnose 
infection with N. meningitidis. Bacterial colonies are white-grey, convex, opaque and oxidase 
positive and can oxidise glucose and maltose but not lactose or fructose. Once identified as N. 
meningitidis, a serogrouping is performed to classify it into specific subgroups [46]. N. 
meningitidis belongs to genus Neisseria, which includes many commensal members 
colonising humans and animals alike [47]. While several Neisseria species have been 
implicated in disease in immunocompromised people, only two are clinically significant 
pathogens: N. meningitidis and N. gonorrhoeae which both colonise only the human host. 
Both show very high genome similarity as they have evolved recently but are associated with 
completely different niches of the human body [48]. N. gonorrhoeae colonises the urogenital 
tract and causes one of the leading sexually transmitted diseases – gonorrhoea [49]. Other 
colonisation sites can be the pharynx, eyes, or the rectum [50, 51]. N. meningitidis resides 
mainly in the nasopharynx but has sporadically be found to infect the urogenital tract as well 
[52]. Although a harmless member of the URT flora, it can cause IMD, a remarkably fast 
progressing infection that presents itself as meningitis and septicaemia. Infection of the 
meninges causes an inflammatory reaction with suddenly occurring symptoms like headaches 
and a stiff neck. Severe neurological damages can be observed in survivors and sequelae like 
hearing loss and mental disabilities are common [16]. Septicaemia may appear independent 
or in conjunction with meningitis. It frequently presents itself with a characteristic non-
blanching rash (purpura fulminans) and the mortality rate is even higher than that of 
meningitis alone. With treatment, case fatality rate of IMD hovers around 10% [44, 53].  

Classification 

N. meningitidis is serogrouped based on the composition of its capsule, a polysaccharide 
envelope covering the surface of the bacterium. Currently, 12 such serogroups have been 
discovered of which six were identified to cause disease outbreaks (A, B, C, W-135, X and 
Y) [54]. The bacteria are further divided into different subgroups based on different neisserial 
surface molecules. Presence of certain outer membrane proteins determines the serotype, 
whereas lipooligosaccharide (LOS, endotoxin) structure defines the immunotype [55-57]. A 
genotyping method called multilocus sequencing typing (MLST) distinguishes between 
different clonal complexes (cc) and sequence types (ST) based on variations of seven 
housekeeping genes [58]. Some sequence types have been more associated with invasive 
disease and others could only establish carriage [56, 59]. 
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Carriage and epidemiology 

Asymptomatic carriage of N. meningitidis fluctuates between 5-24% of people, depending on 
location, age group and social setting. Prevalence is highest in adolescents, young adults, and 
people in crowded living conditions (e.g., military barracks) [60-62]. Invasive disease on the 
other hand, is suffered most often by infants [22, 63, 64]. The European Centre for Disease 
Control reported 3221 cases of IMD in the EU/EEA in 2017 with the UK, Ireland, Lithuania, 
and the Netherlands having the highest notification rates [22]. Serogroup B is the dominant 
etiologic agent of IMD in all EU/EEA countries but is proportional highest in neonates and 
infants. In higher age groups, incidences with the other serogroups become more frequent. 
One particular serogroup W strain spreads rapidly since 2011 from a single clone first 
identified in 2009 in the UK. A decline of serogroup C cases is observed in all EU/EEA 
countries. Whether the effect can be attributed solely to vaccination campaigns remains 
unclear, as reducing incidence rates of serogroup C have been observed before the 
introduction of the vaccine. Herd-immunity effects are suggested to be responsible for the 
downturn, but more observations are required to determine the claim [65]. In sub-Saharan 
Africa, a region known as the meningitis belt, high incidences of IMD by serogroup A were 
frequent [66]. Introduction of serogroup A vaccines in countries of the region have reduced 
its carriage. Instead, colonisation of serogroup W has increased dramatically [63]. 

Invasive meningococcal disease 

Transmission of N. meningitidis occurs through respiratory droplets or respiratory secretions 
from a colonised person to another [44, 53]. Most carriages do not lead to IMD because 
colonisation leads to an immune response that produces protective antibodies against the 
serotype [67]. Interestingly, colonisation with N. lactamica could confer cross-protective 
humoral immunity to N. meningitidis according to modelling studies [68, 69]. While most N. 
meningitidis only cause carriage there are certain hyper virulent strains that frequently appear 
in outbreaks [70]. If N. meningitidis crosses the respiratory epithelium, they can cause IMD 
with early unspecific symptoms such as fever and headaches [71]. The most characteristic 
symptom occurring in a large number of patients is purpura fulminans, a non-blanching rash 
caused by blood vessel rupture [72]. The symptom is often seen as indicative for IMD in the 
EU [73] and the USA [74]. It is caused by bacteria adhering and accumulating in small blood 
vessels leading to vascular blockage and leakage [75].  

IMD is generally a very fast progressing disease, often with less than 24h between first 
symptoms and fulminant disease and/or death [76]. The most prevalent manifestation of IMD 
is meningitis alone, in which the primary inflammatory response concentrates in the 
cerebrospinal fluid [54]. Septicaemia occurs frequently as well; however, meningitis and 
bacterial blood infection can also occur at the same time. A fulminant bacterial septicaemia is 
characterised by bacteria dividing rapidly in the blood stream which leads to high amounts of 
endotoxin. As a potent immune stimulator, the sheer amount of the molecule induces a 
dramatic immune response causing systemic shock and multiple organ failure [54, 77, 78]. 
Vascular occlusion can lead to skin damage and loss of limbs [79, 80]. Because of these 
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reasons, and the fast progression, fulminant septicaemia is more deadly than meningitis alone 
[81]. 

Treatment and prevention 

N. meningitidis is susceptible to many antibiotics, with the WHO recommending the usage of 
penicillin, ampicillin and ceftriaxone [53]. The European Centre for Disease Control further 
recommends giving chemoprophylaxis to household members of an infected person. 
Recommended are rifampicin, ciprofloxacin, ceftriaxone, azithromycin and cefixime as they 
were shown to remove carriage [82]. Antimicrobial resistance is not prevalent; however, 
beta-lactam and ciprofloxacin resistances have been observed [83, 84]. Because of its fatal 
potential, IMD is always to be treated as medical emergency and antibiotic treatment should 
start as soon as samples for diagnosis by laboratory culture are taken [53]. High mortality 
despite treatment and accompanying sequelae of the infection still makes IMD a dangerous 
disease. Fortunately, breakthroughs have been achieved to prevent the disease. Vaccines 
against serogroup A, C, W and Y are available and are based on capsular polysaccharides 
fused with a highly immunogenic protein (conjugated polysaccharide) [85, 86]. A conjugated 
capsular polysaccharide vaccine for serogroup B could not be achieved because of molecular 
similarity with human neural cell surface glycans [87, 88]. The molecular mimicry could 
either evoke no immune response or lead to autoimmunity. Although a study did not find 
higher occurrence of auto immune disease in patients who had IMD by serogroup B, a 
conjugated polysaccharide vaccine was not developed [89]. Instead, recent vaccines have 
been established by screening sequenced genomes for outer membrane proteins as antigen 
targets, a method known as reverse vaccinology [86, 90, 91]. To date, two serogroup B 
vaccines are approved in the USA and EU (Bexsero® by Novartis, and TrumembaTM by 
Pfizer), a significant step towards control of the IMD and reducing the burden of disease [29, 
33]. Remarkably, Bexsero® triggers some cross-protection against N. gonorrhoeae which is 
another major achievement as no vaccines could currently be developed against that 
bacterium [92]. Programmes to immunise against serogroup B seem to be successful, 
although a definite evaluation about the overall impact has yet to be made [86]. Generally, the 
vaccines employed against N. meningitidis were found to be successful in reducing 
prevalence. In Burkina Faso, an elimination of epidemics was achieved by reducing the 
prevalence of detected infections to 0.1 per 100,000 inhabitants [93]. The UK vaccination 
programme against serogroup C was successful to largely prevent carriage and IMD, even in 
unvaccinated individuals [65, 94]. 

 

1.2.2 Streptococcus pneumoniae 

S. pneumoniae is a Gram-positive, aerobic streptococcus that resides as a commensal in the 
URT of humans but can at times cause disease. Septicaemia and meningitis are the most 
severe form of infection and referred to as IPD. Community-acquired pneumonia, otitis 
media and sinusitis are non-invasive forms and usually occur with higher incidence rates [20, 
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95]. The most significant prevalence of IPD in Europe is among infants and the elderly, and 
case fatality is the highest compared to other nasopharyngeal pathogens in high-income 
countries (20 - 37%) [21, 96]. After introduction of the conjugated H. influenzae vaccine, S. 
pneumoniae became the leading cause for the community-acquired meningitis [97]. S. 
pneumoniae can be grouped into 100 serotypes based on the composition of their protective 
polysaccharide capsule [98]. Of the 100 serotypes, only seven were responsible for over 50% 
of cases. Since the introduction of a conjugated vaccine against these seven capsule varieties 
for children in the United States, incidence of IPD and carriage has decreased dramatically. 
Further vaccines were developed against the 13 most common serotypes (conjugated 
polysaccharides). Effectively, IPD and carriage of these serotypes were decreased, and 
reduction of incidence rates of non-vaccinated adults can be observed. This demonstrates the 
immunisation of the population with the highest carriage (i.e. children) can drive an indirect 
protection for others [99]. A polysaccharide-based vaccine against the 23 most occurring 
serotypes is recommended for adults only because protective effects could not be 
demonstrated for children. Furthermore, the immune response from this vaccine protects 
solely against the development of IPD but not carriage which allows transmission still to 
happen [100]. 

Virulence mechanisms of S. pneumoniae 

S. pneumoniae utilises several of its virulence factors to facilitate colonisation and disease 
development. The pneumococcal surface protein A (PspA) allows the bacterium to escape 
complement-mediated killing by disrupting binding of the C-reactive protein to the 
phosphocholine on the pneumococcal membrane. As a result, the subsequent C3 recruitment 
and activation the classical pathway of the complement system is averted [101-103]. The 
pneumococcal surface protein PspC (also known as choline binding protein A, CbpA) is able 
to bind human Factor H and prevents C3 cleavage, which would otherwise progress the 
complement cascade, leading to formation of the membrane attack complex and increased 
phagocytosis. [104]. Adhesive properties of PspC have also been identified to be important 
for colonisation [105]. The protein is immunogenic and has been proposed to be a candidate 
for pneumococcal vaccines [106, 107]. Unfortunately, the pspC gene is highly polymorphic 
and antibodies raised against one variant do not protect against another [108, 109]. 
Complement evasion is enhanced in combination with the pneumococcal capsule – and 
different variants of PspC and capsule are implicated to have an effect on virulence of 
serotypes [110]. The capsule itself has been demonstrated to be important for S. pneumoniae 
to cause disease and to be crucial to evade the innate immune defence [111, 112]. Similar to 
N. meningitidis, the capsule hinders attachment, as well as invasion of cells, thus reducing the 
ability to colonise [113, 114]. Horizontal gene transfer is likewise enabled through natural 
transformability via a type IV pilus [115]. Different to N. meningitidis, colonisation of the 
URT through S. pneumoniae attaching to epithelial cells is carried out by its type 1 pilus 
[116, 117]. 
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1.2.3 Haemophilus influenzae 

H. influenzae is a Gram-negative, aerobic rod-shaped bacterium and part of commensal flora 
of the URT in humans. Initially it was thought to be the source of influenza, hence its name 
[118]. It is now known that the bacterium is a causative agent of community-acquired 
pneumonia and invasive H. influenzae disease (IHD, meningitis and bacteraemia). H. 
influenzae possesses a protective polysaccharide capsule; the composition of which is used 
for subtyping, similar to N. meningitidis and S. pneumoniae. Historically, H. influenzae type b 
(serotype b) has been the major cause of bacterial meningitis, but incidence rates have 
dropped drastically since the introduction of a conjugated polysaccharide vaccine. Prevalence 
of IHD remains high in low-income countries, but efforts are made to reduce the infection 
rates through the establishment of vaccination programs [19]. Neonates were by far the most 
vulnerable group to IHD prior the Hib vaccine. Now it poses as the most serious threat to 
immunocompromised people with lack of humoral immunity [119]. A protective effect from 
H. influenzae disease is observed in non-vaccinated individuals within an immunised 
population, possibly through reduced carriage and transmission [120]. Currently in Europe, 
infants still have the highest incidence, followed by the elderly but the majority of cases is 
caused by non-typable serotypes (unencapsulated) [23].  

Virulence mechanisms of H. influenzae 

Serotypeable strains of H. influenzae (such as Hib) produce a polysaccharide capsule which 
permits survival in the blood stream and protects from phagocytosis [121, 122]. Interestingly, 
the gene locus coding for capsule production could be present multiple times in the genome 
of invasive isolates. It was proposed that virulence of H. influenzae might increase with 
higher rates of transcription of proteins involved in biosynthesis of the capsule [62]. More 
gene copy numbers may lead to higher amounts of gene products and thus it was reported that 
the locus copy number positively correlates with resistance to complement killing and 
opsonophagocytosis [123]. H. influenzae also possesses LOS, which is important for its 
virulence. Terminal sugars of the LOS are modified with host-derived sialic acids and 
increase pathogenicity in unencapsulated strains [124]. Phase variation in genes involved in 
terminal LOS synthesis may increase resistance to antibody-mediated immunity during 
inflammatory non-invasive disease [125]. Non-serotypeable H. influenzae also rely on a type 
IV pilus to adhere to epithelial cells and biofilm formation indicating involvement in 
pathogenicity [126, 127]. Like in N. meningitidis and S. pneumoniae, the H. influenzae type 
IV pilus was identified to be involved in natural competence of the bacterium to advocate 
horizontal gene transfer [128] 
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2 LITERATURE REVIEW 

2.1 VIRULENCE AND SURVIVAL STRATEGIES OF NEISSERIA 
MENINGITIDIS 

2.1.1 Genome plasticity 

Bacteria colonising the human body face a hostile, constantly changing environment with 
continuous immune system activity and competition with other microorganisms. When 
spreading to a new host, bacteria encounter several environmental changes which may expose 
them to different risks. Bacteria adapt to environmental changes by sensing their 
surroundings and react accordingly. Often, bacterial two-component systems (TCS) react to 
environmental stimuli and induce a cellular response through transcriptional regulation [129]. 
Furthermore, sigma-factors and transcription factors bind to DNA and induce transcriptional 
changes under certain conditions, such as stress on the cell envelope, chemicals, or starvation. 
Such a large array of adaptation is helpful for bacteria that may live in many environments. 
For example, E. coli possesses over 300 predicted transcription factors, over 30 TCS and 
seven sigma factors [130-132]. N. meningitidis only colonises very few niches in the human 
host, therefore not many environmental adaptations are needed, leading to a low number of 
transcription factors (less than 30), TCS pairs (four) and sigma-factors (three) (Fig 1) [131, 
133, 134]. This small repertoire of transcriptional control is thought to be one reason behind 
the small genome size of the Neisseria genus. Survival is suggested to not be based on pre-set 
transcriptional changes but through the genome plasticity of the genus. Acquisition or 
deletion of genetic properties, high mutation rates and genome re-arrangement compensate 
for the reduced ability to react to environmental changes Therefore, the clone with the best 
adapted genome will accomplish successful colonisation and spreads [135]. 

The genome of the Neisseria genus does not vary significantly between species, with a “core 
genome” being present in N. meningitidis, N. gonorrhoeae, and the non-pathogenic N. 
lactamica. About 60% of these genes are identical with few, species specific variations. Most 
of the remaining genes are readily exchangeable through horizontal gene transfer and are 
classified as “accessory genome” [136]. Albeit the core genome varies slightly between the 
members of the Neisseria genus, the entire genome may differ highly within one species. 
Large scale rearrangements of the genome were reported in closely related strains of N. 
meningitidis, as well as pre- and post-infection [137, 138].  

Most newly discovered accessory genes are acquired through horizontal gene transfer (HGT) 
(Fig 1). The Neisseria genus is naturally competent, actively taking up DNA from their 
environment and incorporate it into their genome. Consequently, a high diversity of N. 
meningitidis populations is achieved and the best adapted variant might survive in a given 
environment [139]. Strongly associated with HGT is the neisserial DNA-uptake-sequence 
(DUS), a 12bp sequence that increases the likelihood of DNA to be taken up into the bacterial 
cell [140, 141]. Simultaneously, it can serve as recombination site because the sequence itself 
is found around 2000 times in the N. meningitidis genome [141]. The DUS is present in all 
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Neisseria species, indicating that transformability is a common feature [142]. Many genes 
acquired through HGT are inserted in intergenic regions between two conserved genes. These 
locations are called minimal mobile elements and are used for frequent homologous 
recombination and insertion of new genes [143]. Similar locations are identified in different 
bacterial species indicating that minimal mobile elements are a common way to acquire 
completely new genetic information. Forty such elements were identified in Neisseria species 
and the DUS was heavily associated with them, indicating their importance as sites of genetic 
diversity. [144]. Other genomic regions of externally acquired DNA in the N. meningitidis 
genome are the “islands of horizontal gene transfer”. They are identifiable through differing 
nucleotide composition from the remaining genome and often contain several coding 
sequences. The most prominent of such islands is the N. meningitidis capsule locus which is 
suggested to be acquired from Pasteurella multocida [139]. Transfer of genetic material has 
been demonstrated to be possible between all Neisseria species and evidence for exchange of 
virulence genes has been found in non-pathogenic Neisseria [142, 145]. Furthermore, natural 
competence can serve as means to drive antigenic variation of surface exposed proteins [146]. 
The presence of these virulence genes in non-pathogenic Neisseria species indicates that 
other levels of genetic regulation are important to balance between causing disease and 
commensalism [147]. 

Intricate gene regulation is achieved by the remarkable number of repetitive sequences of the 
N. meningitidis genome (Fig 1) [133, 134, 148]. As much as 20% of the genome consists of 
DNA sequence repeats of different nature [149]. The 2000 copies of the DUS are considered 
as such a repeat and were shown to have a biased distribution towards the core genome and 
often are located in proximity to genes involved in DNA repair and replication [150]. This 
placement protects the bacteria from genetic defects in essential genes that may arise through 
the high mutation rates and genome plasticity. The robust resistance to mutations of the DUS 
throughout all Neisseria species supports that theory as it ensures continuous functionality of 
HGT as a repair mechanism [151]. The REP2 repeats (also called CREN for Contact 
regulatory element of Neisseria) appear several times in the genome and form a ribosome 
binding site (RBS) close to translational start sites of genes [133]. REP2 has been shown to 
be associated with alterations in gene expression upon initial contact during cell adhesion. 
However, the exact mechanism remains unknown, although the proposed RBS in REP2 
might play a role in post-transcriptional regulation [152]. It was demonstrated, that the 
expression of transcriptional regulator CrgA is influenced by a REP2 sequence without 
altering transcription rates of the gene [153]. Another abundant repeat in the Neisseria 
genome is the Neisserial intergenic mosaic element (NIME). It consists of a pair of repeats, 
dRS3 elements, that enclose an up-to-160bp sequence called RS element. These repeats are 
largely located in intergenic regions and were shown to be targeted by a filamentous phage. 
Therefore, they might serve as places of HGT as well as genomic re-arrangement through 
homologous recombination [154-156]. Antigenic variation of the surface exposed pilus might 
be enhanced by these recombination events through the presence of such a NIME in the pilS 
gene locus [148]. One more repetitive sequence in the neisserial genome is the inverted 
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Correia Repeat which together with a core region forms the Correia Repeat Enclosed Element 
(CREE). N. meningitidis was found to contain twice as many CREE within its genome 
(~500) than N. gonorrhoeae (~250). The core sequence can have sizes from ca. 100bp – 
160bp, with ~107bp and ~154bp being the most common [157]. A functional integration host 
factor (IHF) binding site is also often found in the region [158]. The CREE architecture 
resembles that of transposable elements; however, there is no transposase associated with it, 
yet evidence of the CREE being mobile has been demonstrated albeit the absence of such a 
protein [159-161]. Due to a TA-dinucleotide on the edge of the CREE, it has been suggested 
that other transposases could target the inverted repeats to excise the element from the 
genome. Interestingly, the Correia Repeats contain a typical -35 region of a promoter 
upstream of the TA sequence. Upon insertion, the TA is duplicated and when placed at the 
right position can form a strong promoter [158, 162, 163]. Similarly, the same resulting 
TATA can form a functional promoter facing the opposite direction, if inserted correctly in 
front of a potential -35 region [164]. CREEs may further influence gene accessibility through 
the IHF which is located perfectly in the middle of the CREE core sequence. DNA bending 
induced by IHF could further help excision by transposases [158]. Because of the similarities 
to transposons, their ability to form promoters, and functional IHF binding sites CREEs are 
thought to have an important function in transcription regulation via phase variation [158].  

Lastly, Neisseria species have many unique arrays of tandem repeats which can be divided 
into small and large varieties (Fig1). During replications, these adjacent repeats can cause 
strand slippage leading to deletion or insertion of units. Consequently, gene arrangements are 
changed causing transcriptional or translational changes. These phase variations can turn 
gene expression on or off, or cause a frame shift on an mRNA, influencing translation 
initiation or generating antigenic variety [165]. A large amount of phase variable genes has 
been discovered in N. meningitidis, N. gonorrhoeae and N lactamica. Which kind of those 
genes is available to sub-strains of each species may differ because of the genome variety of 
the Neisseria genus [166]. Variations of the number of tandem repeats preceding the gene of 
the surface protein NadA were shown to influence promoter strength and consequently 
protein expression [167]. Furthermore, repetitive single nucleotides count as simple sequence 
repeats that can cause phase variation. Expression of iron acquisition genes was shown to be 
influenced by a stretch of polyguanosines in their coding sequence [168, 169]. Strains with 
gene configurations that allow expression of the iron acquisition proteins were associated 
with a higher likelihood to be involved in invasive disease [170]. Another stretch of 
polyadenosines was identified between the -10 and -35 regions of promoter controlling a non-
coding RNA (ncRNA) [171]. Changes in numbers of adenines within the promoter most 
likely influences initiation or strength of transcription. The ncRNA was demonstrated to be 
higher expressed in bacteria grown in blood, therefore its production might specifically 
benefit survival in the host [172].  
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Figure 1  Genome plasticity and gene regulation in N. meningitidis. N. meningitidis possesses various 
ways to adapt to its environment and control gene expression, mostly by alteration within the genome. (A) Few 
DNA binding proteins influence transcription. Two-component systems (TCS) consist of a stimulus sensing 
histidine kinase (TCS H) that activates a cytoplasmic response regulator (TCS R) which binds to DNA to 
modulate gene expression. Sigma factors and transcription regulators also influence gene expression by DNA 
binding. (B) Horizontal gene transfer allows acquisition of new genes or gene repair. (C) Antigenic variation 
improves immune evasion by changing surface protein antigens. Many DNA repeats lead to changes in 
transcription and translation, dependent on their position within a gene. (D) Inverted repeats can form promoters, 
lead to gene inactivation through insertion, or cause large-scale genome re-arrangement. (E) Tandem repeats can 
cause phase variation mutations that influence gene expression by transcriptional and translational activation, or 
translational frame shifts. (F) Various repeated sequences are present within the N. meningitidis genome. They 
are used as recognition sequences for DNA uptake and recombination sites, allowing natural competence of the 
bacterium. Repeated sequences can also influence gene transcription by serving as binding sites for 
transcriptional activators. Figure not to scale. 
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All these mechanisms ensure the persistence of N. meningitidis within the human host. 
Especially HGT and hypermutation of repeated DNA sequences may be involved in survival 
of carrier strains through antigenic variation [173]. This process was shown to be critical for 
one of the most important surface proteins of the Neisseria genus. The type IV pilus, involved 
in adhesion and natural competence, undergoes antigenic variation through recombination 
driven by horizontal gene transfer and repetitive elements, as well as phase variation. Another 
virulence factor of paramount importance for immune evasion of N. meningitidis, the 
polysaccharide capsule, was shown to be influenced by an 8bp tandem repeat as well as a 
polycytidine stretch. Both virulence factors will be discussed in detail in the chapters below. 

 

2.1.2 Adhesion, invasion, and the type IV Pilus 

When N. meningitidis transfers to a new host, it must effectively attach to the new 
environment to establish colonisation. Commonly, the URT is the site of infection as N. 
meningitidis spreads through respiratory secretions expelled by a carrier [53]. The URT is 
largely exposed to the environment, thus has developed many defence mechanisms that 
bacteria need to overcome. Probably the most effective way to prevent colonisation is the 
production of mucus by the respiratory epithelial cells. Particles, as well as microorganisms 
are entrapped and movement of ciliated cells transports them to the pharynx where they can 
be expelled through coughing, or by ingestion and subsequent gastrointestinal elimination 
[174]. Further, immune system activities, antimicrobials and reactive oxygen species 
produced by epithelial and innate immune cells generate a hostile environment [175]. 

The type IV pilus 

For N. meningitidis, adhesion is mediated through its type IV pilus (Tfp). These filamentous 
structures protrude from the cell surface of many bacterial species and have been extensively 
researched. In addition to adhesion, the Tfp can be used for directional movement through 
twitching motility and enables horizontal gene transfer by taking up DNA [176]. Because of 
the pleiotropic roles it plays, considerable research has been done on Tfp for the Neisseria 
genus. Due to the close evolutionary relation as well as core genome conservation between N. 
meningitidis, N. gonorrhoeae  ̧and N. lactamica, research findings from one species are often 
extrapolated on the orthologue in the other [136, 139]. Throughout studying the Tfp in 
Neisseria, 15 genes have been identified to be essential for biogenesis and seven genes for 
specific functionalities of the pilus [177-179]. Recently, three more genes were discovered to 
be involved in Tfp biogenesis [180]. Generally, construction of the pilus starts with the 
production of the filament subunits in the cytosol as prepilins which are translocated to the 
inner cell membrane via their signal peptide [181]. Within the membrane, PilD cleaves of the 
signal sequence and the resulting functional pilins are assembled to a filament by the 
cytosolic ATPase PilF and secreted through the pore PilQ [178, 182]. The major subunit of 
the Tfp is PilE; however, other minor pilins can be incorporated to modulate its function 
[178, 179]. Located on the tip of the filament is PilC which is essential for adhesion to 
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epithelial and endothelial cells. PilC was also demonstrated to be present on the bacterial 
surface [183-185]. A second cytoplasmic ATPase, PilT, is responsible for retraction and 
disassembly of the Tfp, therefore crucial for natural transformation and twitching motility 
[186, 187]. As mentioned before, the Tfp is also involved in the natural competence of the 
Neisseria genus [188-190]. Hereby the pilus has a preference to bind the DNA uptake 
sequence [190]. A simplified illustration of the Tfp of N. meningitidis is shown in Fig 2. 

 

 

Figure 2  Simplified representation of the N. meningitidis type IV pilus structure. The type IV pilus 
(Tfp) fibre extents from the bacterial surface and is constructed of pilins, with the major subunit being PilE. 
Pilins are produced as pre-pilins and located to the inner membrane where their signal peptide is cleaved off by 
PilD. The fibre is assembled by joining the hydrophobic tail of the pilins at the alignment platform (various 
proteins, not shown here), driven through the rotation of PilF. Retraction is achieved through PilT rotation, 
which enables natural competence, twitching motility, and intimate host cell adhesion. PilC is the major adhesin 
of the Tfp and was demonstrated to be located at the tip of the Tfp filament, but also in the cell membrane. 
Peptidoglycan layer not shown. Not all components of the Tfp shown. Figure not to scale. 
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Regulation of the type IV pilus 

The Tfp is a large surface exposed protein and therefore prone to induce immune reactions 
for which its expression must be tightly controlled to promote survival within the human host. 
N. meningitidis possesses two genes encoding for PilC which are expressed independently 
but PilC1 was demonstrated to be essential for adhesion. At least one of both versions is 
needed for assembly and PilC1 undergoes phase variation (Fig 3A) [185, 191]. Four 
promoters were shown to be responsible for PilC1 expression and phase variation results in 
differential levels of the protein [191, 192]. PilC2 is only controlled by a single promoter. 
Located within the promoter region of pilC1 is a REP2 element which was shown to drive 
differential transcriptional start sites [152, 191]. The transcriptional regulator CrgA binds to 
the REP2 element which represses adhesion by down-regulating Tfp expression [193, 194]. 
Furthermore, a translational frameshift in a polyguanosine region in the signal peptide of 
PilC1 was shown to turn off protein expression in N. gonorrhoeae and N. meningitidis [195, 
196]. PilE, the major subunit of the Tfp, undergoes frequent antigenic variation through 
homologous recombination with pilS cassettes in the same genome locus (Fig 3B) [197]. 
These genetic elements are without promotor, therefore not expressed, but resemble the C-
terminus of PilE. N. meningitidis produces two kinds of Tfp, class I (a N. gonorrhoeae 
orthologue) and class II (specific to N. meningitidis), but only class I undergoes antigenic 
variation [198, 199]. Mechanisms of antigenic variations have mostly been studied on the 
orthologue pilE gene locus in N. gonorrhoeae which first showed the recombination events 
between pilS and pilE [200]. The action is dependent on the recombination protein RecA. A 
Sma/Cla repeat located on the 3′ of pilE increases efficiency of the process because it 
resembles recombinase binding sites [201, 202]. It was reported that different strains show 
varying numbers of pilS cassettes adjacent to the pilE gene (e.g., eight in N. meningitidis 
strain MC58). How the number of pilS cassettes influences the ability of antigenic variation 
of pilE remains to be elucidated [198]. Another sequence on the 5′ region of pilE forms a 
guanine quartet (G4) and has been shown to be essential for recombination [203]. The 
formation of this DNA G4 structure is further induced by an ncRNA which might be the 
initiating step for antigenic variation of PilE [204]. In N. meningitidis another ncRNA was 
demonstrated to be encoded antisense to pilE. Transcription of the ncRNA was associated 
with reduced efficacy of antigenic variation and interference with the G4 structure in pilE is 
suggested as a possible mechanism [205]. Hypervariable regions of PilE were shown to be 
surface exposed and mainly thought to influence immune system reactions. However, 
antigenic variation also influences adhesive effectiveness and manipulates host cell responses 
[206-208]. Variations of PilC and PilE are further suggested to be an important contributor to 
invasive disease [196]. An intricate regulation of the Tfp seems sensible, considering the 
elaborate process of colonisation and invasion that N. meningitidis exhibits. 
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Figure 3 Regulation of PilC and PilE expression. (A) PilC is expressed from two loci on the N. 
meningitidis genome, pilC1 and pilC2. In pilC1, a polyguanosine region causes a frame shift which inhibits 
PilC1 expression. Four promoters enable phase variation of PilC1 expression with two promoters located within 
a REP2 repeat. A CrgA binding site negatively influences gene expression upon CrgA binding. (B) The pilE 
gene undergoes antigenic variation, driven by non-transcribed pilS cassettes (only three shown; the N. 
meningitidis strain MC58 possesses eight pilS cassettes). A Sma/Cla (S/C) repeat serves as a recombinase 
binding site and facilitates recombination of pilE with pilS. Antigenic variation is driven by a guanine quartet 
(G-quartet) located 5′ of the pilE transcriptional start site. An adjacent antisense RNA is expressed in N. 
gonorrhoeae (AS NG) to enable formation of the G-quartet. In N. meningitidis, an antisense RNA (AS NM) is 
expressed from the 3′- end of pilE and influences antigenic variation. (Arrow + PX) Promoter of respective 
gene. Figure not to scale. 

 

Colonisation and invasion of epithelial cells in the upper respiratory tract 

Colonisation of encapsulated N. meningitidis to epithelial cells can be divided into two 
stages: an initial adhesion and intimate adhesion (Fig 4). In the nasopharynx, N. meningitidis 
selectively targets non-ciliated columnar cells [209]. Upon first contact, their Tfp is the most 
important factor to establish adhesion. This filamentous structure extending from the surface 
of the bacteria binds to the epithelial surface through the pilus subunit PilC, which is located 
on its tip [184]. CD46 on the epithelial cells has been proposed as receptor of the Tfp; 
however, contradicting results have been found [210, 211]. The bacteria then form 
microaggregates which is mediated by the minor pilus subunits PilX and PilW [177] [212, 
213]. Once the aggregative state is reached, the bacteria induce actin remodelling on the inner 
face of the cell membrane. This cortical plaque formation is the result of recruitment of cell 
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surface cytoskeleton and specific membrane spanning proteins in a Tfp dependent process 
[212, 214]. The recruitment of the cytoskeleton modulating proteins leads to the formation of 
microvilli which surround the bacteria. They may further enclose the bacteria and cause 
endocytosis, leading to cell entry and traversal to the subepithelial tissue [209, 215, 216]. As 
mentioned above, PilC1, which is involved in the initial attachment, is upregulated upon cell 
contact through activation of a differential promoter of a REP2 sequence [191]. This 
repeatable sequence is located in front of 13 other genes which are activated during cell 
contact, including CrgA, a transcriptional regulator of intimate adhesion [152, 153]. The two-
component system MisS/MisR was shown to bind to these REP2 sequences and control 
expression of genes associated with them [217]. It could be speculated that phase variation 
might influence the ability of MisR to recognise its interaction sequence and modulate the 
adhesion process. 

Once initial attachment is established, the bacteria multiply and eventually disperse into 
single bacteria to spread over the epithelial surface and establish intimate adhesion. Dispersal 
is induced through lactate produced by host cells which might serve as a signal for N. 
meningitidis to be in the right environment to do so [218]. The Tfp retraction ATPase PilT 
and the phosphoglycerol transferase are essential for that process [219, 220]. Addition of a 
phosphoglycerol to the PilE by the phosphoglycerol transferase PptB disrupts interaction of 
the Tfp with each other. A mutant of the enzyme leads to drastically reduced release of 
bacteria from aggregates as well as translocation through epithelial cells [220]. Interestingly, 
PptB is also one of the genes that are preceded by a REP2 sequence and is upregulated during 
cell contact [153]. The single N. meningitidis released from the aggregates will re-attach to 
the epithelial surface to form a monolayer of bacterial cells [216]. The Tfp retraction ATPase 
PilT is responsible to bring the bacteria in close contact with the cell surface and further 
removes the Tfp from the bacterial surface. This action further is involved in driving 
disappearance of epithelial cell microvilli [219]. Formation of pedestals through actin 
polymerisation beneath the bacteria has been demonstrated to enable internalisation of N. 
meningitidis [216]. Upon close contact with host cells, the polysaccharide capsule is 
downregulated through the actions of CrgA, consequently surface proteins uncover to boost 
adhesion [193, 221]. The most studied of these are the opacity proteins Opa and Opc which 
were demonstrated to mediate strong adhesion and invasion of cells when exposed [222-224]. 
Like the Tfp, these membrane-bound proteins undergo antigenic variation. Expression of opa 
can be switched on or off by frame shift mutations of a sequence repeat in its coding region. 
Further, Opa possesses two hypervariable domains that can change the amino acid 
composition of surface exposed loops [225]. Levels of Opc are controlled through frame 
shifts of a polycytidine repeat within its promoter region [226].  
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Figure 4 Epithelial cell adhesion and invasion of N. meningitidis. Initial adhesion is enabled by PilC 
interacting with a host cell receptor, possibly CD46. The bacteria proliferate to form microcolonies in a PilX and 
PilW dependent manner. Host cell surface cytoskeleton re-arrangement is induced beneath the bacteria leading 
to the formation of microvilli. The process is dependent on PilV. Microvilli might lead to internalisation of the 
bacteria. Subsequently, microcolonies are dispersed, dependent on PilT and pilin modification through PptB. 
Single bacteria then re-attach to epithelial cell. PilT drives close association with the cell surface, and surface 
proteins like Opa and Opc serve as adhesins in this stage. Host cell actin re-arrangement is observed beneath the 
bacteria. Intimate adhesion may be followed by internalisation of the bacteria. Adhesion is influenced through 
the actions of REP2 repeats in several genes involved in the adhesion process. The two-component system 
(TCS) MisS/MisR is associated with REP2-dependent regulation. Phase variation influences expression in PilC, 
Opa and Opc. Opa further undergoes antigenic variation. Proteins influencing specific stages are listed below the 
respective illustration. Figure not to scale. 

 

Blood stream survival and invasion of the cerebrospinal fluid 

When N. meningitidis enters the blood stream, it encounters immense pressure from the 
immune system. At the same time, it is able to attach to endothelial cells of the blood vessels 
in the similar manner as to epithelial cells. However, N. meningitidis possesses several 
abilities that facilitate adhesion and proliferation in the blood stream (Fig 5). Colonisation of 
the endothelium is promoted by the interaction of the pilus with the endothelial receptor 
CD147 [227]. Once attached to the endothelium, N. meningitidis forms a cortical plaque and 
microvilli through actin remodelling in similar fashion as in epithelial colonisation. The 
bacterium is able to cross the cell layer, induced through microvilli mediated internalisation 
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[228]. Because initial attachment to the endothelium is weak, the current of the blood stream 
would dislodge them easily. Therefore, places with low shearing force, like microscopic 
capillaries, are most likely to be colonised. Endothelial cell surface remodelling and 
microvilli formed on the cell surface were shown to be a crucial factor to protect from the 
forces of the blood stream current [229]. Once attached, microcolonies form and 
subsequently advances to accumulation of bacterial mass blockage and of blood vessels. 
Accompanied by red blood cell coagulation, thrombosis and vascular leakage, the process 
contributes to the characteristic purpura fulminans of N. meningitidis septicaemia (Fig 5) [75, 
230]. The diminished blood supply and over-stimulated inflammatory processes for an 
extended duration can lead to the necrosis associated with the disease [231].  

Crossing of the blood-brain barrier (BBB) specifically was proposed to be due to recruitment 
of the β2-adrenoceptor of endothelial cells which ultimately reshapes their cytoskeleton into 
the cortical plaque and enhances adhesive abilities (Fig 5). The interaction however does not 
lead to endocytosis and internalisation of the bacteria [232]. Instead, actin remodelling and 
further recruitment of other cellular proteins, including those involved in intercellular 
junctions, promotes crossing of the endothelium. The mechanism leads to loosening of 
adherence junctions between cells and creates a physiological passage for the bacteria [233]. 
Why N. meningitidis traverses the BBB remains elusive and is speculated to be an unlucky 
event, probably driven through differential expression of adhesive properties. Examination of 
a fatal case of untreated septicaemia with onset of CSF invasion confirmed that N. 
meningitidis can adhere to the endothelial cells of the choroid plexus of the brain. It was 
further demonstrated that a phenotypic switch to higher expression of PilC1 is associated with 
bacteria specifically attached to the BBB endothelium and the CSF. Bacteria isolated from 
the blood expressed less PilC1 and established weaker adherence to endothelial cells in vitro 
than bacteria isolated from the choroid plexus endothelium or CSF [234]. 

The many transitions that N. meningitidis undergoes lead to constant changes in expression of 
surface molecules. However, their exposure may evoke immune reactions. Therefore, the 
bacterium has developed several actions to regulate the display of those molecules as well as 
strategies to directly evade the immune response. 
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Figure 5 Endothelial adhesion and invasion of N. meningitidis. Initial adhesion is enabled through the 
Tfp binding to CD147 on the surface of endothelial cells. Host cell cytoskeleton re-arrangement leads to 
formation of microvilli. Re-shaping the cell surface protects N. meningitidis from shearing forces of the blood 
stream and enables internalisation into the cell. Cytoskeleton re-arrangement furthers induce the re-location of 
cell polarity complexes and cell junction proteins. Consequently, adherence junctions between the cells loosen 
and provide a physical passage of N meningitidis. Colonisation of blood vessels leads to accumulation of 
bacterial mass, causing blockage and vascular leakage. Figure not to scale. 

 

2.1.3 Immune evasion and the capsule 

Microorganisms colonising the URT are under constant engagement with the immune system 
and upon reaching the blood stream, the pressure from host defence mechanisms increases 
drastically. Not only are they attacked by immune cells, but they also must endure an 
onslaught by antimicrobial peptides and the complement system which ultimately leads to 
lysis of the bacteria. 

Antimicrobial peptides are important molecules of the human body for first-line defence 
against microorganisms. The cathelicidin LL-37 is produced by many cells including the 
neutrophils and the URT epithelium, where N. meningitidis resides [235-237]. LL-37 binds to 
bacterial membranes to induce formation of holes, leading to leakage and ultimately lysis 
[238]. N. meningitidis defends itself against LL-37 by modifying the LOS lipid A component 
with phosphoethanolamine by LptA (LPS phosphoethenolamine transferase). That 
modification of lipid A leads to resistance to several cationic antimicrobial peptides. The 
MtrCDE efflux pump was further demonstrated to be involved in surviving these defence 
mechanisms (Fig 6) [239]. Another antimicrobial peptide is lactoferrin which is secreted by 
epithelial cell and directly binds iron, an important nutrient for bacteria. Therefore, 
sequestering iron is an efficient anti-microbial growth strategy. Lactoferrin is further 
proposed to exhibit certain antimicrobial properties through binding to lipopolysaccharide 
[240]. N. meningitidis has developed lactoferrin-binding proteins to directly acquire iron from 
the protein and thus overcomes the host defence strategy to starve invading organisms of 
nutrients (Fig 6) [241].  



 

 21 

 

Figure 6 Antimicrobial strategies of the human body and resulting defensive strategies of N. 
meningitidis. Opsonisation (C3b deposition, antibody binding of antigens) on bacterial membranes increases 
internalisation by phagocytotic cells. C3b deposition leads to progression of the complement cascade and 
formation of the membrane attack complex (MAC) which lyses bacteria. The human body inhibits microbial 
growth by actively restricting access to iron lactoferrin and transferrin. Antimicrobial peptides (AMP) can lyse 
cells by membrane destabilisation or pore formation. N. meningitidis can bind to lactoferrin and transferrin, 
directly extracting iron from the proteins. Modification of the lipid A component of lipooligosaccharide (LOS) 
by the LPS phosphoethenolamine transferase (LptA) protects from binding of AMPs to the hydrophobic 
component of lipid A and membrane destabilisation. Binding of Factor H to the bacterial surface by sialylated 
LOS or Factor H binding protein (FHbp) protects from C3b position, preventing MAC formation and 
phagocytosis. Antigenic variation hinders further opsonisation with antibodies. The multiple transferable 
resistance CDE (MtrCDE) efflux pump expulses intracellular AMPs and other antimicrobials. Figure not to 
scale. 

 

Within the blood stream, the complement system of the innate immune system reacts on 
invading microorganism to incapacitate and ultimately lyse them. An important strategy of N. 
meningitidis for survival against the complement system is directly binding human factor H 
through the surface proteins NspA (Neisserial Surface Protein A) and FHbp (Factor H 
binding protein) [242-244]. The protein inhibits the cleavage of C3, therefore interrupting the 
progression of the complement cascade. Recruitment of factor H to LOS modified by sialic 
acids expands the arsenal in which N. meningitidis subverts components of the complement 
system for its own survival (Fig 6) [245, 246]. Sialic acids are commonly used by the human 
body to regulate the immune system and prevent over-reactivity [247]. This mechanism is 
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used by N. meningitidis to modify its own surfaces, specifically lipooligosaccharide [248, 
249]. LOS itself is a variant of lipopolysaccharides of other Gram-negative bacteria although 
it has a slightly different structure. It is anchored to the bacterial membrane by lipid A but 
lacks the outward extending O-antigen and is therefore of lower molecular weight [250]. 
Sialylated LOS protects N. meningitidis from phagocytosis by dendritic cells and confers 
serum killing resistance [251, 252]. LOS appears to be of particular importance in initial 
systemic infection and induces strong inflammatory reactions [253-255]. Rising levels of 
LOS in the blood stream are correlated with fulminant bacteraemia and fatal progression of 
disease [77]. 

The polysaccharide capsule 

The major factor behind the survival of N. meningitidis within the host and success as a 
pathogen is the polysaccharide capsule, on which serogrouping is based. Unencapsulated 
strains have rarely been reported to cause disease and are more associated with carriage [256-
258]. The capsule locus is one of three major differences of N. meningitidis genome 
compared to N. gonorrhoeae and is theorised to be an important factor to their differential 
host interaction [259]. Currently, 12 serogroups are described and characterised, and only 6 
have been described to cause disease outbreaks. This diversity of the capsule is a further 
example of how genome variability between strains of N. meningitidis can influence its 
pathogenicity. While the general composition of the capsule is similar between strains, small 
differences in genetic locus arrangement and the addition or removal of genes leads to 
variations its construction and regulation [260]. Furthermore, N. meningitidis can quickly 
change its capsule type through HGT by acquiring the capsular gene locus from other 
serogroups colonising the same area [261, 262]. Invasive strains have even been shown to 
change their capsule within patients [263]. Another study showed that vaccination against a 
serogroup can induce carrier strains to capsule switch [264].  

N. meningitidis serogroup B incorporates sialic acid in their capsule and an unencapsulated 
mutant has been demonstrated to be extensively killed in infected rats. The activated 
complement system was proposed to be the major reason behind the effect [265]. Serogroup 
B was also shown to be killed by human serum when lacking capsule production [266]. The 
sialylation was found to be key to that complement resistance because deleting the gene for 
the sialic acid transferase produced the same serum sensitivity (Fig 7). Surface modification 
with sialic acids further protects from IgA deposition that would otherwise induce 
inflammatory responses by immune cells in blood [267]. The serogroup B capsule was 
further demonstrated to inhibit the formation of the membrane attack complex, the terminal 
part of the complement cascade [268]. Resistance to complement-mediated killing has been 
demonstrated for other capsule serotypes as well [269]. The capsule has further been shown 
to protect against internalisation by phagocytic immune cells. Monocytes were first reported 
to internalise unencapsulated bacteria better than encapsulated ones [270]. Capsule can delay 
fusion of the phagosome with the lysosome when bacteria have been phagocytosed by 
macrophages. This delay does not prevent bacterial clearance as both encapsulated and non-
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capsulated bacteria are cleared with equal efficiency [271]. In dendritic cells, an important 
part of initial immune response, phagocytosis as well as phagosomal degradation were 
markedly reduced for encapsulated N. meningitidis [251, 272]. 

While essential for survival, the capsule seems to be an obstacle for colonisation and invasion 
of epithelial cells as it may occlude surface exposed adhesive proteins (Fig 7) [222]. Capsule 
production has been shown to be less during cell adhesion and internalisation experiments, 
suggesting that the bacteria actively downregulate the capsule upon cell interaction [193, 273-
275]. Other studies confirmed the results but also showed that the capsule plays a role in 
surviving inside the cells. The results suggest that a switch to higher capsule expression is 
made within the cell to protect the bacteria from attacks by protegrins and cathelicidins, both 
antimicrobial peptides (Fig 7) [276]. This indicates that capsule production is very tightly 
controlled with reversible on and off switches which facilitate quick transition between 
colonisation and invasion. Rapid adaption is sensible as the bacteria are attacked immediately 
by immune factors once they reach the blood. Immunogenic proteins are covered by the 
polysaccharides and factors of the complement system are not able to bind to the bacteria 
[269]. However, the bacteria can cross the blood-brain-barrier which suggests that the capsule 
again is differentially regulated to enable adherence to endothelial cells. Upon crossing the 
blood-brain barrier the capsule is once more upregulated to ensure intracellular survival 
[277]. 

 

Figure 7 The polysaccharide capsule of N. meningitidis. The polysaccharide capsule covers N. 
meningitidis, which prevents antimicrobial peptides, C3b and antibodies to reach the surface of the bacterium, 
protecting from antimicrobial actions and opsonisation. Inhibition of opsonisation further protects from 
phagocytosis. The capsule can cover bacterial cell surface proteins and inhibit their function. For example, 
occlusion of the Opa and Opc proteins impedes adhesion. Figure not to scale. 
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Regulation of capsule production 

Importance of maintaining a proper capsule surface expression is signified by the multiple 
levels of its regulation (Fig 8). The capsular locus is divided into two divergent gene clusters, 
one for synthesis and one for transport. In serogroups that produce sialic acid containing 
capsules (B, C, Y, W-135), their respective transcriptional start sites are separated only by a 
few base pairs and the promoters for each almost overlap. This results in a long 5′-
untranslated region (UTR) of the capsular synthesis mRNA and is crucial for several levels of 
regulation. It contains direct repeat as well as inverted repeat sequences which were both 
shown to influence expression of the capsule [278, 279]. The direct repeats were later 
demonstrated to be involved in an RNA thermosensor (RNAT) that influences translation 
depending on temperature [280]. N. meningitidis which grew inside cells exhibited disrupted 
capsular synthesis caused by the insertable element IS1301 which was discovered within the 
coding sequence of cssA. This switch to an unencapsulated phenotype might be beneficial to 
the bacteria because a large proportion of the intracellular population had IS1301 inserted at 
the same position [273]. This contradicts with later reports of the capsule to be important for 
intracellular survival [276]. Possibly, initial internalisation selects for less encapsulated 
bacteria due to better adhesion properties. Once within the cell, a genotype with higher 
capsule expression might thrive better. The first study demonstrated reversibility of the 
insertion event and the second study showed severely reduced survival of unencapsulated 
bacteria within the cell [273, 276]. However, when IS1310 is inserted in the 5′-UTR of cssA, 
it leads to dramatic upregulation of capsule on the bacterial surface. Consequently, the 
bacteria were much more resistant to complement-mediated killing [281]. The two-
component response regulator MisR was shown to repressively control the capsule synthesis 
and transport gene expression. MisR binds to the promoter region of the cps locus and 
mutants of the system were hypercapsulated and exhibited higher serum resistance [274, 
282]. The transcriptional factor CrgA was found to be involved in downregulation of capsule 
during intimate adhesion with host cells; however, the exact process could not be defined 
[153]. Further, a frame shift caused in a polycytidine stretch in the serogroup B cssD gene 
was shown to turn capsule expression on and off during cell adhesion and invasion. That 
same frame shift could be associated with strains collected from an outbreak of IMD. Due to 
the genetic variation, carrier isolates were unencapsulated and disease-causing bacteria 
expressed capsule [283].  

The polysaccharide capsule seems to be indispensable for N. meningitidis to survive within 
its host but at the same time a major hindrance to establish colonisation. Therefore, the 
capsule is controlled by multiple levels like transcriptional regulators, insertion sequences and 
various frame shifts that lead to transcriptional and translational changes. A mistake in the 
fine-tuning process could lead to higher invasiveness of the bacteria. 
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Figure 8 Gene regulation of the capsule in N. meningitidis serogroup B, C, W-135 and Y. The 
capsular locus of N. meningitidis serogroup B, C, W-135 and Y consist of two divergent gene clusters. Capsular 
synthesis proteins are encoded by css genes, and capsular export proteins are encoded by ctr genes. The 
promoters for both gene clusters almost overlap, and MisR and CrgA negatively regulate their transcription. An 
RNA thermosensor (RNAT) within the css mRNA 5′-UTR controls the translation of cssA in a temperature-
dependent manner. That process is influenced by phase variation through a tandem repeat within the RNAT. The 
IS1310 can insert into the 5′-UTR which leads to hypercapsulation of the bacterium. Conversely, insertion of 
IS1310 within cssA leads to loss of encapsulation. Capsule expression is further enabled or disabled by phase 
variation of cssD caused by a frame shift. (Arrow + PX) Promoter of respective gene. Figure not to scale. 

 

2.1.4 Nutrient acquisition ensures survival of N. meningitidis within the host 

N. meningitidis colonises a hostile environment with many host defences constantly engaging 
the bacteria. In the presumably nutrient poor environment of the nasopharynx, the human 
body uses the common antimicrobial strategy of sequestering essential molecules for 
microbial growth. To counteract this, the bacterium needs a large repertoire of nutrient 
acquisition or de novo synthesis pathways [284]. A selection of strategies to scavenge 
nutrients and boost virulence will be described below. 

Sequestration of iron is one of the most potent ways to prevent microbial growth and active 
secretion of lactoferrin in mucosal surfaces achieves an iron depleted environment [240]. 
Within the blood, iron is mostly bound in haemoglobin and transferrin [285, 286]. 
Scavenging of the nutrient from these proteins is therefore a major strategy of N. 
meningitidis. Expression of transferrin binding and lactoferrin binding proteins enables 
extraction of the bound iron (Fig 9) [241, 287]. Tropism for human transferrin and lactoferrin 
is a reason for colonisation specificity of N. meningitidis and N. gonorrhoeae towards 
humans [241, 288]. However, the surface exposed iron acquisition proteins can elicit an 
immune response and are therefore well regulated. The gene loci of both proteins are 
preceded by ferric uptake regulator (Fur) binding sites, a global regulator of iron acquisition 
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and storage in Neisseria [289, 290]. When starved of iron, the genes for transferrin binding 
protein and lactoferrin binding protein genes are activated by dissociation of Fur and 
initiation of transcription [241, 291]. In total, Fur influences the expression of 89 genes of 
which 54 are directly affected by iron availability [292, 293]. An ncRNA regulated by Fur is 
NrrF which leads to an additional level of iron storage regulation [294, 295]. Because iron is 
such a limiting factor for microbial growth, research indicates that the Fur regulon is an 
evolutionary old system as many bacterial species rely on it [296]. N. meningitidis is no 
exception and relies on Fur to regulate an entire network of iron acquisition mechanisms. In 
addition, it has developed a way to circumvent the antimicrobial tactic of active iron 
depletion by the human body through the expression of lactoferrin binding proteins. 

Another nutrient that is limited within the nasopharynx is glucose as it is actively removed 
from the mucosa in an attempt to prevent microbial proliferation [297]. Yet N. meningitidis is 
an efficient oxidiser of another carbon source readily available in the mucosa: lactate [298]. 
In growth experiments, supplementing lactate boosts the replication rate of N. meningitidis 
and its availability in the CSF was demonstrated to enhance growth of the bacterium (Fig 9) 
[299]. Acquisition is executed through a lactate permease which was shown to be important 
for nasopharyngeal colonisation [300]. The step probably leads to the lactate driven dispersal 
of microcolonies after initial adhesion to epithelial cells which is essential for intimate 
adhesion [218]. Lactate is further easily convertible into pyruvate and needs fewer steps than 
glucose metabolism to be fed into the sialic acid biosynthesis pathway. Therefore it is 
speculated that lactate is an important contributor to immune evasion by N. meningitidis 
[301]. Sialic acid containing capsules and sialylated LOS have been demonstrated to 
influence complement resistance [266]. The capsule seems to be the major driver of 
resistance, as a protective effect by LOS sialylation could only be demonstrated in 
unencapsulated bacteria [266, 302]. However, in N. gonorrhoeae the LOS sialylation is 
known to be important, most likely because they are naturally not producing a capsule [303]. 
The ability to take up and metabolise lactate demonstrates how efficiently N meningitidis 
overcomes the antimicrobial actions of the human host. It further uses lactate as a precursor 
for sialic acid synthesis, a compound essential for molecular mimicry and immune evasion.  

Hypothetically, most nutrients that N. meningitidis receives in an environment like the 
nasopharynx, are derived from lysed host cells or colonising microorganisms. De novo 
biosynthesis is therefore a possibility to use the available nutrients to produce molecules like 
amino acids and nucleotides. N. meningitidis growth can generally be enhanced through 
external supply of glutamate and cysteine / cystine [304]. Glutamate is transported into the 
bacterial cell by l-glutamate ABC transporter, which seems to be involved in internalisation 
into host cells [305]. The amino acid is also implicated to be crucial for survival and 
virulence. Acquisition of glutamate leads to the production of glutathione which is important 
to protect from oxidative bursts through reactive oxygen species (ROS) generated by 
neutrophils. Consequently, the bacteria are more likely to survive in vivo [306]. The ability to 
take up cysteine was shown to promote host cell internalisation, but ROS resistance through 
conversion of cysteine to glutathione was not affected by removal of cysteine acquisition 
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genes. [307]. Therefore, the availability of the amino acids in the surroundings might invoke 
mechanisms in N. meningitidis that start the invasive process, similar to host cell derived 
lactate [218, 305, 307]. The hypothesis is supported by two studies that analysed gene 
expression, or by a transposon knockout library of all genes in N. meningitidis. The first is a 
comprehensive study of several other research articles and uncovers that many genes 
involved in nutrition acquisition and metabolism are associated with cell adhesion, 
internalisation, and survival in blood (Fig 9) [308]. The second study identified 288 genes 
that are necessary for colonisation of host cells in vitro, of which 151 specifically influence 
epithelial adhesion and 29 the adherence to endothelial cells. Of the identified genes, 108 are 
involved in metabolism and 16 are transporter proteins. Although the study’s threshold of 
defining essential genes was arbitrary, it signifies that host cell interaction is dependent on 
functional nutrient acquisition and synthesis – even in a rich cell culture medium [309]. 

 

Figure 9 Selected, niche specific nutrient acquisition strategies of N. meningitidis. Lactate can be 
used as precursor for pyruvate which fuels the tricarboxylic acid cycle (TCA). Most importantly, lactate is 
metabolised into sialic acids, essential for surface modifications to evade the immune system. Many nutrients 
have been associated with inducing intimate adhesion, including lactate. Restriction of iron is overcome by 
directly extracting it from lactoferrin or transferrin. Figure not to scale. 

 

The second study further identified many ncRNAs, several of which were essential for 
growth and host cell adhesion [309]. These ncRNAs are a mean to achieve transcriptional or 
translational control without involving proteins. Their action is therefore considered faster 
and energy conserving, as no protein needs to be synthesised prior achieving an effect. It can 
be assumed that N. meningitidis relies on this special regulatory mechanism since not many 
transcription and sigma factors have been identified in the bacterium. One reason could be the 
ever-changing environment by transmission and invasion of N. meningitidis. When spreading 
to a new host, the bacterium needs to establish colonisation, internalise into cells, survive 
immune responses, thrive in the blood, colonise endothelial cells and survive in the CSF. 
Quick adaptation therefore seems reasonable which can be achieved through RNA-mediated 
gene regulation, of which some examples have already been introduced in the chapters above. 
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2.2 RNA REGULATION IN BACTERIA 

Crucial to the survival and proliferation of bacteria in any situation, be it within or outside of 
a host organism, is their ability to adapt rapidly to changes in the local milieu. Regulation of 
gene expression in response to changes in the surrounding environment is therefore of great 
importance to bacterial survival. Pathogens in particular have to transition through many 
different environments, most of them hostile, and adapt to each in turn. Bacteria react to 
external stimuli in several ways such as through transcription factors and various sigma 
factors. Upon activation, transcription factors can bind to (or release from) specific parts of 
the genome to initiate (or stop) gene expression. During specific conditions, certain sigma 
factors can bind designated promoter regions and trigger assembly of the RNA polymerase 
machinery to initiate transcription. For both processes, a secondary metabolic product is often 
necessary and synthesis of whole mRNAs and proteins can be time-consuming and energy 
demanding [310, 311]. Besides transcriptional factor-mediated regulation, RNA-based 
control of gene expression provides a less energy- and time-consuming alternative. With the 
advance of whole transcriptome analysis, an expanding catalogue of ncRNAs is identified in 
bacteria; however, their function remains largely unstudied [171, 312-314]. The bacterial 
ncRNAs are structurally highly diverse and fulfil many different tasks. Small ncRNAs are 
trans-acting and bind to target RNA or proteins. Cis-acting RNA elements are encoded 
within UTR of mRNAs and exert their regulatory function on the same molecule. Through 
their actions, ncRNAs can either induce or impede gene expression and are an energetically 
cost-efficient alternative to protein based gene regulation [315].  

 

2.2.1 Cis-acting ncRNAs 

Cis-acting ncRNAs in bacteria are encoded on the untranslated regions of an mRNA to 
regulate gene expression. 5´-UTRs sense stimuli and either change transcriptional read 
through or the initiation of translation. One example of such a cis-acting element is the 
riboswitch – a structure which often regulates genes involved in metabolism [316-320]. 
Riboswitches possess an aptamer, a sequence on the 5′-UTR, binding to specific ligands 
which leads to change of the secondary structure. As a result, intrinsic termination may be 
induced. Similarly, translation can be activated or inhibited by altering accessibility to the 
ribosome binding site. In both cases, the expression platform downstream of the aptamer is 
influenced and protein production altered (Fig 10) [321]. Riboswitches were first discovered 
in E. coli and Bacillus subtilis as thiamine pyrophosphate (TPP) sensing 5′-UTRs [318, 319, 
322]. TPP is a derivative of thiamine (Vitamin B1, essential for humans) and used by many 
enzymes to catalyse reactions, most famously in the tricarboxylic acid (TCA) cycle. Turning 
off expression of proteins involved in thiamine biosynthesis is sensible when the molecule is 
readily available because it conserves energy which can be used elsewhere. This particular 
mechanism seems to be so effective that TPP riboswitch structures have also been found in 
many bacterial species, some eukaryotes, and have been predicted in one archaeal genus 
[323, 324].  
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Figure 10 Principal mechanism of the translational (thiM) and transcriptional (thiC) TPP 
riboswitches in E. coli. The TPP riboswitch is located on 5′-UTRs of the thiM or thiC mRNA and consists of 
two elements: the ligand binding aptamer, and the expression platform which controls transcription or 
translation. If no TPP is available, gene expression for de novo synthesis of thiamine is initiated. Translation of 
thiM mRNA, or full transcription of the thiC gene is allowed by the configuration of the expression platform 
within their respective 5′-UTRs. If TPP is readily available, it is bound by the aptamer which induces a 
secondary structure change of the expression platform. On the thiM mRNA, a stem-loop is formed which 
occludes the ribosome binding site (RBS), blocking translation. In thiC, a stem-loop is formed which induces 
transcription termination, preventing full transcription of the thiC mRNA. Figure not to scale. 

 

A particular interesting specimen of riboswitches is the S-adenosylmethionine (SAM) 
riboswitch of Listeria monocytogenes. Upon binding SAM, the secondary structure of the 5´-
UTR changes and forms a stem-loop that enforces transcriptional termination, possibly to 
alter methionine and cysteine metabolism [325, 326]. The prematurely discontinued short 
RNA product was shown to operate as a trans-acting element by base-pairing the prfA 
mRNA and downregulate the synthesis of PrfA, the master regulator of listerial virulence 
[326].  

Remarkably, PrfA itself is further regulated via yet another cis-acting regulatory RNA 
mechanism, an RNAT. These elements form stem-loops in the mRNA 5´-UTR which 
occlude the ribosome binding site at certain temperatures, blocking translation as a result (Fig 
11). When temperatures rise, molecular movement loosens these structures, ribosomes can 
bind to the mRNA and initiate translation.  
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Figure 11 Principal functionality of an RNAT activating translation upon increase temperature. 
RNATs are elements on the 5′-UTR of mRNA that control translation in a temperature dependent matter. In an 
RNAT that senses increasing temperature, a stem-loop is formed at low temperature. This occludes the ribosome 
binding site (RBS), inhibiting translation of the protein coding sequence (CDS). When the surrounding 
temperature increases, molecular movements lead to higher accessibility of the RBS, allowing the ribosome to 
initiate translation. The action is reversible and may occur as an on/off-switch, or rheostat-like fashion. Figure 
not to scale and reproduced from [327]. 

 

First described in a bacteriophage (although lower temperatures induce translation here), the 
mechanism was discovered to be present in many prokaryotes [328-330]. L. monocytogenes 
uses an RNAT to sense when it enters the human body (~37°C) from the environment 
(usually well below 37°C), consequently activating its virulence genes via upregulation of 
PrfA. Having pre-formed mRNA but not translating it is energetically favourable for the 
bacteria, as it is instantly able to produce protein but only when needed [331]. In N. 
meningitidis, numerous RNA thermometers have been discovered and described to be 
associated with its virulence. Proteins involved in capsule production or sialylation of 
lipooligosaccharides are governed by temperature responsive RNA elements and are both 
involved in immune evasion. Different to L. monocytogenes, a rheostat regulation appears to 
be important for the capsule to constrain over-production in an environment with constantly 
fluctuating temperatures [280]. The translational regulation of Factor H binding protein 
which protects N. meningitidis from the complement system was found to be similar [280, 
332]. For the neisserial capsule RNAT, a structure has been reported by using nuclear 
magnetic resonance. Concordant with the gradual increase of protein expression it was shown 
that the RNA structure progressively opens up as environmental conditions become warmer. 
Over the course of this temperature increment the ribosome binding site becomes more and 
more accessible, boosting translation rates [333]. Many other RNATs have been described to 
activate translation upon rising temperatures in bacterial pathogens (Fig 12). The inverse 
functionality has been demonstrated for cold shock proteins (CSP) in E. coli, L. 
monocytogenes, and S. aureus. For all three, the 5′-UTR structure of the CSP-mRNAs is 
suggested to form an RBS-occluding stem-loop at 37°C. At environmental temperatures, the 
secondary structure changes to allow ribosome binding and translation [334-336]. E. coli, L. 
monocytogenes, and S. aureus can survive on inanimate surfaces, indicating that RNATs not 
only sense the host-environment but also help to survive outside the host. 
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Figure 12 Selection of identified RNATs in human pathogens. Virulence genes that are controlled by 
RNATs in several human pathogens are displayed underneath the species name. A structure of the stem-loop 
responsible for temperature sensing is displayed, with location of the occluded ribosome binding site in red. 
Figure not to scale and reproduced from [327]. 

 

While RNAT sequences are often different between the various species, a bias towards 
certain configurations is observed. Thus, classical sequence analyses are of little help to 
identify temperature responsive elements and are suggested to include structural criteria [337, 
338]. A combination of structure sensitive ribonucleases and RNA sequencing has been 
proposed to experimentally shed light into the transcriptome wide distribution of RNA 
thermometers [339].  

 

2.2.2 Trans-acting ncRNAs 

In bacteria, trans-acting ncRNA (often referred to as small RNA, sRNA) can inhibit protein 
function or interfere with mRNAs. Their target RNA binding is driven by complementary 
base pairing, although the sequences are not always fully identical. Only a short consensus 
sequence is necessary for an initial strong and brief binding. These RNA-RNA hybrids can be 
degraded rapidly, thus negatively influencing protein production from mRNA targets. Trans-
acting ncRNAs can also bind to an mRNA, consequently disturb secondary structures, and by 
doing so either open or close ribosome binding sites to alter translation rates. RNA chaperone 
proteins, such as Hfq, can help in initiating and stabilising the interaction between two RNAs. 
The protein is conserved in many bacteria and possesses three RNA binding sites, underlining 
its ability to bring an sRNA in close proximity to its target [340]. In E. coli, the protective 
effect of Hfq from degradation by RNases is achieved by specifically binding to sequences 
that are recognised by RNase E [341]. The two RNA chaperones Hfq and ProQ were 
demonstrated to exist in N. meningitidis and to be important for proper cellular functions 
[342-344]. Moreover, sRNAs can be part of much bigger regulatory networks to fine tune 
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specific processes. In E. coli, the sRNA RyhB is negatively regulated by the transcription 
factor Fur (ferric uptake regulator) which supresses iron storage [345]. RyhB has a large 
number of targets, with various modes of action to influence their gene expression (Fig 13) 
[346]. During high iron conditions, Fur represses iron uptake, but promotes iron storage by 
inhibiting RyhB expression. Under low iron conditions, iron uptake is increased, and storage 
decreased through higher RyhB levels [347]. Non-coding RNAs with the same function were 
identified in N. meningitidis as NrrF, and H. influenzae as HrrF [294, 295, 348]. NrrF also 
controls cytochrome bc1 of the respiratory chain – a protein complex that relies on iron to 
function [349]. Given the central role of the sRNA in acquiring iron from an environment that 
not easily provides the nutrient, genes in the regulatory network of Fur and RyhB (and NrrF) 
are involved in virulence of various pathogens [350].  

In N. meningitidis, two other sRNAs have been characterised. AniS was identified to be 
expressed under oxygen limiting conditions by the transcriptional activator FNR (fumarate 
and nitrate reductase). Two mRNA targets have been found of which AniS binds the RBSs, 
likely influencing translation. However, it was demonstrated that AniS reduces the mRNA 
level of its targets therefore inducing degradation, and the regulatory action was shown to be 
dependent on Hfq. Unfortunately, the targets of AniS are not well characterised and no 
conclusion could be drawn how the sRNA may ensure survival under oxygen limited 
conditions [351]. The other sRNA characterised in N. meningitidis is a sibling sRNA which 
means two copies are encoded in tandem. NmsRA and NmsRB are transcribed at the same 
time; however, NmsRB is expressed on a much higher level. It was not demonstrated whether 
the sRNAs were dependent on Hfq, but binding sequences were predicted in silico. 
Expression of NmsRA and NmsRB was shown to negatively regulate enzymes involved in the 
TCA cycle. Further, they are negatively regulated through the actions of RelA, a main 
activator of the stringent response on nutrient starvation [352, 353]. This indicates that the 
NmsRs are involved in the switch from energy production and bacterial replication to de novo 
biosynthesis and acquisition of biomolecules [353]. 

In S. pneumoniae, the two-component regulatory CiaRH pathway activates expression of 
sRNAs (csRNA1 – 5) among other transcripts [354]. One of these RNAs, csRNA2 of the S. 
pneumoniae strain R6, was later identified to have a negative regulatory effect on 
competence. The sRNA binds to the ribosome binding site of the mRNA coding for the 
competence-stimulating protein, an inducer of competence (DNA uptake) [355].  
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Figure 13 Selected regulatory mechanisms of RyhB. RyhB expression is negatively regulated by Fur 
repressing its transcription. In iron depleted conditions, RyhB is transcribed and influences expression of over 70 
genes in an Hfq-dependent manner. Binding of RyhB to mRNA can influence mRNA stability by inducing 
RNase-mediated degradation. (A) The target mRNA is be degraded completely, (B) or secondary structures 
within the target mRNA may lead to partial degradation. RyhB further influences transcription initiation, by 
changing secondary structures upon binding. (C) A ribosome binding site (RBS) occluded by a stem-loop can be 
liberated upon RyhB binding, activating translation. (D) Hfq can bind to AU-rich regions of the target mRNA, 
competing with the ribosome. Binding of RyhB releases Hfq from the mRNA, activating translation. Hfq 
binding region of RyhB represented in blue. (Arrow + PRyhB) Promoter of RyhB. Figure not to scale and 
adapted from [346]. Structural changes in RyhB upon target binding not representative. Not all modes of action 
shown.  

 

2.2.3 Antisense ncRNAs 

A special case within the field are antisense ncRNAs (asRNAs) because they are encoded on 
the antisense-strand of a sense-strand encoded gene. They are transcribed into the opposite 
direction and are exactly complementary to the mRNA that they bind to. Therefore, they are 
trans-acting but cis-encoded due to their position at the same gene locus as the target RNA 
[356, 357]. Even the 3´-UTR of an antisense encoded downstream gene can exert regulatory 
functions, demonstrated by furA in the plant-symbiotic cyanobacterium Anabaena sp. [358]. 
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In pathogenic bacteria, there are several examples that show involvement of asRNAs in the 
ability to colonise the host and cause disease. For example, Helicobacter pylori uses an 
asRNA encoded antisense to its urease enzyme. The bacterium secretes this protein to survive 
the gastric acidity by creating a non-acidic environment surrounding it. When exposed to 
neutral pH, the asRNA is produced, binds to its target, which leads to a shorter target-
transcript by degradation of double-stranded RNA, and subsequent lower production of 
urease. Conversely, at low pH the asRNA is supressed and a full length transcript is produced 
leading to higher activity of the urease and survival of the bacterium [359]. In N. meningitidis 
an asRNA drives antigenic variation of the Tfp as described in the chapters above. Structural 
variations of the Tfp pilin PilE induced by the asRNA can help to prevent efficient clearing 
by the immune defence [205]. 

 

 



 

 35 

3 RESEARCH AIMS 
N. meningitidis is still an unpredictable pathogen despite considerable research. Its whole 
genome is sequenced, major virulence factors are known and how their workings contribute 
to changing N. meningitidis from a commensal to a pathogen. Why the bacterium undergoes 
such a switch is not understood as it causes the death of its only host when causing disease. 
The main objective in this thesis was to investigate how genome plasticity of N. meningitidis 
may cause selection of an invasive strain. Lack of numerous protein-based transcriptional 
regulators indicates that gene regulation could widely be mediated by ncRNAs. High 
mutation rates of the N. meningitidis genome may cause frequent mutation in these RNAs, 
changing their effectivity and leads to uncontrolled immune evasion and host invasion. 
Additionally, quick adaptation to the environment through RNA based regulation could give 
N. meningitidis an advantage over other bacteria inhabiting the nasopharynx. The aim of the 
research in this thesis was to expand the knowledge of RNA-mediated gene regulation in N. 
meningitidis.  

Besides N. meningitidis, there are two other nasopharyngeal bacteria that can cause invasive 
disease, including meningitis: S. pneumoniae and H. influenzae. This thesis considered that 
temperature dependent immune evasion shown in N. meningitidis may also be present in 
those two bacteria because of their similar colonisation and invasion pattern.  

RNA-mediated gene regulation is often only researched in artificial laboratory settings and 
association with disease is merely suggested. Therefore, the thesis aimed to explore whether 
the RNAT responsible for expression of the polysaccharide capsule in N meningitidis could 
be a marker for a strain more likely to cause invasive disease. 
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4 MATERIALS AND METHODS 
A general overview of the methods employed for this thesis are described in this chapter. For 
more detailed descriptions, refer to the Material and Methods sections of the respective 
papers. 

 

4.1 BACTERIA CULTURE 

All N. meningitidis strains were grown on brain heart infusion (BHI) agar supplemented with 
5% v/v heat inactivated, defibrinated horse blood serum. Agar plates were incubated at 37°C 
with 5% CO2. Liquid culture was performed in BHI broth under gentle agitation. Appropriate 
antibiotics were used for mutant strains containing an antibiotic cassette for selection. For 
studies of temperature dependent effects, the bacteria were grown at 32°C – 40°C. For 
nutrient dependent studies, nutrition deprived medium (“spent” medium) was prepared by 
growing N. meningitidis in BHI to stationary phase, followed by removal of bacteria and 
sterile filtration.  

Isolates used Paper II were selected for capsule serogroup C, cc11 backgrounds wherever 
possible. Isolates 17-264, 17-271, and 1459000449 were acquired from Örebro University 
Hospital (Örebro, Sweden). Isolates M15 240131, M14 240094, M16 240395, M11 240440, 
and M16 240769 were acquired from the Public Health England Vaccine Evaluation Unit 
(Manchester, UK). The cssA-RNAT 8-bp tandem repeat configuration of each isolate is 
shown in table 1. 

 

Table 1 Isolates used in Paper II. Clonal complexes were determined by MLST 

Isolate Number of 8-bp tandem 
repeats in cssA-RNAT Serogroup Clonal complex 

17-264 1 C cc32 

17-271 2 C cc32 

1459000449 3 C cc11 

M15 240131 4 C cc11 

M14 240094 5 C Incomplete 

M16 240395 6 C cc11 

M11 240440 7 B cc60 

M16 240769 8 C cc11 
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S. pneumoniae strains were grown on blood agar plates and incubated at 37°C with 5% CO2. 
To prepare the bacteria for standardised liquid culture, they were grown in liquid in C 
medium supplemented with yeast extract (C + Y), in a glass tube without agitation. Upon 
reaching OD600 = 0.5, glycerol was added to a final concentration of 20% and frozen at  
-80°C. Standardised liquid cultures for experiments were started by diluting 20%-glycerol 
stocks 1:10 in C + Y medium. For studies of temperature dependent effects, the bacteria were 
grown at 30°C – 40°C and frozen as described above. Standardised cultures were grown at 
the intendent temperature as described above. 

H. influenzae 10810 (serotype b) was grown on chocolate agar plates supplied with 
haemoglobin and IsovitaleX™ (GC II agar). Agar plates were incubated at 37°C with 5% 
CO2. Liquid culture was performed in supplemented BHI (BHI broth, 0.001% Hemin, 
0.001% NAD+) (sBHI [360]) under agitation. To study temperature dependent effects, the 
bacteria were first grown on agar over-night at 37°C and 5% CO2. From these, a liquid 
culture was grown at 32°C in an Erlenmeyer flask under agitation until reaching OD600 = 0.5. 
Subsequently, the culture was diluted 1:10 in sBHI pre-warmed to 32°C, 37°C, 40°C and 
grown at the respective temperature in an Erlenmeyer flask under agitation. 

E. coli strains were grown on Luria-Bertani (LB) agar in at 37°C. Liquid culture was 
performed in LB broth under vigorous agitation. To prepare standardised cultures, the 
bacteria were grown in liquid culture over-night, then diluted 1:100 in fresh LB medium. 
Appropriate antibiotics were used for mutant strains containing an antibiotic cassette for 
selection. For studies of temperature dependent effects, the bacteria were grown at 32°C, 
37°C or 40°C. Standardised cultures for temperature dependent studies were achieved by 
growing the over-night culture at the respective temperature. For nutrient dependent studies, 
nutrition deprived medium (“spent” medium) was prepared by growing E. coli in LB to 
stationary phase, followed by removal of the bacteria and sterile filtration. 

 

4.1.1 Mutant generation 

Neisseria meningitidis 

The natural competence of N. meningitidis allowed us to perform genetic alterations via 
homologous recombination. The transformation constructs were designed to contain the DUS 
to increase DNA uptake. Genetic loci of interest and their alterations (insert) were assembled 
between 5′-flanking and 3′-flanking regions which were homologous to the targeted genome 
location. Homologous recombination replaces the genomic region of interest between the two 
homologous sequences with the insert (Fig 14). The 5′- and 3′-flanking regions were 
amplified using PCR from genomic DNA of the respective strain. Inserts were amplified 
from various sources, specified in the respective papers. The transformation constructs were 
assembled by Gibson Assembly [361]. Possible alterations of the insert were performed by 
site-directed mutagenesis or further assembling using Gibson Assembly. 
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Inactivation of genetic loci was achieved by promoter alterations or exchange of the entire 
gene with an antibiotic resistance cassette. Complementation of genetic loci was 
accomplished by inserting the prior inactivated locus coupled with a second antibiotic 
resistance cassette into the intergenic region between the convergent genes of nmb0102and 
nmb0103.  

 

Figure 14  Model of DNA sequence replacement by homologous recombination. A region of interest 
(ROI) is to be replaced with an antibiotic resistance cassette (abxR). The antibiotic resistance cassette is flanked 
by DNA sequences homologous to the flanking regions of the ROI, which leads to homologous recombination 
and replacement of the ROI with the abxR. The mutation construct is produced by PCR and Gibson Assembly. 
(Arrow + PabxR) Promoter of abxR. Figure not to scale. 

 

For transformation, N. meningitidis was grown over-night on an agar plate. The bacteria were 
scraped from the plate and suspended to a dense suspension in BHI broth. 5µL were plated on 
fresh BHI agar without selection antibiotics until dry. Subsequently, 100ng transformation 
construct in de-ionised water was spread over the plated bacteria and dried. The plate was 
incubated for 4h at 37°C and 5% CO2. The grown bacteria were scraped from the plate, 
suspended in BHI broth and the entire suspension plated on new BHI agar with selection 
antibiotics and incubated over-night. On the next day, transformant colonies were picked, 
suspended in BHI broth, plated on new BHI agar with selection antibiotics and incubated 
again over-night. This process was repeated once more to ensure acquisition of pure mutant 
colonies. Mutation was confirmed by PCR, as well as Sanger sequencing with capillary 
electrophoresis by Eurofins Scientific. 

Escherichia coli 

E. coli was transformed with plasmids harbouring an insert and an antibiotic resistance 
cassette. The insert was generated by PCR from various sources, specified in the respective 
papers. Plasmid backbones were amplified by PCR. The final plasmid was assembled using 
Gibson Assembly and subsequent mutations were performed using site-directed mutagenesis. 

Competent XL-10 Gold E. coli were transformed with plasmids using the heat-shock method. 
The bacteria were thawed on ice for 30min and incubated with the plasmid of interest for 
20min. Then, the bacteria were subjected to 42°C for 30sec and immediately afterwards put 
on ice for 2min. For recovery, the bacteria were incubated in LB under vigorous agitation for 
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1h and subsequently plated on LB agar with appropriate selection antibiotics and incubated 
over-night. On the next day, transformant colonies were picked, suspended in LB broth, 
plated on new LB agar with selection antibiotics and incubated again over-night. This process 
was repeated once more to ensure acquisition of pure mutant colonies. Mutation was 
confirmed by PCR and Sanger sequencing with capillary electrophoresis by Eurofins 
Scientific. 

 

4.1.2 Transformation assay 

Using the ability of N. meningitidis to take up DNA from dead bacteria, we performed the 
transformation assay with genomic DNA (gDNA) isolated from strains harbouring an 
antibiotic resistance cassette. The experiment was done according to previous studies [179]. 

N. meningitidis was grown over-night on BHI agar and suspended to OD600 = 1.0 in BHI 
broth containing 5mM MgCl2. One µg of gDNA from a strain with appropriate antibiotic 
resistance cassettes was added to 200µL of suspended bacteria and incubated for 30min at 
37°C under agitation. Subsequently, 1.8mL BHI broth containing 5mM MgCl2 were added, 
and the bacteria incubated at 37°C for 3h without agitation. The bacteria were plated in 
several dilutions on BHI agar containing the respective antibiotic. BHI agar without 
antibiotics was used to calculate the bacterial input. The BHI agar was incubated over-night 
and colony forming units (CFU) determined the next day. CFU of antibiotic containing plates 
was normalised against the input. 

 

4.1.3 Surface PilE quantification 

Expression of surface molecule can be detected by ELISA and the surface PilE quantification 
was done according to [213].  

N. meningitidis was grown on BHI plates over-night, suspended in PBS to OD600 = 0.1 and 
diluted in 96-well plates. The bacteria were spun down, supernatant removed, the plates 
dried, followed by fixation of the bacteria in 4% paraformaldehyde. After blocking unspecific 
antigens with 1% BSA, the bacteria were incubated with an anti-PilE antibody for 1h at 37°C 
to detect surface PilE. After washing with PBS, Peroxidase linked anti-rabbit antibody was 
used to detect bound anti-PilE. 

 

4.1.4 Serum killing assay 

Human serum contains components that readily kill Gram-negative bacteria. The complement 
system activates a cascade of proteins that bind to the bacterial cell membrane and ultimately 
lead to the creation of the MAC. This pore forming protein causes the lysis of the bacteria 
and is attributed to be the main driver of bacterial lysis. However, other components of the 
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complement system have been proposed to exhibit bactericidal activity [362]. It has long 
been hypothesised that Gram-positive bacteria are largely resistant to the MAC defence due 
to their thick peptidoglycan layer [363]. Recent studies indicate that the MAC can be formed 
at specific regions of the Gram-positive bacterial surface, with varying locations dependent 
on the species [364].  

Only H. influenzae was exposed to human serum to investigate temperature dependent 
survival (Fig 15). For this, H. influenzae was grown on GC II agar plates overnight, 
suspended in PBS, followed by dilution in RPMI 1640 to 1×107 CFU/mL. The bacteria were 
then grown for 1h at 30°C and 37°C. 1×106 CFU/mL of bacteria were incubated with 25% 
human serum at 37°C for 30min. Bacteria of t = 0min and t = 30min were plated on GC II 
agar plates and incubated over-night. Serum incubation was performed at 37°C, as the human 
serum would not work correctly at 30°C.  

 

Figure 15 General setup of the serum killing assay. H. influenzae was cultured at 30°C or 37°C and then 
exposed to human serum at 37°C. Bacteria grown at low temperature are expected to be killed by serum 
components, e.g., the membrane attack complex (MAC) and antimicrobial peptides (AMP). Bacteria grown at 
higher temperature are protected from the serum components by their capsule and factor H binding protein (PH). 
After incubation, dilution series of the bacteria are plated on agar and colony forming units (CFU) determined 
the next day. Figure not to scale. 

 

4.1.5 Fluorescent labelling techniques 

FITC-dextran exclusion assay 

The thickness of bacterial capsules can be determined by the inhibited diffusion of large 
molecules through the capsular polysaccharides. Dextran of 2000kDa size, labelled with 
FITC for fluorescent detection, allows a negative staining of the capsule surrounding the 
bacteria [365, 366].  

S. pneumoniae was grown on blood agar over-night at 32°C, 37°C and 42°C, suspended in 
PBS and mixed with FITC-Dextran to a final concentration of 2mg/mL. Bacteria were 
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visualised on an Olympus IX81 platform. Capsule thickness was measured and quantitated 
using the cellSens software (Olympus). 

 

Fluorescent labelling of human factor H and binding to bacteria 

We directly labelled commercially available human factor H with a fluorophore, to omit 
unnecessary steps in detecting factor H binding to bacterial surfaces via antibody-mediated 
recognition. 

S. pneumoniae and H. influenzae were grown in liquid to OD600 = 0.5 at 32°C and 40°C, 
washed and exposed to 10µg labelled human Factor H for 30min at 37°C. Subsequently, the 
bacteria were fixed with 2.5% glutaraldehyde. Fluorescent intensity on bacteria was 
measured using the Gallios flow cytometer and accompanying Kaluza software (Beckman 
Coulter). Microscopy was performed by mounting the bacteria using the Vectashield H-1400 
mounting solution and visualised using the DeltaVision Elite platform (GE Healthcare). 

 

4.2 TISSUE CULTURE 

The THP-1 monocyte cell line (ATCC® TIB-202™) was used for opsonophagocytosis 
assays and cultured in RPMI 1640 with 10% FBS. For adhesion assays, the Detroit 562 
pharyngeal cell line (ATCC® CCL-138™) was used and cultured in DMEM with 10% FBS. 
The A459 human alveolar epithelial cell line (ATCC® CCL-185™) was cultured in RPMI 
1640 with 10% FBS. Epithelial cells were passaged using 0.05% trypsin-0.9mM EDTA in 
PBS. 

 

4.2.1 Opsonophagocytosis assay 

As described in the chapter for the serum killing assay, Gram-positive cells are hypothesised 
to be immune to its bactericidal activity. Human serum contains other factors that bind to 
bacterial surfaces which lead to increased phagocytosis. The process is called opsonisation 
and includes C3b deposition to bacterial membranes and antigen recognition by antibodies 
[363].  

S. pneumoniae was exposed to human serum for opsonisation to determine a protective effect 
of temperature to opsonophagocytosis (Fig 16). THP-1 cells were seeded in 24-well plates (5 
× 105 cells per well) and differentiated into macrophages with 20ng/ml of phorbol myristate 
acetate 48h prior the opsonophagocytosis assay. On the day of experiment, S. pneumoniae 
was grown in C + Y medium to OD600 = 0.5 at 30 °C or 37 °C. Viable counting was 
performed to retrospectively confirm the bacterial numbers. The bacteria were washed with 
PBS and incubated for 15min at 37°C in RPMI 1640 with or without 15% human serum for 
opsonisation. The bacteria were washed with pre-warmed PBS and suspended in RPMI 1640 
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without FBS. THP-1 cells were washed with PBS and infected with bacteria at an MOI of 60. 
Viable counts of the bacterial input were performed to confirm the infection dose 
retrospectively. The infected THP-1 cells were incubated in RPMI 1640 without FBS for 1.5h 
at 37°C and 5% CO2 to allow phagocytosis. The cells were then washed with PBS and 
incubated in RPMI 1640 without FBS + 300µg/mL gentamycin for 1h at 37°C and 5% CO2 
to kill extracellular bacteria. Subsequently, the cells were washed with pre-warmed PBS and 
lysed with 1% Saponin in PBS for 10min at 37°C, 5% CO2. Serial dilutions of the lysate were 
plated on blood agar and incubated over-night. CFU of phagocytosed bacteria were 
determined the next day and normalised against CFU of the input. 

 

Figure 16 General setup of the opsonaphagocytosis assay. S. pneumoniae was cultured at 30°C or 37°C 
and then exposed to human serum at 37°C. Bacteria grown at low temperatures are expected to be more 
susceptible to complement component binding (e.g., C3b) and to have more exposed surface antigens for 
antibody recognition. The molecules bind to the bacterial surface (opsonisation). Bacteria grown at higher 
temperature are protected from opsonisation by their capsule and factor H binding protein (PspC). Phagocytes 
(e.g., macrophages) will display increased rates of opsonophagocytosis (purple arrow) when S. pneumoniae was 
more susceptible to serum components at low temperature. After incubation with macrophages, external bacteria 
are removed, and the cells lysed to extract internalised bacteria. Dilution series of the lysate are plated on agar 
and colony forming units (CFU) determined the next day. Figure not to scale 

 

4.2.2 Adhesion assay 

N. meningitidis can attach to epithelial cells. This ability can be inhibited by the production of 
the polysaccharide capsule at the intimate adhesion step, as it can block membrane bound 
adhesins. Furthermore, the Tfp drives initial and intimate adhesion, and differential 
expression of its subunits has been demonstrated to influence the process. Therefore, 
adhesion assays are a suitable in vitro model to investigate how specific mis-regulations of 
capsule or the Tfp influence the colonisation process (Fig 17).  
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Detroit 562 cells were seeded into 24-well plates (5 × 105 cells per well) prior the adhesion 
experiment. A well without cells was prepared as negative control. On the day of experiment 
the cells were washed with PBS and covered in DMEM without FBS. Bacteria were grown 
over-night on BHI agar and suspended in PBS to an OD600 = 0.5. A MOI of 50 was added 
directly to the cells and incubated at 37°C and 5% CO2 for 1h. Viable counts of the bacterial 
input were performed to confirm the infection dose retrospectively. After 1h, the cells were 
washed with PBS and lysed for 10min in 1% saponin in PBS for 10min at 37°C, 5% CO2. 
The lysate was plated on BHI agar and incubated over-night. The next day, CFU of the 
negative control were subtracted from the output CFU which was then normalised against the 
input CFU. 

 

Figure 17 Influence of capsule and Tfp on N. meningitidis adhesion to epithelial cells. Adhesion of N. 
meningitidis is dependent on correct type IV pilus (Tfp) and capsule regulation. (A) Initial adhesion is carried 
out by the Tfp. Intimate adhesion is dependent on Tfp retraction and exposure of neisserial surface adhesins by 
capsule reduction. The events lead to proper colonisation of epithelial cells. (B) No colonisation can be 
established if the Tfp is dysfunctional. (C) Adhesion efficiency can be negatively influenced by mis-regulation 
of capsule production. Figure not to scale. 

 

4.3 MOLECULAR TECHNIQUES 

SDS-PAGE was used to separate proteins, and western blotting was used for detection of 
specific proteins. 6% polyacrylamide TBE-Urea-PAGE was used to separate low molecular 
weight RNAs, 1.5% agarose with 1% formamide gel electrophoresis was used to separate 
high molecular weight RNAs. Northern blotting was used for detection of specific RNAs. 
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Primer extension was used to identify transcriptional start sites. Electrophoretic mobility shift 
assay (EMSA) coupled with northern blotting was used to determine RNA – protein 
interactions. These techniques were performed according to standard protocols with 
individual adjustments when needed.  

In vitro transcription and translation were performed using commercially available kits. Refer 
to Paper I and Paper IV for details. In vitro RNase III cleavage assays were done with an in 
vitro transcribed / translated RNase III.  

RNA degradation assays were used to determine the half-life of RNAs by adding rifampicin 
to the growth medium, and samples taken at given time points. Extracted RNA was separated 
by TBE-Urea-PAGE and subsequently detected using northern blotting. Refer to Paper IV for 
details. 

 

4.3.1 RNA sequencing 

Differential RNA sequencing was performed to detect transcriptional start sites (TSS) by 
Vertis Biotechnologie AG (Freising, Germany) using the Illumina NextSeq 500 sequencer. 
Analysis was performed using the READemption pipeline and TSSpredator [367, 368]. 

 

4.3.2 Polysaccharide dot blot 

Existing immune serums against specific serotypes of encapsulated S. pneumoniae have been 
used to detect capsular polysaccharides in cultures, similar to other blotting technologies 
[369].  

We used the method to detect capsular polysaccharides within the growth medium but also 
in/on bacterial cells for N. meningitidis, S. pneumoniae, H. influenzae grown at various 
temperatures in liquid to OD600 = 0.5. Supernatant and bacterial pellet were separated, and the 
pellet lysed. N. meningitidis and H. influenzae were lysed in 1% SDS for 30min at 37°C, S. 
pneumoniae was lysed by adding 0.1% triton and incubation at 37°C for 10min. Lysate and 
supernatant were treated with Proteinase K to remove proteins that lead to unspecific binding 
of antiserum. Digested lysate and supernatant were applied to nitrocellulose membranes 
under vacuum using the Bio-Dot® Microfiltration Apparatus. Membranes were blocked and 
exposed to serogroup (N. meningitidis) or serotype (S. pneumoniae, H. influenzae) specific 
antiserum (produced in rabbit). Bound antibodies were detected with horse-radish-
peroxidase-linked anti-rabbit antibodies. 
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4.4 COMPUTATIONAL ANALYSES 

Genomes were analysed for riboswitches using Riboswitch Scanner [370]. RNA-RNA 
interactions were predicted using IntaRNA [371]. RNA secondary structures were predicted 
using RNAfold [372, 373]. Predicted RNA structures and interactions were visualised with 
the VARNA applet v3-93 [374]. 

The PubMLST database search for Paper II was performed on 11 November 2019 and 
revised on 03 June 2020. The intergenic region between cssA and ctrA harbours the cssA 
RNAT and the allele was designated igr_up_NEIS0055. 112 such alleles were identified and 
analysed with the PubMLST tool for polymorphism identification. The search for matching 
alleles in the database was then limited to whole genome sequenced isolates from Europe 
between January 1, 2010 and December 31, 2018. Results from that search were further 
stratified into disease categories (e.g., carrier or meningitis), as well as serogroup and clonal 
complex. Incomplete sequences of igr_up_NEIS0055 were excluded from the search as well 
as intergenic regions with an inserted IS element. 

 

4.5 ETHICAL CONSIDERATIONS 

Research in this thesis focuses on the initial colonisation process of the epithelium in the 
nasopharynx and the signals that trigger pathogenicity of N. meningitidis, S. pneumoniae and 
H. influenzae. 

Basic research of these bacteria harbours little ethical considerations when working with 
human patient samples. Mostly, statistical studies are made about infection severity, survival 
rate and genome analysis to study epidemiology. Here, anonymity of the patient must be 
maintained.  

Animal experiments are problematic in research of N. meningitidis since it is an obligate 
human coloniser. Therefore, animal infection models are hardly possible. Nowadays there are 
several studies that include humanised mouse models for research in N. meningitidis. These 
mouse models help to characterise the specific colonisation process of N. meningitidis and 
how immune reactions develop towards the bacterium. But mouse immune cells react 
differently and produce different immune effectors than human cells. Thus, only limited 
conclusions could be drawn from these studies. Such experiments can become inappropriate 
because colonisation of epidermal cells can be studied in vitro. Cell lines are well suited 
when studying gene regulation, as standardised methods can be developed, and bacteria (or 
cells) isolated very fast. In comparison, every mouse behaves differently, has different stress 
levels, or immune reactions at an existing time point. All these factors influence gene 
regulation and may lead to massive fluctuations. In summary, animal models for our research 
are not appropriate. Results would be unreliable, leading to unnecessary pain and stress for 
animals involved in the experimentation as obtained data might not be informative. Similar 
considerations are to be made for temperature dependent immune evasion in S. pneumoniae 
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and H. influenzae. These bacteria might be able to colonise mice; however, to grow them in 
different temperature in advance of infection would be artificial and not represent a natural 
process. Exposing mice to heat or cold temperature for a prolonged time might be able to 
induce temperature dependent virulence in the bacteria but would be artificial and unethical. 
Since the advance of whole genome sequencing and whole transcriptome sequencing, it 
would be more appropriate to study genetic differences between invasive and carrier strains 
directly isolated from patients. 

Another important issue with N. meningitidis research is biological security. Because of its 
ability to cause epidemics and fast-paced course of disease, the bacterium needs to be 
contained. These trademarks made it an area of research for biological warfare during World 
War II [375]. On that account, an assessment on working conditions needs to be made, as 
sustaining the security of society is part of an ethical enquiry. The principal investigator’s 
role is to prevent release of the bacterium into the environment through laboratory rules. 
Assessing the state of mind of a potential employee could be pursued to mediate biological 
security. Here occurs the problem of psychological analyses, which would be necessary to 
confer an appropriated assessment. For these, an informed consent of the potential employee 
is required and may tackle their mental health by this experience of mistrust. Official 
background checks with intelligence agencies are also questionable. In general, this 
procedure is too excessive, therefore a principal investigator needs to rely on their own 
knowledge of human nature. Strict controls of carried out laboratory work needs to be part of 
the employer’s routine to propagate a serious work performance and adherence to safety 
protocols. 

Personnel directly working with N. meningitidis should be provided with vaccines against the 
strain they are working on. Vaccinations may be mandatory to work with N. meningitidis but 
cannot be enforced upon an employee. During the job interview, these conditions must be 
informed to a future laboratory worker, as well be part in the employment contract to acquire 
a written, informed consent. The employee must agree to these rules and understand their 
responsibility to provide adequate security for society. Infection prevention does not only 
reduce the risk of laboratory acquired infection but also release into the environment. 
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5 RESULTS AND DISCUSSION 
N. meningitidis, S. pneumoniae and H. influenzae commonly colonise the URT of humans as 
commensals but occasionally can cause invasive disease [25]. How and why this switch 
happens, is not very well understood. Previous reports identified RNATs as important 
regulatory elements for N. meningitidis to evade the immune systems [280, 332]. The 
nasopharynx where the bacterium resides is slightly cooler than the body temperature, and an 
increase in temperature might serve as a danger signal from inflammatory actions of the 
immune system [376, 377]. In Paper I of this thesis we identified RNATs in S. pneumoniae 
and H. influenzae to regulate immune evasive properties as previously demonstrated in N. 
meningitidis. Paper II further deepens our understanding of an RNAT controlling the N. 
meningitidis capsular biosynthesis production and its potential role in disease. 

In Paper I we investigated whether temperature protects H. influenzae type b 10810 (Hib, 
serotype b) from in vitro serum killing, or opsonophagocytosis for S. pneumoniae (TIGR4, 
serotype 4). When Hib was grown at 30°C prior exposure to human serum, approximately a 
fifth of bacteria survived serum exposure after 30min compared to bacteria grown at 37°C. 
Similarly, TIGR4 was less likely to be phagocytosed by macrophages when grown at 37°C 
compared to 30°C. This effect could be observed in opsonised and non-opsonised bacteria; 
however, the difference in phagocytosis between bacteria grown at 30°C versus 37°C was 
increased when they were opsonised. 

These initial results prompted us to investigate whether the production of capsular 
polysaccharide was affected by temperature because of its large impact on immune evasion. 
Capsular dot blots using S. pneumoniae serotype 4 and Hib specific antisera revealed that 
more capsule components were released into the culture medium when the bacteria were 
grown at higher temperature. We additionally demonstrated an increased capsule thickness on 
the surface of S. pneumoniae at warmer growth conditions by using a FITC-dextran exclusion 
assay and microscopy. By investigating the 5′-UTRs of the S. pneumoniae and H. influenzae 
capsular biosynthesis operons (cps and bcs, respectively) in silico, we found both UTRs to 
form stem-loop structures that occlude the ribosome binding sites, much like an RNAT [327]. 
Therefore, we analysed whether temperature-dependent production of capsular biosynthesis 
proteins is based on translation and not transcription rates in both bacteria. We translationally 
fused the 5′-UTR and first 21 coding bases of the cpsA or bcs1' genes with GFP and 
expressed the proteins from a plasmid in E. coli. We detected more GFP when the bacteria 
were grown at higher temperature. Simultaneously, mRNA levels of cpsA and bcs1' remained 
the same in northern blot analysis when grown at different temperatures. Both western and 
northern experiments confirmed that the higher expression of capsular biosynthesis proteins 
grown at higher temperatures is regulated via an RNAT. We further demonstrated the higher 
translation rates in an environment without influence of other host factors by in vitro 
transcription / translation.  
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Capsule regulation might be important for the infection process as the promoter governing the 
capsular biosynthesis operon in S. pneumoniae has been shown the be crucial for capsule 
production [369]. Our results demonstrate a second level of control through an RNAT, 
suggesting that quick switching of gene expression may be key for successful infection. 
Adhesion to the respiratory epithelium is suggested to be inhibited by the capsule and prevent 
effective colonisation [378]. Thus, lower production of capsule in this stage might be of 
advantage, however, rapid upregulation could increase the survival from an imminent 
immune response. 

Immune evasion in S. pneumoniae and H. influenzae is also facilitated by their factor H binding 
proteins PspC and PH, respectively. By presenting human factor H on their surface, the bacteria 
protect themselves from attacks by the complement system [104, 379]. Therefore, we investigated 
whether these proteins are also regulated by RNATs. Indeed, more PspC and PH could be 
detected via western blot when the bacteria were grown at higher temperature. Higher binding 
rates of recombinant human factor H to both proteins by far western blotting were also observed. 
No changes of transcription were detected by northern blot, indicating regulation via an RNAT. 
In silico analysis of the 5′-UTR predicts the occlusion of the ribosome binding site by formation 
of a stem-loop. To eliminate host factors involved in the temperature regulation we translationally 
fused the 5′-UTRs and first 90 coding base pairs of the PspC or PH with a GFP and performed in 
vitro transcription / translation. Incubation at higher temperature led to increased production of 
the PspC-GFP and PH-GFP fusion proteins, conforming with the regulation via an RNAT. Using 
fluorescently labelled factor H we demonstrated increased factor H binding to the surface of 
living bacteria by flow cytometry and microscopy. Surface exposure of PspC and PH could be 
problematic for the bacteria as the proteins might trigger the adaptive immune response. For 
example, the N. meningitidis factor H binding protein is used as parts of serogroup B vaccines 
which reflects the immunogenicity of such proteins [380]. Similarly, PspC has been identified as 
a potential candidate for a possible protein-based vaccine against S. pneumoniae [106]. Fine-
tuning the expression and surface display of the factor H binding proteins through temperature 
sensing can therefore be beneficial for the survival of S. pneumoniae and H. influenzae. 

We further investigated the sequence conservation of these RNATs in clinical isolates of S. 
pneumoniae because we found the capsule RNAT of N. meningitidis to be associated with 
invasive disease in Paper II. Therefore, we analysed the strains BHN31 (serotype 1), BHN147 
(serotype 2), BHN100 (serotype 19F) and BHN794 (serotype 22F) for their expression of CpsB 
and PspC. The capsular biosynthesis operon is transcribed into a polycistronic mRNA and we 
demonstrated temperature-dependent regulation of CpsB in TIGR4. All four clinical isolates 
displayed a clear temperature-dependent expression of CpsB and PspC. The 5′-UTR sequences of 
cpsB and pspC mRNAs displayed a high degree of conservation with only few recurring single-
nucleotide polymorphisms (SNP), suggesting the importance of preserving the RNAT structure 
forming sequence. 

The results of Paper I demonstrate that niche dependent adaptation on gene expression can 
be important for nasopharyngeal pathogens. The nasopharynx is usually below regular body 
temperature and warming of that environment might serve as a warning signal for residing 
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bacteria on incoming immune responses. We propose that priming of the bacteria to evade 
the immune system increases their chance for survival, and possibly can lead to an advantage, 
if entering the blood stream (Fig 18). Mice and humans are more susceptible for secondary 
pneumococcal infections when infected with Influenza A virus [381, 382]. Whether the 
damaged epithelium and increased temperature through airway inflammation could trigger 
higher virulence of N. meningitidis, S. pneumoniae and H. influenzae remains to be 
investigated. Our work further reports that the RNAT sequence is conserved between strains 
of S. pneumoniae. Together with similar findings for the N. meningitidis capsule in Paper II 
we hypothesise that temperature-mediated translational control might be a beneficial trait for 
microorganisms residing in the URT. 

 

Figure 18  Model of inflammation priming bacteria to evade immune system. N. meningitidis, S. 
pneumoniae and H. influenzae reside on the upper respiratory epithelium. Local inflammation (e.g., caused by 
trauma or infection) is accompanied with an increase in temperature which leads to opening of RNAT structures 
of mRNAs involved in capsular biosynthesis, and expression of Factor H binding proteins. In the event of 
entering the blood stream, the bacteria would be more primed to evade immune responses and could be more 
likely to survive. Green box in RNAT structure resembles ribosome binding site. Figure not to scale and adapted 
from Paper I of this thesis.  

 

The capsule is a major contributor to the ability of N. meningitidis to cause disease as it 
protects from phagocytosis and complement-mediated killing [265, 270]. N. meningitidis is 
subdivided into 12 serogroups, based on the architecture of their capsule, but only serogroups 
A, B, C, W-135, X and Y are associated with recurring disease outbreaks [57, 260]. By 
multilocus sequence typing, the bacteria can further be divided into sequence types (ST) and 
clonal complexes (cc) with some associated with higher virulence and specific capsular 
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serogroups [58, 383]. In serogroups that incorporate sialic acids into their capsule (B, C, W 
and Y) an RNAT was previously reported to control translation from the capsular 
biosynthesis mRNA (css, starting with cssA) [278-280]. Stability of the RNAT was shown to 
be dependent on a 2x8-base-pair (bp) tandem repeat. Deletion of one unit of the 2x8-bp 
tandem repeat leads to disruption of the RNAT (1x8-bp) and to higher production of capsule. 
Lower capsule production can be restored through mutation of two base pairs in the 5′-UTR 
(1x8-bp + 1-2) [280]. Another group reported a 3x8-bp version of the RNAT [279]. In Paper 
II we confirm that the 2x8-bp tandem repeat is important for capsular biosynthesis control. 
We also report five additional, novel conformations of the tandem repeats which all result in 
overproduction of capsule and are more associated with invasive strains. 

We searched the Public databases for molecular typing and microbial genome diversity 
(PubMLST, [384]) of N. meningitidis for sequence variations in the 5′-UTR of cssA. 7013 
isolates with whole genome sequencing (WGS) data were investigated and we identified nine 
configurations of the cssA RNAT tandem repeat. The native 2x8-tandem repeat, the 1x8-bp 
RNAT, the 1x8-bp + 1-2 RNAT and multicopy tandem repeats which we termed non-
canonical RNATs (3x8-bp, 4x8-bp, 5x8-bp, 6x8-bp, 7x8-bp and 8x8-bp). The majority of 
RNAT harboured the 2x8 tandem repeat (70%), the 1x8 (15%), and 1x8 + 1-2 (7%) tandem 
repeats. The remaining isolates harboured the non-canonical RNATs (8%). Based on the 
most similar MLST background, we selected one isolate per RNAT configuration (except for 
1x8-bp + 1-2) to investigate their effects on capsule production. Using western blotting we 
discovered that the bacteria with non-canonical RNATs and the 1x8-bp configuration 
produce more CssA in standard culture temperatures of 37°C, compared to the 2x8-bp 
configuration.  

To investigate whether all tandem repeat configurations could show temperature dependent 
expression of CssA, we grew each isolate at 32°C, 37°C and 40°C. Compared to the 2x8-bp 
RNAT, CssA production was consistently upregulated in the non-canonical RNATs in N. 
meningitidis. We also translationally fused the cssA 5′-UTR and first 21bp of the cssA coding 
region to GFP on a plasmid to investigate the RNAT in E. coli. As in N. meningitidis, the 
CssA-GFP was expressed higher when E. coli was grown at higher temperature. Using 
serogroup C specific antiserum for dot blotting, we demonstrated that capsule polysaccharide 
production at 37°C was increased in isolates with non-canonical RNATs and 1x8-bp RNAT. 
When the isolate with the native 2x8-bp RNAT was grown at 37°C, it was effectively killed 
after exposure to 25% human serum for 20min. However, all other RNAT configuration 
harbouring bacteria survived 20min of treatment and all isolates with non-canonical RNATs 
even started to grow after 40min. 

In our original dataset of 7013 isolates, we discovered that invasive strains are almost twice 
as likely to harbour disrupted RNATs (1x8-bp and non-canonical) compared to carrier 
strains. Inversely, carrier isolates are twice as likely to harbour a recovered RNAT (1x8-bp + 
1-2) than invasive isolates. These data suggest there is a selection for disrupted RNAT 
causing hypercapsulation in isolates causing IMD. However, selection for a functioning 
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RNAT or recovering of low capsule expression might benefit N. meningitidis to maintain a 
carrier lifestyle. By stratifying the data into clonal complexes, we discovered that the disease-
associated cc23, cc32, cc41/44, and cc269 are more likely to harbour a disrupted RNAT, and 
that cc213 almost exclusively contained disrupted RNATs. Further, cc32 and cc269 were 
predominately associated with disease in our dataset. These clonal complexes were further 
never found in carrier isolates to contain a disrupted RNAT. 

We obtained two other isolates of N. meningitidis which were linked to the same outbreak. 
One isolate caused invasive disease (17-264) and the other was acquired from a carrier (17-
271). Both were whole genome sequenced, and typed as serogroup C, cc32. WGS revealed 
98.9% loci identity and typing genes were identical to a possible precursor isolate from the 
outbreak. Among the differential loci, the cssA RNAT was the only difference which was 
predicted to have an effect. The invasive isolate harboured a 1x8-bp RNAT while the carrier 
isolate contained the native 2x8-bp RNAT. We could demonstrate that adhesion of the carrier 
isolate to pharyngeal cells was 10 times higher compared to the invasive isolate. Based on 
previous findings, our results confirm that overexpression of capsule could interfere with 
bacterial adhesion [274, 275]. By western blot, we demonstrated that the invasive isolate was 
consistently expressing more CssA independent from temperature. A higher production of 
capsular polysaccharides was observed using a dot blot. The carrier isolate regulates CssA 
and capsular polysaccharide expression dependent on temperature. However, when the carrier 
isolate was subjected and passaged with a sub-lethal concentration of human serum, it lost the 
temperature regulation of CssA and produced increased amounts of capsular polysaccharides. 
The stress condition likely influenced the selection of a strain that has enhanced capsule 
production and therefore is better protected from immune factors in human serum. Previously 
this effect was shown to be caused by a loss of one tandem repeat in the cssA RNAT of the N. 
meningitidis strain MC58 [280].  

These results concur with a current hypothesis that virulence of N. meningitidis might be 
driven by selection of an adapted strain and not through transcriptional regulators. Through 
addition of tandem repeats by strand slippage, the RNAT of the cssA 5′-UTR can lead to 
higher production of capsule and the bacteria are more able to survive immune responses. 
Upon declining immune activity, another strand slippage could re-establish a more adhesive 
phenotype ensuring continuous colonisation. Losing one tandem repeat of the native RNAT 
might be an evolutionary dead end as recurrent strand slippage is now impossible. A 
subpopulation might recover the RNAT through compensatory mutations (1x8-bp + 1-2) but 
the tandem repeat is still absent. One solution to that problem could be the natural 
competence of N. meningitidis which might enable acquisition of new tandem repeats and 
restore a 2x8-bp RNAT. Whether this is a frequent event would be interesting to research. 
Additionally, acquisition of an entire new capsule locus by capsule switching via HGT from 
N. meningitidis of other serogroups could potentially resolve capsule mis-regulation. 

The discovery that a small sequence variation within an ncRNA could be associated with 
invasive disease might be a milestone for disease prevention. Unfortunately, insufficient data 
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from carrier isolates prevent us from confidentially link the cssA RNAT to being the cause of 
invasive disease. This underrepresented information on carrier isolates likely stems from 
research often only concentrating on isolates associated with invasive disease. Information 
extracted from whole genome or transcriptome analysis of carrier strains could increase our 
understanding on how N. meningitidis switches to cause a disease that ultimately robs itself of 
a viable habitat. Interestingly, a recent study of the neisserial factor H binding protein (FHbp) 
employed a similar strategy to identify genetic varieties in the intergenic region preceding the 
FHbp coding sequence. Certain mutations, including SNPs in the sequence of the FHbp 
RNAT, were demonstrated to influence levels of protein expression. Similar to the results in 
Paper II, the study was able to associate specific SNPs more with isolates of N. meningitidis 
that caused disease [385]. Their results further stress the importance of WGS data being 
accessible and properly annotated to facilitate discovery of minute sequence differences 
between disease and carrier isolates. 

In Paper I we report RNATs to be involved in immune evasion of S. pneumoniae and H. 
influenzae by influencing expression levels of capsular polysaccharide and factor H binding 
proteins. In Paper II we demonstrated a tandem repeat in the capsular RNAT of N. 
meningitidis to be associated with invasive disease. These three human restricted pathogens 
colonise the nasopharynx and cause the same types of invasive diseases (sepsis and 
meningitis). Our finding that the three species have developed RNATs to enhance immune 
evasion indicates that the strategy might be beneficial for survival in their specific niche. 
These reported RNATs exhibit a gradual increase of expression over a range of temperature 
which might be linked to the physical properties of their environment. N. meningitidis, S. 
pneumoniae and H. influenzae can only survive within their human host, in a niche which is 
in contact with the outside environment. Therefore, temperature can fluctuate, depending on 
the surrounding climate or immune activity due to inhaled antigens. A rheostat control of 
translation could therefore be beneficial to calibrate between colonisation and protection from 
the immune system. RNATs in enteric pathogens, for example Listeria monocytogenes 
instantaneously switch to translation activation when encountering body temperature [280, 
331]. Those bacteria can survive outside the human host, therefore virulence genes to 
colonise their host are not necessary. An RNAT therefore only needs to sense whether the 
bacterium is within the host or not, leading to an on/off switch like regulation.  

N. meningitidis, S. pneumoniae and H. influenzae might have independently evolved the 
strategy to sense temperature in a rheostat like fashion. This hypothesis is supported by no 
detected sequence similarity between the different RNATs reported in Paper I and the 
previously identified RNATs in N. meningitidis [280, 332]. Therefore, evolution to select for 
a certain RNA structure might be favoured over sequence selection. In Paper II we were able 
to identify several different configurations of the N. meningitidis capsular RNAT. The 
resulting structural changes can possibly lead to survival of phenotypes that are better adapted 
for colonisation or immune evasion. However, that discovery could only be achieved because 
the PubMLST database for N. meningitidis has extensive WGS data and allele annotation. 
Although PubMLST databases exist for S. pneumoniae and H. influenzae, they mostly 
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contain information about sero- and sequence typing. Inclusion of WGS data from these 
species to the database and proper annotation of genetic features could be of immense value 
for the scientific community. In Paper II we advocate for addition of more data from carrier 
isolates. This information could be beneficial to pinpoint genetic differences and associating 
them with progression of N. meningitidis, S. pneumoniae and H. influenzae from a 
commensalism to pathogen. 

The cis-encoded RNATs in N. meningitidis emphasise the relevance of RNA-mediated gene 
regulation for the species. Lack of transcription factors further suggests that RNA controls 
many transcriptional and translational processes. So far, two trans-acting RNAs have been 
characterised, with NrrF influencing iron storage and AniS being involved in the response to 
oxygen limitation [294, 351]. Quick responses to nutrient restriction are a crucial reaction of 
bacteria to competition with the commensal microflora and host-driven nutrient depravation. 
A prompt action on nutritional needs can be achieved by the riboswitch, another cis-encoded 
regulatory RNA element. Riboswitches can immediately change secondary structure upon 
binding a specific metabolite and therefore affect transcription or translation [316]. In Paper 
III we reported the first riboswitch in N. meningitidis which controls adaptation to the 
nasopharynx through the availability of TPP. A derivative of thiamine, TPP is a cofactor 
involved in many reactions carried out by enzymes involved in carbohydrate metabolism. N. 
meningitidis possesses genes that enable de novo synthesis of thiamine, but the availability of 
the molecule may lead the bacterium to quickly change gene expression to conserve energy 
[134]. The TPP riboswitches were first discovered in E. coli and B. subtilis and since then 
have been extensively researched [318, 319]. Binding of TPP can influence transcription or 
translation by secondary structure changes on mRNAs with the folding mechanism being 
widely studied [386-390].  

Because the TPP riboswitch is well characterised, computational algorithms can confidently 
identify them in whole genome sequences. By using “Riboswitch Scanner” we identified two 
TPP riboswitches upstream of thiC and the polycistronic operon of cytX, which also codes for 
thiO and thiE [370]. ThiC, ThiE and ThiO are enzymes involved in TPP biosynthesis with 
thiC being associated with a TPP riboswitch in other bacterial genomes [324]. Via primer 
extension, we identified the transcriptional start site of thiC, detecting a 193nt long 5′-UTR of 
the gene. Using northern blotting with two different probes, we revealed transcription of thiC 
to be regulated by a riboswitch. A probe only binding to the 5′-UTR detected a small 
transcript when nutrients were readily available in a culture medium indicating early 
transcriptional termination. Upon reaching stationary phase, when nutrients are scarce, a 
larger transcript is detected, revealing full transcription of the thiC gene to de novo synthesise 
TPP. This 5′-UTR probe did not detect any mRNA in a full ΔthiC mutant, or in a mutant not 
encoding the riboswitch sequence (ΔRS). The second northern blot probe base pairs with the 
coding sequence of thiC and could therefore only detect the full transcript (i.e., active de novo 
biosynthesis of TPP). In WT bacteria, that second probe only detected a transcript in 
stationary phase, equivalent with the larger transcript detected with the first probe in that 
phase. No transcript was detected in the ΔthiC mutant, and only the large transcript was 
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detected in all growth phases in the ΔRS mutant because transcription is not regulated by the 
TPP riboswitch anymore. These results confirm that the 5′-UTR of the thiC gene is a 
riboswitch. 

To demonstrate that protein production is affected by the riboswitch in thiamine-dependent 
manner, we translationally fused the N. meningitidis (strain MC58) 5′-UTR and start codon of 
thiC with GFP and inserted the construct into a plasmid. We further generated similar 
constructs with the thiC 5′-UTRs of ΔRS, as well as the thiC 5′-UTRs of N. meningitidis 
serogroup A (strain Z2491), N. gonorrhoeae (strain MS11) and N. lactamica (strain NCTC 
10616). E. coli were transformed with the plasmids and then grown in Luria Bertani broth 
supplemented with or without thiamine. All clones exhibited a downregulation of GFP 
expression under increasing concentrations of thiamine, except for ΔRS which had 
consistently high translation rates. GFP production was further downregulated upon 
supplementation of E. coli lysate to bacteria harbouring the WT thiC-GFP illustrating a 
scavenging behaviour for thiamine. The same effect could be observed in attenuated form 
when E. coli was grown in nutrient deprived medium. Presumable scavenging thiamine from 
lysed bacteria will not cover the nutritional need in that medium; therefore, gene expression is 
not completely downregulated by the riboswitch. The other putative TPP riboswitch of cytX 
was analysed in similar fashion by translationally fusing GFP with the cytX 5′-UTR, insertion 
into a plasmid, and transforming into E. coli. GFP expression could be detected in nutrient 
deprived medium and was decreased upon addition of thiamine, indicating a TPP-riboswitch 
dependent protein production. 

In N. meningitidis we investigated nutrient depending effects on thiC transcript via northern 
blot. The full transcript could only be detected in nutrient deprived conditions. Interestingly, 
only lysate of N. meningitidis but not alveolar epithelial cells (A459) could induce early 
transcription termination of the thiC gene. This suggests that N. meningitidis can scavenge 
thiamine from other lysed bacteria in the nasopharynx but not from dead host cells. A 
possible explanation could be that thiamine is an essential nutrient for humans, therefore its 
concentration within cells might already be low. Being able to quickly scavenge thiamine 
from the environment might give the Neisseria genus a survival advantage. Conserved energy 
from rapidly stopping de novo biosynthesis of thiamine could boost replication rates and 
establish colonisation. 

We further investigated the putative structure of the thiC 5′-UTR and identified three 4-bp 
sequences to be involved in the function of the riboswitch. The first is a TPP binding 
sequence GAGA which is highly conserved in TPP riboswitches [389-391]. Another 
sequence (GCUC) is affecting the formation of the termination stem-loop which induces rho-
independent termination of transcription and leads to decreasing thiC expression. The last 
sequence are four base pairs predicted to create an antitermination structure when no TPP is 
bound, preventing the formation of the terminator. Their functionality was examined by 
creating a GFP fusion construct as described above for thiC-5′-UTR, ΔRS, and the mutated 
versions of the TPP binding sequence (mutBS), terminator sequence (mutT), and 
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antitermination sequence (mutAT). Transformed E. coli were grown in media with various 
concentrations of supplied thiamine and GFP expression investigated via western blotting 
The WT thiC 5′-UTR controlled GFP was highest expressed with the lowest concentration of 
thiamine as in the experiments described above. The bacteria harbouring ΔRS consistently 
expressed high amounts of GFP as no riboswitch is present. Consistent production of GFP in 
various TPP concentrations could also be demonstrated when the 5′-UTR contained mutBS 
and mutT. Both 5′-UTRs are unable to form a transcriptional termination stem-loop leading 
to uninterrupted mRNA production. In contrast, mutAT will not prevent the formation of the 
termination stem-loop, enforcing continuous transcriptional termination. Consequently, no 
GFP could be detected when controlled by a 5′-UTR containing the mutAT riboswitch. These 
findings demonstrate that the three identified 4-bp sequences are crucial for the correct 
formation of the TPP riboswitch controlling thiC expression.  

With Paper III we report another cis-encoded ncRNA in N. meningitidis in which structure 
conservation is important in controlling gene expression. As proposed in Paper I and Paper 
II, sequence might not be the decisive factor that drives selection of an RNA feature, but 
adaptation of certain structures is. The thiC riboswitch contains a conserved TPP-binding 
sequence also found in the E. coli thiM riboswitch [391]. Whether this sequence is conserved 
from a distant ancestor or evolution has favoured its development independently, remains to 
be investigated. Furthermore, rho-independent transcription termination through stem-loops 
and prevention of their formation through antiterminating sequences are common elements of 
riboswitches [316]. Their interplay, independent of a specific, conserved nucleotide sequence 
supports structure driven evolution of riboswitches, much like RNATs. In Paper III we also 
identified putative TPP riboswitches in S. pneumoniae and H. influenzae with high 
confidence in the prediction. Due to extensive research in TPP riboswitches, a large dataset 
should increase the ability of the predictive algorithm to detect common features. In contrast, 
while many RNATs are described in bacteria, no tool has been developed to robustly identify 
them within genomes. Similarly, simulating secondary structures with high accuracy could be 
beneficial to analyse newly discovered classes of regulatory elements. 

In Paper IV we describe such a new RNA element as a novel cis-encoded ncRNA consisting 
of a mobile repetitive sequence of the Neisseria genome. The Correia Repeat Enclosed 
Element (CREE) is a genetic feature exclusive to the Neisseria genus und exits 377 times in 
the genome of N. meningitidis MC58 [134, 157, 161]. It encompasses a core sequence that is 
flanked by inverted repeats on either site, similar to insertion sequences [161]. Although there 
is no protein associated with the CREE that promotes excision and re-integration into the 
genome, there is evidence of the element being mobile [159]. As a result, it can disrupt, but 
also alter transcription of genes, as the inverted repeat sequences can create strong promoters 
when inserted in the correct position [158]. With Paper IV, we demonstrate that the CREEs 
are contained in 5′-UTRs and can be expressed as an independent ncRNA.  

By performing RNA sequencing enriched for transcriptional start sites (TSS), we identified 
28 5′-UTRs that contain a full or partial CREE. Two of these 5′-UTRs belong to the mRNAs 
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of pilF and fimT which are involved in type IV pilus (Tfp) biogenesis. We further identified a 
CREE containing ncRNA, predicted to complementary base pair to the pilF and fimT 5′-
UTRs and named it CREE containing regulatory RNA of piliation (Crrp). Through further 
inspection, we discovered that the annotated TSS for Crrp is in fact the TSS of the 
downstream gene nmb0088. The finding reveals that Crrp is encoded in cis on the 5′-UTR of 
nmb0088 and might be co-transcribed. 

Using northern blotting with a probe that exclusively binds to Crrp we observed two 
transcripts of the ncRNA, dependent on growth phase. A large signal was detected in early 
growth phases, corresponding to the size of Crrp + nmb0088. In stationary growth phase, the 
probe bound only to a small transcript in correlation to the size of Crrp alone. To investigate 
whether nmb0088 is consequently less expressed in stationary phase, we FLAG-tagged the 
gene and grew the mutant in liquid. Though western blotting we demonstrated that 
NMB0088-FLAG indeed is strongly expressed in early exponential growth phase and less in 
late exponential and stationary growth phases. By northern blot we also showed that absence 
of RNase III leads to increased Crrp transcript. However, a northern-blot-coupled RNA 
degradation assay in an RNase III knockout mutant could not detect a reduced rate of decay. 
Higher Crrp transcript levels in the RNase III mutant background might therefore be a global 
effect. Northern blotting also revealed higher levels of pilF in a Δcrrp mutant, which was 
restored to normal levels in a crrp-complemented strain (Δcrrp crrp+). No visible changes in 
fimT transcript could be detected. 

Next, we confirmed interaction between Crrp and the pilF and fimT 5′-UTRs by producing 
the 5′-UTRs by in vitro transcription and incubated them with in vitro transcribed Crrp. The 
RNA was then separated by an EMSA coupled with northern blotting. We could detect 
signals corresponding to original sizes of the in vitro transcripts of the 5′-UTRs. When 
incubated together with Crrp, we observed a size shift due to the interaction of Crrp with 
either pilF or fimT 5′-UTR. Repeating the experiment, but stopping the RNA – RNA duplex 
formation at time intervals, we demonstrated that Crrp – pilF hybrids start to form almost 
instantaneously and Crrp – fimT hybrids forming after 1min. In silico analysis predicts a 
144bp interaction between Crrp – pilF, and a 64bp interaction between Crrp – fimT which 
could explain the much faster binding to the pilF 5′-UTR. To investigate whether these 
hybrids lead to RNase III mediated degradation, we subjected them to in vitro transcribed / 
translated N. meningitidis MC58 RNase III. Degradation of pilF 5′-UTR was seen to be 
reduced upon incubation with Crrp. No degradation was detected for the fimT 5′-UTR alone 
indicating that it is not a target of RNase III. This concludes that base pairing of pilF with 
Crrp may lead to a more stable transcript and prolonged translation. The mechanism of fimT 
regulation might be purely translational without influencing mRNA transcription or 
degradation rates. 

To analyse whether PilF or FimT production is influenced by the presence of Crrp, we fused 
pilF and fimT with a FLAG-tag. Using western blotting, we demonstrated that PilF-FLAG 
and FimT-FLAG are consistently lower expressed in a Δcrrp mutant in exponential and 
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stationary growth phases. PilF is the Tfp extending ATPase and the fimT-operon controls 
several minor pilins which fine-tune Tfp function [177, 182, 213, 392, 393]. Lower 
expression of these proteins might therefore lead to incorrect function or impaired biogenesis 
of the Tfp. We inspected surface display of the major Tfp subunit PilE by ELISA and found 
the Δcrrp mutant to produce less PilE on the bacterial surface. A strain encoding for two 
copies of Crrp (WT crrp+) displayed more PilE on the surface than WT, as did the Δcrrp 
crrp+ mutant. With the assay we could not distinguish whether amount of assembled Tfp was 
changed in the mutants or if the reduced detection of PilE was due to shorter Tfp. However, 
we demonstrated that less surface PilE was not impeding adhesion to epithelial cells in vitro. 
In contrast, Δcrrp crrp+ and WT crrp+ with more surface PilE showed over 50% reduction in 
adhesion. We further performed a transformation assay to establish whether natural 
competence is affected by Crrp. Here, both, Δcrrp and WT crrp+ showed strongly attenuated 
horizontal gene transfer. Δcrrp crrp+ was not tested due to assay restrictions. Results from the 
adhesion and transformation assay indicate that Crrp is involved in correct biogenesis of the 
Tfp. While adhesion is still possible with lower expression of surface PilE in the Δcrrp 
mutant, an overexpression of Crrp may lead to irregular ratio of minor pilins in the Tfp 
filament. Ultimately, this could disturb correct function of the Tfp and therefore impedes 
adhesion and natural competence (Fig 19). Which exact mechanism is behind that 
dysfunction and how the Tfp is assembled when Crrp is overexpressed remains to be 
elucidated. Further, exact regulation of Crrp itself needs to be investigated. The co-
expression with nmb0088 and probable termination or modification to create a functional 
ncRNA is a concept that has only been shown once for a riboswitch in L. monocytogenes 
[326]. Similar to this riboswitch termination, a secondary structure change caused by the 
complementarity of the Correia Repeats within the CREE of Crrp might induce separation 
from nmb0088 mRNA. 
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Figure 19 Proposed influence of Crrp on N. meningitidis Tfp function. Expression of Crrp enables 
correct type IV pilus (Tfp) functionality for natural competence and adhesion. If Crrp is absent, incorrect 
production of the Tfp subunits PilF and FimT negatively influences natural competence, but not adhesion. Over-
expression of Crrp may lead to incorrect Tfp biogenesis, consequently impairing both natural competence and 
adhesion. Figure not to scale and adapted from Paper IV of this thesis. 
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6 CONCLUSIONS AND POINTS OF PERSPECTIVE 
The work in this thesis demonstrated several mechanisms of RNA-mediated gene regulation 
in the nasopharyngeal pathogens N. meningitidis, S. pneumoniae and H. influenzae. 

Paper I and Paper II show RNA thermosensors that change structure in varying 
temperatures. That mechanism allows S. pneumoniae, H. influenzae and N. meningitidis to 
sense their niche of colonisation as well as incoming immune responses. This raises the 
question on how human-colonising bacteria are cultured in common laboratory practises. 
Cultures grown at standard human body temperature may lead to significantly different 
results for bacteria that colonise surfaces on the host which are exposed to the exterior. Gene 
regulation or growth can be temperature dependent, therefore cultivation methods should be 
adjusted to the individual bacterium. For nasopharyngeal pathogens, it might be sensible to 
investigate bacterial behaviour in a range of 32°C – 40°C. An interesting subject to study 
temperature dependent effects would be bacteria of the skin flora, such as S. aureus. 
Temperature on the epidermis should be considerably lower than body temperature and 
culture conditions of 37°C might alter gene expression significantly. 

Paper II and Paper IV signify the importance of DNA sequence repeats for gene regulation 
in N. meningitidis. Many studies have described how phase variation by tandem repeats 
influences transcription or translation. For the first time, we could associate the event with 
invasive disease in Paper II. Key to the findings was the availability of WGS and detailed 
gene annotation for N. meningitidis in the PubMLST database. Combination of such data 
with transcriptomics and proteomics could be a powerful tool to identify differences between 
invasive isolates and carriage isolates. Additionally, such a database would be beneficial to 
identify gene expression differences in many other pathogens. 

In Paper IV we discovered the first repetitive, mobile sequence to be part of functional 
mRNAs and to act as a regulatory RNA. Through a not yet determined mechanism the 
identified ncRNA influences functionalities of the Tfp, possibly altering the ability of N 
meningitidis to acquire new genes or establish colonisation. We show in Paper IV that 
integration of a CREE at the correct position leads to a long 5′-UTR. The multiplicity of 
CREEs in the genome increases the potential of them to be transcribed and interact with each 
other. Further, the CREE architecture with flanking inverted repeats could drive secondary 
structures which may alter its function as observed in a riboswitch. Structural analysis as 
described for the TPP riboswitch in Paper III may shed light into the regulation of Crrp or 
interaction with its described targets. However, structure predictions in Paper III were 
facilitated by an algorithm that had access to a large pool of data particular to that class of 
RNA element. Although the existing data increases accuracy, it may also lead to problems as 
the algorithm is biased towards established data, leading to ignorance towards not yet 
identified sequences and features. However, structural prediction becomes increasingly 
important for RNA research as transcriptomic studies identify numerous ncRNAs whose 
function are completely unknown. Uncovering secondary structures reliably, as well as 
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possible interactions with other RNAs could have high potential to accelerate research. Most 
interaction or structure predictive algorithms are based on iterating minimum free energy 
leading to theoretically correct assumptions [372]. However, the prediction tools miss out on 
considering a biological environment in which an RNA may undergo several structural 
changes to energetically adapt to the surroundings. Therefore, new algorithms are needed to 
accurately predict RNA folding in biological environments. An artificial intelligence driven 
neural network has recently been proposed to solve this issue. Due to learning abilities of 
such algorithms, accuracy is improved over time and newly discovered RNA structures and 
functionalities can easily be added [394]. 
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