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PREFACE 
During my bachelor studies, “Infection and Immunity” was the course that I was struggling 
the most with and where I received my worst grade. Naturally, infection became the topic in 
which to pursuit my thesis. 

My doctoral studies started in the spring of 2016. It has been an amazing time filled with a 
wide assortment of experiments, courses, events, travels, and meetings. The fact that I can, as 
I am writing this, state that this have been a very good time is due to all the wonderful people 
around me. I will attempt to personally thank them in the Acknowledgment section of this 
thesis. 

During these five years, a lot has happened to me on both professional and personal level. I 
have done studies which I did not foresee myself do six years ago. Included in this, I travelled 
to Cold Spring Harbor, Tokyo and Berlin to learn more and do what this thesis might just 
succeed to summarise. I have done courses, taught in courses, and supervised talented 
students which all in all have taught me an important thing. I will never be able to know 
enough about microbiology. 

There have also been educational moments in which I think my doctorate studies differ from 
many others. Within my thesis work time, the lab has moved twice. Moving a lab was an 
interesting experience since the logistics and sheer number of details to be considered is 
something that must be experienced to grasp it. Throughout the doctoral studies, I was also 
involved in organising the Karolinska Institutet Infection Retreat. To participate in organising 
such a scientific meeting was an inspiring opportunity and a great insight in what it takes to 
make great scientists get together and talk about what they know best. 

My personal experiences are equally, if not more, defining of how my positive view of my 
doctorate studies have been shaped. As I started my early steps onto the winding doctorate 
road, I found the love of my life. And as I have been writing this thesis, I got to marry her. 
There is with no doubt that throughout various setbacks and long days in the lab, the fact that 
my better half remains a constant support have made it endurable. Incredible moments, 
shared with friends, family and loved ones, were a catalyst to keep my passion for science 
burning bright while still reminding me that there are more to life than pipetting. 

It is my aspiration and hope that this thesis stands as a contribution to the numerous scientific 
advances that the global scientific community amounts to. I also wish the reader to enjoy it as 
much as it was writing it.   





 

 

POPULAR SCIENCE SUMMARY OF THE THESIS 
Bacteria are single cell organisms which have adapted to survive and live in almost every 
environment on this planet. Most bacteria do not interact with humans and as such do not 
cause disease. However, many bacteria have developed a relationship to human biology and 
colonisation of bacterial species on and within the body is a certainty. Everybody has trillions 
of bacteria living on and/or in their skin, mouth, nose, throat, stomach, and intestines. This 
does not mean that humans are ill all the time, in fact, the bacteria within the human body are 
necessary for our health and resilience to other diseases. The collected term for bacteria and 
other microorganisms living in any and all parts of the body is known as the microbiome. 

Bacterial infections causing disease will happen in everyone’s lifetime. There are several 
causes for this. Sometimes bacteria of the microbiome can get access to different parts of the 
body where they are not meant to be. In other occasions, pathogenic bacteria can penetrate 
the protective barriers of the body and cause disease. A weakened immune system may result 
in failure to keep usually harmless bacteria in check thereby allowing them to grow into such 
high numbers in which they also can cause disease. There are also instances when we do not 
know why some bacteria cause disease. 

One unknown case is the infection caused by the bacterium Neisseria meningitidis. N. 
meningitidis colonises on average 10% of the human population in the back of the throat 
(nasopharynx), without causing any disease. In rare occasions, N. meningitidis can cross over 
from the nasopharynx and into the blood stream. This may in turn cause invasive 
meningococcal disease, a dangerous infection which can turn to septicaemia and/or 
meningitis. How N. meningitidis can suddenly turn into a lethal infection is poorly 
understood. 

To survive, bacteria must adapt to changes in their environment in a swift and controlled 
manner. To perform these adaptations, bacteria utilise different methods to control their gene 
expression. Genes are part of the DNA in every organism and contain recipes on how to 
make proteins needed for survival. In N. meningitidis, an important part of gene regulation 
involves a protein called Hfq together with other molecules called small RNAs. Hfq and 
small RNAs work together to control the destiny of another RNA molecule, (messenger 
RNA), which carries the recipe of the proverbial gene cookbook to be translated into the final 
protein. This thesis explores the role of small RNAs that are both dependent and independent 
of Hfq and investigate their importance in disease caused by N. meningitidis. 

The research started with the question of how the structure of Hfq from N. meningitidis looks 
like in both normal conditions as well as when Hfq have been mutated to alter different sites 
known to interact with RNAs. At the same time, it was discovered how a previously 
uncharacterised small RNA, NirF, can regulate iron uptake by targeting an important 
messenger RNA encoding the gene fbpA which final protein has the important task of 
transporting iron into the inner part of the N. meningitidis cell.  



A specific behaviour of N. meningitidis engineered to have lost the Hfq protein was then 
investigated. An increase in the production of membrane vesicles was discovered. Membrane 
vesicles are small particles released from many different bacteria and have previously been 
shown to have equally many functions. It is especially interesting to study membrane vesicles 
in N. meningitidis since the current vaccines against certain groups of N. meningitidis contain 
membrane vesicles. A hundred times more membrane vesicles were produced from N. 
meningitidis lacking Hfq compared to the wild-type counterpart. These membrane vesicles 
are smaller in size and have a slightly different protein profile than the wild-type membrane 
vesicles. Important proteins that are involved in detection and clearance of N. meningitidis by 
the immunes system were shown to be enriched in membrane vesicles from the Hfq-lacking 
strain. 

Besides Hfq, another protein called IgA1P was investigated. IgA1P works by cleaving a 
specific group of antibodies. Antibodies are important proteins for the immune system 
response to clear bacteria from the body. IgA1P was discovered to also cleave another group 
of antibodies depending on what type of IgA1P was expressed. The specific type of IgA1P 
that cleaves two different antibodies instead of just one was shown to be associated with N. 
meningitidis that cause disease. 

An Hfq-independent small RNA was also studied. This small RNA, called an RNA 
thermosensor, regulates capsule production, an important structure for N. meningitidis to 
protect itself from surrounding immune factors. This RNA thermosensor has previously 
shown to exist in different configurations based upon a repetitive sequence within the small 
RNA. The research presented here showed the discovery of five additional configurations. 
All these new RNA thermosensor variants lead to an increase in capsule production which 
efficiently protects N. meningitidis from human serum. The disruption of the RNA 
thermosensor resulting in high capsule production was shown to be associated to invasive 
disease isolates of N. meningitidis. 

In conclusion, this thesis encompasses the studies of Hfq and small RNA regulatory networks 
and the roles they play in N. meningitidis adaptation to rapid environmental changes. The 
thesis also discusses new methods for which N. meningitidis can adapt and evade the human 
immune system. Altogether, the work presented here highlights the importance of Hfq and 
small RNA in N. meningitidis pathogenesis.  

  



 

 

POPULÄRVETENSKAPLIG SAMMANFATTNING AV 
AVHANDLINGEN 
Bakterier är encelliga organismer som har anpassat sig för att överleva och växa i nästan alla 
miljöer på denna planet. De flesta bakterier interagerar inte med människor och orsakar inte 
sjukdomar. Många bakterier har dock utvecklat en relation till människans biologi och kan 
därigenom kolonisera olika delar av människokroppen. Kolonisering av bakteriearter på och i 
kroppen är en visshet och alla har biljoner bakterier som lever på och i huden, munnen, näsan, 
halsen, magen och tarmarna. Detta betyder inte att människor blir sjuka hela tiden, faktiskt är 
bakterierna i människokroppen nödvändiga för vår hälsa och motståndskraft mot andra 
sjukdomar. Den samlade termen för bakterier och andra mikroorganismer som lever i olika 
delar av kroppen kallas för mikrobiom. 

Bakteriella infektioner som orsakar sjukdom kommer att inträffa under allas liv. Det finns 
flera orsaker till detta. Ibland kan bakterier i mikrobiomet få tillgång till olika delar av 
kroppen där de inte är avsedda att vara. Vid andra tillfällen kan patogena bakterier tränga 
igenom kroppens skyddande barriärer och orsaka sjukdom. Ett försvagat immunförsvar kan 
också leda till att ofarliga bakterier inte hålls i schack och tillåts att växa till ett så stort antal 
att de också kan orsaka sjukdom. Det finns också tillfällen då vi inte vet varför vissa bakterier 
orsakar sjukdom. 

Ett sådant fall är infektionen orsakad av bakterien Neisseria meningitidis. N. meningitidis 
koloniserar i genomsnitt 10% av befolkningen i bakre delen av halsen (nasofarynx), utan att 
orsaka någon sjukdom. I sällsynta fall kan N. meningitidis passera över från nasofarynxen och 
in i blodomloppet. Detta kan i sin tur leda till invasiv meningokocksjukdom, en farlig 
infektion som kan övergå till blodförgiftning och/eller hjärnhinneinflammation. Hur N. 
meningitidis plötsligt kan övergå till en dödlig infektion är dåligt förstått. 

För att överleva måste bakterier anpassa sig till förändringar i sin miljö på ett snabbt och 
kontrollerat sätt. För att utföra dessa anpassningar använder bakterier olika metoder för att 
kontrollera sitt genuttryck. Gener är en del av DNA i varje organism och innehåller recept på 
hur man gör proteiner som behövs för överlevnad. I N. meningitidis är ett protein som kallas 
Hfq tillsammans med andra molekyler som kallas små-RNA en viktig del av genregleringen. 
Hfq och små-RNA arbetar tillsammans för att styra ödet för en annan RNA -molekyl, 
(budbärar-RNA), som bär receptet på den gen ifrån DNA-kokboken som ska översättas till 
det slutliga proteinet. Denna avhandling undersöker rollen för små-RNA som är både 
beroende och oberoende av Hfq och undersöker deras betydelse vid sjukdom orsakad av N. 
meningitidis. 

Forskningen inleddes med frågan om hur strukturen för Hfq från N. meningitidis ser ut både i 
normala förhållanden och när Hfq har muterats för att förändra olika platser som är viktiga 
för interaktionen med RNA. Samtidigt undersöktes hur ett tidigare okarakteriserat små-RNA, 
NirF, kan påverka N. meningitidis järnupptag genom att rikta in sig på ett viktigt budbärar-



RNA som kodar för genen fbpA, vilket slutliga protein har den viktiga uppgiften att 
transportera järn in i den inre delen av N. meningitidis cell. 

Ett specifikt beteende hos N. meningitidis som konstruerats för att förlora Hfq undersöktes 
sedan. En ökning av produktionen av membranvesiklar upptäcktes. Membranvesiklar är små 
partiklar som frigörs från många olika bakterier och har tidigare visat sig ha lika många olika 
funktioner. Det är särskilt intressant att studera membranvesiklar i N. meningitidis eftersom 
de nuvarande vacciner mot vissa grupper av N. meningitidis innehåller membranvesiklar. 
Hundra gånger fler membranvesiklar producerades från N. meningitidis som saknar Hfq än 
dess oförändrade motsvarighet. Dessa membranvesiklar är mindre i storlek och har en något 
annorlunda proteinprofil. Proteiner som är viktiga för att N. meningitidis upptäcks och rensas 
av immunsystemet visade sig vara berikade i membranvesiklar från N. meningitidis som 
saknar Hfq. 

Förutom Hfq undersöktes ett annat protein som kallas IgA1P. IgA1P fungerar genom att 
klyva en specifik grupp av antikroppar. Antikroppar är en del av immunsystemets svar på att 
rensa bakterier från kroppen. IgA1P upptäcktes också att klyva en annan grupp av 
antikroppar beroende på vilken typ av IgA1P som uttrycktes. Den specifika typen av IgA1P 
som klyver två olika antikroppar istället för bara en, visade sig vara associerad med N. 
meningitidis som orsakar sjukdom. 

Ett små-RNA oberoende av Hfq studerades också. Detta små-RNA, kallat en RNA-
termosensor, reglerar produktionen av kapsel, en viktig struktur för N. meningitidis för att 
skydda sig från omgivande immunfaktorer. Denna RNA-termosensor har tidigare visat sig 
existera i olika konfigurationer baserat på en repetitiv sekvens inom detta små-RNA. 
Forskningen som presenteras här visar upptäckten av ytterligare fem konfigurationer. Alla 
dessa nya RNA-termosensorvarianter leder till en ökning av kapselproduktionen och skyddar 
N. meningitidis från serum. Störningen av RNA-termosensorn som resulterade i hög 
kapselproduktion visade sig vara associerad med N. meningitidis isolat från invasiv sjukdom. 

Sammanfattningsvis omfattar denna avhandling studier av Hfq och små-RNA samt de roller 
de spelar vid hur N. meningitidis anpassar sig till snabba förändringar i dess miljö. 
Avhandlingen diskuterar också nya metoder för hur N. meningitidis kan anpassa sig och 
undvika det mänskliga immunsystemet. Sammantaget belyser arbetet som presenteras här 
vikten av Hfq och små-RNA vid sjukdom orsakad N. meningitidis. 

  



 

 

ABSTRACT 
Neisseria meningitidis, also known as the meningococcus, is a human-specific pathogen that 
commonly colonises the nasopharynx without causing disease. For reasons unknown, N. 
meningitidis can traverse the nasopharyngeal epithelium and enter the bloodstream, causing 
invasive meningococcal disease manifesting in septicaemia and/or meningitis. Meningococci 
are divided into serogroups based on the serological response to their different polysaccharide 
capsule. They can also be subdivided into clonal complexes based on multi locus sequence 
typing of seven housekeeping genes. 

An interesting feature of N. meningitidis is the compact genome with frequent numbers of 
repeat elements present throughout the genome. DNA uptake sequences, repeat sequences, 
neisserial intergenic mosaic elements, Correia repeat enclosed elements, tandem repeats and 
insertion sequences are all examples of such repeat elements. The presence of these repeat 
sequence elements is attributed to the great genome flexibility that N. meningitidis possess. 
Repeat sequence and genome flexibility allows meningococci to switch gene expression in an 
ON/OFF manner as well as acquiring new genetic elements beneficial to the bacterium.   

N. meningitidis utilises several virulence factors in its arsenal to overcome the host immune 
system. Polysaccharide capsule shields the bacterium from a variety of antimicrobial agents 
and complement system. Capsule can also prevent opsonophagocytosis as well as cover 
protein epitopes targeted by antibodies. Type IV pilus is another virulence factor that 
facilitate twitching motility, enables uptake of exogenous DNA, and adhesion to both bacteria 
and host cells. N. meningitidis is a human-specific bacteria in part due to the bacterium 
having specialised in acquiring iron from human iron sequestering proteins such as 
transferrin, lactoferrin, haemoglobin and haemoglobin-haptoglobin. These iron sequestering 
proteins are all part of the host nutritional immunity, directed to deprive bacteria from 
essential nutrients. After iron is extracted from human proteins, N. meningitidis utilises an 
iron transport system to shuttle iron from the outer membrane to the cytoplasm. The protein 
FbpA is known to perform the iron transport through the periplasm. 

Recent findings have elucidated the increasing importance of sRNAs as possible mediators 
for N. meningitidis sudden switch from a passive coloniser to lethal pathogen. The RNA 
chaperone Hfq is often required for the function of a class of sRNA, called trans-encoded 
sRNAs, and acts as a matchmaker between sRNA and its target mRNA. There are also Hfq-
independent sRNAs, called cis-encoded sRNA, that usually enact their functions on the same 
transcript in which they are transcribed. 

The work presented in this thesis aims to further the knowledge of Hfq-dependent and 
independent sRNAs within N. meningitidis as well as explore Hfq/RNA regulation impact on 
invasive meningococcal disease. The structure of Hfq as well as two point mutated variants of 
Hfq have been determined through X ray crystallography. Several RNAs were used to 
investigate RNA binding patterns in wild-type Hfq in comparison with point mutated variants 
of Hfq predicted to affect Hfq binding capabilities to RNA species. In this research, a 



previously Hfq-dependent uncharacterised sRNA, termed NirF, was shown to be a negative 
regulator of fbpA. NirF is expressed during iron replete conditions and is thought to act in 
coordination with the iron-responsive transcriptional regulator Fur to prevent possible 
hazardous intake of excess iron. 

The studies presented herein continues by investigation of a phenotype in a Hfq knock-out 
strain of N. meningitidis. The Hfq knock-out strain revealed a visual increase in surface 
blebbing which at a closer inspection was deemed to be membrane vesicles These vesicles 
were smaller in size and accounted for a hundred times increased yield when compared to 
membrane vesicles harvested from the wild-type counterpart. Proteomic analysis revealed 
similar protein content but with distinct differences. Of note, the membrane vesicles from the 
Hfq-knock out strain contained fewer numbers of different proteins which resulted in an 
enrichment of immunogenic proteins such as Opc, PorA, PorB and App. 

While studying the phenotypic effects of Hfq knock-out in N. meningitidis, an impact on the 
regulation of iga, the gene encoding the IgA1P protein was discovered. IgA1P is classically 
known to cleave IgA1 antibodies. Further investigation revealed that a specific type of IgA1P 
can also cleave IgG3 with the possibility to enhance N. meningitidis survival in the human 
host. In fact, this additional cleaving type including IgG3 was significantly associated with 
invasive disease isolates of N. meningitidis in comparison with carrier isolates. 

The polysaccharide capsule is a vital virulence factor for the development of invasive 
meningococcal disease. Further research was dedicated to investigating sRNA dependent 
regulation of capsule production. A previously known RNA thermosensor in the capsule 
biosynthesis operon was studied for potential variations which could have an impact on 
capsule regulation. Five novel RNA thermosensor variants were discovered which all resulted 
in a hypercapsulation phenotype. These new RNA thermosensors, together with previously 
discovered RNA thermosensors increasing capsule production, were all sufficient to protect 
N. meningitidis from high exposure to human serum. The abnormal capsule regulation by 
disrupted RNA thermosensors were significantly associated with invasive meningococcal 
disease isolates. Furthermore, RNA thermosensor disruption was identified to be the singular 
feature which significantly differentiated two closely related meningococcal isolates whereas 
the isolate having the disrupted RNA thermosensor resulted in invasive meningococcal 
disease. 

The works included in this thesis show several new features of Hfq-dependent and 
independent sRNA regulations and the impact on N. meningitidis adaptation to environmental 
factors and virulence gene expression. Further research is needed to fully understand the 
triggering switch between meningococcal colonisation and pathogenesis, but the work 
included herein has contributed to one step closer to this goal.   
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1 INTRODUCTION 

Bacterial infection and meningitis 

Bacterial infections are an enormous burden on society that will debilitate health and in worst 
case, lead to death. In addition, bacterial infections come at a great financial cost to the global 
community with infected individuals unable to support their occupation and role within the 
society. Bacterial infections are estimated to be the cause of ten million deaths annually in 
2050 (1). The increase in prevalence of antibiotic resistant bacteria will contribute to this 
increase in mortality (2). Furthermore, the growing densely populated urban environments 
could also contribute to the development of more frequent outbreaks of pathogenic bacteria 
(3). Another problem is the steady demand for livestock products which increase the risk for 
virulent strain outbreaks of bacteria both known and unknown to mankind (4). 

One of the many severe diseases caused by bacterial infection is meningitis. Bacterial 
meningitis is the result of bacteria penetrating the blood brain barrier and causing an 
inflammation in the meninges. Bacterial meningitis is commonly divided into community-
acquired meningitis and nosocomial meningitis. Community-acquired meningitis occurs by 
the general transmission of pathogenic bacteria in a population, while nosocomial meningitis 
occurs by forceful intrusions caused by events such as head trauma or neurological surgery. 
Community-acquired meningitis is commonly caused by three different bacteria colonising 
the upper respiratory tract (URT): Haemophilus influenzae, Streptococcus pneumoniae and 
Neisseria meningitidis. 

The advances in vaccine development as well as the introduction of routine vaccination 
programmes has aided the decrease of incidence of bacterial meningitis globally (5). 
However, the rapid onset of meningitis as well as the severity of the disease still results in a 
mortality rate between 15-54% depending on the geographical location and aetiological 
bacteria (6-9). In addition, up to 50% of bacterial meningitis survivors suffers from 
neurological sequelae (10). Fast and precise treatment is key to combat meningitis and 
currently new point-of-care approaches are being developed to increase accuracy of diagnosis 
and enable correct treatment in low-income settings (11). 

Bacteria in the upper respiratory tract - caught between mucosa and a hard place   

The URT, from a microbial viewpoint, is not a very hospitable environment. Nutrients are 
scarce, mucosa layer replete with immune factors such as antimicrobial peptides (AMPs), 
secretory immunoglobulin A (sIgA), and iron-sequestering lactoferrin (12, 13). Even if the 
bacterium can withstand the antibacterial components of the mucus, the ciliated epithelial 
cells of the airways continuously shuttle the mucous towards the oesophagus. The bacterium 
trapped inside the mucous will thereby be removed from the URT and eventually ingested, 
resulting in bacterial cell death (14). In addition to the host defence mechanisms, the URT is 
also host to a plethora of microorganisms which further increase the competition for the 
already scarce nutrients (15). On the other hand, a bacterium that grows and excel in this 
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environment will risk alerting the immune system of its presence and may initiate a rapid 
immune response clearing the bacterium from the URT (16). Therefore, most bacterial 
colonisations of the URT are transient, allowing repeated bacterial species colonisation of the 
same individual during the human lifespan (17, 18). 

Bacteria have adapted to fit the URT niche and capable of further spreading in the human 
population. Certain bacteria adapt strictly to only one host, (Neisseria meningitidis, 
Streptococcus pneumoniae and Haemophilus influenzae), while others can colonise different 
species of hosts (Streptococcus pyogenes and Staphylococcus aureus). Infections by these 
bacteria are usually the result of spontaneous access into previously inaccessible sites, 
compromised immune capabilities or colonisation of specific hypervirulent strains. 

Bacterial virulence in response to environmental changes 

In general, the URT can be a stressful environment with changes occurring in both the host 
and the microbial community. Bacteria must therefore adapt accordingly in a both rapid and 
controlled manner. One way for the bacterium to adapt is to regulate its gene expression. 
Sigma (σ) factors are transcriptional regulators that can respond to both external and internal 
stimuli, resulting in specific transcription initiation of target genes (19). Furthermore, there 
are other transcriptional regulators in bacteria that are activate during specific metabolic 
conditions such as the fumarate and nitrate reductase (FNR) during aerobic stress and ferric 
uptake regulator (Fur) during iron replete conditions (20-22). 

Another method to modulate gene expression is by post-transcriptional regulation of mRNA 
gene products. RNA forms secondary structures which, in its native condition, could either 
promote or inhibit its translation (23, 24). By binding to RNA helicases or RNA chaperone 
proteins (e.g. Hfq, ProQ, CsrA), the RNA secondary structure can be altered and affect 
stability and access for translation initiation (25, 26). Post-transcriptional regulation is also 
achieved by ribonucleases (e.g. RNase III, PNPase, RNase R), which degrade RNAs 
according to sequence and/or structure, inhibiting translation of target transcripts (27-29). 
Post-transcriptional regulation may also involve small regulatory non-coding RNAs (sRNAs) 
either promoting or inhibiting ribonuclease-mediated degradation of target mRNA, often 
aided by the RNA chaperone proteins (30, 31).  

Another pathway of regulation is post-translational regulation. A common post-translational 
regulation of bacterial proteins is though post-translational modifications (PTMs). PTMs 
consists of a varied amounts of addition and/or subtraction of molecules to and from the 
specific protein. These modifications can consist of relatively small molecules such as in 
lipidation, phosphorylation, acetylation, and methylation, as well as larger structures being 
involved in the fashion of conjugation with oligosaccharides or other peptide chains (32-37). 
Protein function can also be regulated by being processed through cleavage or binding to 
specific ligands and co-factors. One PTM is not mutually exclusive and thus it is probable 
that one protein has several different PTMs at the same time (36). 



 

 3 

In summary, there are numerous regulatory networks that act on every stage of the central 
dogma in molecular biology. This enables both swift yet complicated responses to 
environmental changes that affect a bacterium. With many years of ground-breaking 
research, the scientific community is still just scratching the surface of these regulatory 
networks and their impact on bacterial infection and resulting disease. 

Bacterial infection and gene regulation in this thesis 

This thesis focuses on the bacterium N meningitidis, a common coloniser of the human 
nasopharynx and a causative pathogen for bacterial meningitis and sepsis most commonly in 
young children and adolescents. This overall elusive progression by N. meningitidis to 
become causative agent for invasive meningococcal disease suggest an important role for 
post-transcriptional regulatory networks. However, given the relatively few σ-factors and 
other regulatory systems in N. meningitidis, Hfq and sRNA mediated regulation could obtain 
a prominent role in disease progression (38).  

The main focus of the thesis is to show sRNA, both Hfq dependent and independent, can aid 
the bacterium N. meningitidis to regulate crucial virulence factors that have a vital impact on 
disease and the survival of the bacterium. The work in this thesis continues the exploration of 
regulatory features within bacteria and specifically how post-transcriptional regulation of 
gene expression can be an important step for bacterial adaptation to the ever-changing 
environment of its host. 

The research also demonstrates that by understanding gene regulation in bacteria may 
facilitate studies of molecular microbiology, development of vaccine platforms, disease 
surveillance and identification of virulence markers. Detailed and extensive background to 
the research included is presented in the next section, the literature review. 
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2 LITERATURE REVIEW 

2.1 NEISSERIA MENINGITIDIS – THE BACTERIUM 

Neisseria meningitidis is a Gram-negative diplococcus and an obligate human commensal 
bacterium. It is a β-proteobacteria belonging to the Neisseriaceae family. N. meningitidis 
colonises the epithelium of the nasopharynx, in the URT. There are 12 serogroups of N. 
meningitidis (A, B, C, E, H, I, K, L, W, X, Y, and Z) identified based on the composition of 
their capsular polysaccharide. Six of these serogroups are responsible for outbreaks; A, B, C, 
W, X, and Y (39). In addition to serogroup, meningococci can also be grouped into clonal 
complex (cc) and sequence types (ST) using multilocus sequence typing (MLST) by 
identifying polymorphisms in seven housekeeping genes: abcZ, adk, aroE, fumC gdh, pdhC, 
and pgm (40, 41). Specific ccs are more prevalent in invasive disease and among the most 
common cc present in invasive meningococcal disease (IMD) worldwide are cc8, cc11 and 
cc32 (42). 

2.1.1 Genetics of N. meningitidis 

N. meningitidis has a relatively small genome, about 2.2 million base pairs with slightly over 
2000 coding sequences (CDS) and just above 50% G+C content (43, 44). Roughly 20% of 
the genome consists of repeat sequence elements (45). These repeated sequence elements 
includes DNA uptake sequence (DUS), neisserial intergenic mosaic element (NIME), Correia 
repeat enclosed element (CREE), tandem repeats (TR) and larger insertion sequences (IS) 
(46). All these repeat sequence elements contribute to the high genome flexibility of N. 
meningitidis. 

The DUS is a ten base pair sequence that acts as a marker for transformation in uptake of 
exogenous DNA and its presence increases transformation frequency in Neisseria by several 
orders of magnitude (Figure 1A) (47). All Neisseriaceae species contain and utilises DUS 
with slight differences in specific base pair sequence, although all DUS contains the 
conserved 5′-CTG-3′ motif. Both N. meningitidis and N. gonorrhoea DUS maintain the 
sequence 5′-GCCGTCTGAA-3′ (48).  

NIMEs comprise of repeat sequences in the size range of 20-160 base pairs and in turn 
flanked by 20 base pair inverted repeats belonging to the duplicated repeat sequence 3 (dRS3) 
family. NIMEs are hypothesised to be involved in horizontal gene transfer events by either 
being targets of recombination or specifically attracting selective recombinases (Figure 1B) 
(46). It has been shown how the tbpAB locus, flanked by a NIME on either side, can have 
remarkable sequence identity between N. meningitidis and the non-pathogenic species N. 
lactamica supporting the idea that NIMEs serve as a hotspot for interspecies DNA acquisition 
(49) 

CREEs have only been identified to exist in Neisseria species and as such are of special 
interest (50). CREEs are sub-divided into four major classes, α, α′, β and β′, based on size and 
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sequence, and they are uniformly spread throughout the genome (Figure 1C) (51). The 
function of CREEs is still not determined but previous research has proposed that they are 
linked to sRNAs as they have been found in high frequency in proximity with predicted 
sRNAs (52). 

TRs are small, ≤10 base pair repeats, usually located in the 5′ region upstream or within the 
CDS of the gene they influence. These repeats can regulate either transcription efficacy or 
translational frame and/or efficacy (53). In terms of transcriptional regulation, TRs are known 
to impact the promotor by increasing or decreasing the spacer region between -35 and -10 
promotor recognition sites, thereby altering the promotor efficiency (54). TRs can also exist 
upstream of the -35 promotor site and affect other transcriptional regulator recognition sites 
(Figure 1D) (55). Regarding regulation of translation initiation, the TRs can alter the 5′- 
untranslated region (UTR) of the mRNA and occlude/reveal the ribosome binding site (RBS) 
(56). More prominently, translational control by TRs is caused by frame shifts in the open 
reading frame resulting in either correct translation of the mRNA or a premature stop codon 
terminating translation and resulting in a non-functional protein product. This sudden 
inhibition or promotion of transcription and translation caused by TRs are usually categorised 
as phase variation events, leading to ON/OFF switches of important genes and proteins in the 
Neisseria species (57). 65 different genes regulated by phase variation have been predicted, 
and 17 of these have been experimentally verified in N. meningitidis strain MC58 (58).  

IS elements are a well-known phenomenon in many different bacterial species. They are 
usually much larger sequences, compared to other repeat elements mentioned, but have a 
large variety in both sequence and size, dividing them into IS families (59). IS elements are 
mobile and encode for transposases that help them to excise and insert themselves within a 
genome. IS elements serve as a source for horizontal gene transfer and can introduce genes 
carried within the IS element into a genome (Figure 1E). Expression of genes in proximity to 
where the IS element is situated can also be affected (60, 61). One such example in N. 
meningitidis is the IS1301 which can insert itself in the capsular polysaccharide (cps) locus 
and reversibly inactivate cps production (62). 
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Figure 1. Illustration of repetitive sequence elements present within the N. meningitidis 
genome. A) The DNA uptake sequence (DUS) is a marker for exogenous DNA uptake by 
type IV pilus (T4P) and are frequently present within the genome. B) Neisserial intergenic 
mosaic elements (NIMEs) are a common feature within the meningococcal genome, 
especially at loci which are hotspots for homologous recombination events and gene 
acquisition. Many different types of NIMEs exist but are exemplified here by an array of 
different repeat sequences (RS) commonly enclosed by the duplicated repeat sequence 3 
(dRS3). C) Correia repeat enclosed elements (CREE) are unique to the Neisseria species and 
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consists of different Correia repeats enclosing one or several core regions. CREEs can also 
harbour promotor elements and are usually found in 5′- region upstream of genes and thereby 
affect transcription of the downstream gene. D) Tandem repeats (TRs) can be found both 
within CDS as well as in promotor regions. TRs can contract or elongate with strand slippage 
during replication and affect both transcription and translation. E) Insertion sequences (IS) 
are larger sequences containing inverted repeats enclosing a transposon element which enable 
IS elements to migrate within the genome at specific insertion sites recognised by the 
transposon. IS elements can promote or inhibit target genes based upon insertion site.  

2.1.2 Life cycle of N. meningitidis 

N. meningitidis spreads between individuals by aerosol-borne transmission (Fig 2A) or by 
physical interactions such as kissing. The bacterium is generally not able to survive on solid 
surfaces outside the human host for long, but one study has shown that N. meningitidis is able 
to survive outside of its host up to eight days depending on strain and surface (63). Carriage is 
age-dependent and rises from 4.5% (infants, 0-1 years) to 23.7% (adolescents, 15-19 years) 
and down to 7.8% (middle aged, 50 years) (64).  

Within the host, N. meningitidis first adhere to the epithelium of the nasopharynx, attaching 
to columnar non-ciliated epithelial cells (Fig 2B), using its type IV pilus (T4P) and other 
adhesins such as NadA (65, 66). The bacterium forms microcolony clusters which enables 
growth in protective communities within a more controlled microenvironment (67). Upon 
cues from the microenvironment, such as increased host derived lactate, the microcolonies 
disseminates and are capable to form new microcolony aggregates (68, 69) (Fig 2C). 

In response to meningococcal colonisation, the human immune system will start producing 
antibodies targeting the specific meningococcal strain. This protection can be cross-reactive 
against multiple other strains. Carriage of the N. lactamica has been shown to correlate with 
reduced carriage of N. meningitidis due to similar cross-reactive protection (70, 71). The 
resulting effect is a transient carriage where subgroups of N. meningitidis are introduced, 
carried, cleared and a new cycle with other meningococcal strains may begin (72). The 
carriage of N. meningitidis can vary in how transient the colonisation becomes and the 
simultaneous colonisation of different meningococcal strains is possible (73, 74). 

The emergence of vaccines against the outbreak serogroups of N. meningitidis has lowered 
the incidence of IMD (75). However, carriage and transmission of the bacterium does not 
seem to be affected by current vaccination programmes (76, 77). It has been known for some 
time that the presence of specific anti-meningococcal antibodies in the sera of the population 
correlates with protection against IMD (78). Vaccination creates a protective titre of serum 
immunoglobulins and sIgA within the mucosal surface. (79). However, the level of protective 
antibodies wanes after three to five years post-vaccination and booster doses are needed for 
individuals at extra risk for IMD (80). There is also a discrepancy in how different types of 
vaccines affect the immune response towards N. meningitidis (81-83). Carriage rates are also 
more difficult to alter since meningococcal strains can reversibly become unencapsulated. 
Therefore polysaccharide conjugated vaccine targeting A, C, Y and W will only have a very 
limited effect on meningococcal carriage overall. This may not be an issue, as cases of 
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unencapsulated strains causing severe meningococcal disease are few as capsule is one of the 
major virulence factors supporting meningococcal survival within the bloodstream (84, 85). 
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2.1.3 Invasive meningococcal disease and pathogenesis 

By mechanisms still not fully understood, the common harmless colonisation can turn into 
rapidly progressing IMD. IMD commences by bacteria transmigrating from the epithelium 
into the bloodstream (Fig 2D). N. meningitidis have been shown to require both T4P as well 
as capsular expression for proper transversal through epithelial cells (86). At the same time, 
previous research has also elucidated that N. meningitidis can damage surrounding epithelial 
cells which enable transmigration by damage to the epithelial barrier (87). In either case, or 
perhaps more likely through a combination of both mechanisms, the bacterium can cross the 
epithelium and invade the vasculature. Within the bloodstream, the meningococci continue to 
proliferate, causing septicaemia if they avoid immune clearance (Fig 2E). This stage of IMD 
gives rise to the tell-tale sign with the formation of petechiae, rupture of small capillaries in 
the extremities which can progress to purpura fulminans and necrosis in surrounding tissue 
(Figure 3). In addition, the meningococci can further penetrate the blood-brain barrier and 
invade the cerebrospinal fluid (CSF) within the meninges, and subarachnoid space, causing 
meningitis. The resulting typical disease manifestation includes fever, photophobia, neck-
stiffness, headache, and nausea (Figure 3). Prompt administration of antibiotics such as 
penicillin G is the preferred treatment. However, due to the urgent and often life-threatening 
situation caused by septicaemia and meningitis, broad spectrum antibiotics such as 
ceftriaxone or rifampicin are commonly used. This is caused by current methodological time 
lag of identifying the causative microbe of the disease.  

N. meningitidis utilises many virulence factors to evade host complement-mediated killing 
and proliferate within the bloodstream. Polysaccharide capsule protects the bacterium from 
phagocytosis as well as shielding from antimicrobial peptides and several other immune 
factors (88). The T4P is another major virulence factor of N. meningitidis, facilitating the 
bacterium in competence as well as mediating complex interactions with the host and other 
meningococci (89). Due to the surface exposure of the T4P, it becomes an evident target for 
host-derived antibody responses. Therefore, N. meningitidis undergoes antigenic variation of 
the T4P major subunit pilE to avoid such immune clearance. This antigenic variation process 
is RecA-dependent, mediating non-homologous recombination between the pilE and several 
pilS cassettes upstream of the pilE gene. Not all strains of N. meningitidis can perform this 
feat as the pilE gene in some strains have been rearranged to another part of the genome far 
away from the pilS cassettes (90). N. meningitidis can thereby be classified as having a class I 
(antigenic variation) or class II (no antigenic variation) pilus (91). Furthermore, the bacterium 
behaviour can also influence its virulence, exemplified by its ability to autoaggregate and 
slowly spread in the bloodstream, biophysically acting as a viscous fluid (92). Recent studies 
have also shown that this behaviour inhibits immune responses within capillaries and 
arterioles where neutrophils fail to migrate to the target site of vascular infection in time (93). 
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Figure 3. Illustration of invasive meningococcal disease localisation and symptoms. 
N. meningitidis can cross the blood-brain barrier an invade the meninges with surrounding 
area resulting in meningitis. Within the blood stream, meningococci can adhere to 
endothelia and grow in clusters especially within capillaries and arterioles. The resulting 
septicaemia will in late disease stage lead to the tell-tale sign of non-blanching rashes 
(petechiae) by rupture of small blood vessels. If large number of smaller blood vessels are 
ruptured, Purpura fulminans will develop. This is a disease manifestation with symptoms 
including large areas of dark, red rashes, a sign of ongoing necrosis. 
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Another important meningococcal virulence factor is the fHbp protein, named by its ability to 
bind the immune factor H protein and thereby covering the bacterium in the self-complement 
protective factor (94). Research has also shown N. meningitidis utilising Opa and Opc 
proteins to induce oxidative stress in vascular endothelial cells as well as arrest them in the 
DNA replication S-phase by causing DNA damage (95). This would enable N. meningitidis 
to compromise endothelial cells and cross the blood-brain barrier.  

Porins such as PorA and PorB are two major outer membrane proteins of N. meningitidis. 
These proteins form trimeric structures of voltage-gated channels that allows influx and 
efflux of ions and small molecule compounds from the bacterial environment (96). PorA and 
PorB can also interact with host cells inhibiting apoptosis (97). Both porins are also subject to 
antigenic variation. In addition, PorA can undergo rapid phase variation in an ON/OFF manor 
by the size of a poly-G spacer between the -10 and -35 domain of the porA promotor (98). 

2.1.4 Current epidemiology of N. meningitidis in the world 

The incidence of IMD is highly dependent on both geographical region and season, and 
ranges from 0.1/100,000/population/year to almost 100/100,000/population/year (99). The 
serogroup distribution of IMD around the world is distinct for geographical regions (Figure 4) 
(100-102). During 2019, Sweden had 66 reported cases of IMD with the most prevalent 
serogroup being W, a serogroup increasingly appearing among invasive isolates (103). 
People at increased risk for IMD are usually infants, adolescents, and immunocompromised 
individuals (78, 104, 105). Another concern for meningococcal outbreaks is the rapid 
national- and international spread of invasive strains during mass gatherings with broad 
populations from different countries with separate vaccination routines (106, 107). In 
addition, current restrictions and increase in awareness of transmittable disease due to the 
SARS-COV-2 pandemic have led to a global decrease in IMD worldwide (108). 

Currently, several European countries have introduced routine childhood meningococcal 
immunisation (109). Capsular polysaccharide, one of the virulence factors, is the major 
component in several commercially available vaccines. The widely used meningococcal 
vaccines against serogroup A, C, W, and Y is composed of their respective capsular 
polysaccharide content conjugated to an inactive version of either diphtheria or tetanus toxin 
(110). The capsular polysaccharide of serogroup B is poorly immunogenic, as one of the 
epitopes is similar to sialic acids present on human neural cells. Instead, the serogroup B 
vaccine elicits immunogenicity by the outer membrane proteins fHbp. NadA, and NHBA 
together with membrane vesicles containing the major outer membrane protein PorA (111). 
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Figure 4. Current global epidemiology of N. meningitidis serogroups involved in both 
carriage and disease. Dominant serogroups are represented over respective continent/sub-
continent area with order from left to right designating the most dominant to less prevalent 
serogroups in the specific area.   

2.2 A SELECTION OF VIRULENCE FACTORS UTILISED BY NEISSERIA 
MENINGITIDIS 

2.2.1 Iron acquisition – the heist for survival 

In all kingdoms of life, iron is a vital element for a significant number of metabolic processes 
that are required for survival of the organism. Bacteria are no different, and N. meningitidis is 
required to obtain iron in order to live within its human host (112). However, co-evolution 
between organisms have rendered human physiology aimed to prevent iron availability for its 
numerous bacterial inhabitants. The methods applied to sequester important nutrients, such as 
iron, from potentially harmful bacteria is termed nutritional immunity (113). 

Nutritional immunity in the context of iron revolves around iron-chelating proteins. The 
human body implements several different iron-chelating proteins with respect to the 
localisation within the body (114). One very abundant iron storage protein is the intracellular 
ferritin, which serves as iron deposits from where iron can be released upon the demand 
(115). In the red blood cells of the blood stream, haemoglobin and haemoglobin-haptoglobin 
are iron-chelating proteins that utilise iron for their function in carrying oxygen. The more 
important iron binding protein in the blood in terms of nutritional immunity is transferrin. 
Transferrin is an extracellular protein which restricts available iron within the blood and acts 
as a transporter of iron throughout the body. Within mucosal surfaces, iron is sequestered by 
lactoferrin, similar in function to transferrin, but have also been shown to have antibacterial 
properties (116). 
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N. meningitidis has adapted accordingly and utilises iron acquisition systems to extract iron 
from all the iron-chelating proteins mentioned, except for ferritin, from the human host. One 
of the determinant features marking N. meningitidis as a human-specific pathogen is its 
dependency on extracting iron from human iron-chelating proteins (117). Four major iron 
uptake systems have been discovered to be utilised by N. meningitidis. HpuA/HpuB extracts 
heme from haemoglobin-haptoglobin, HmbR from haemoglobin, TbpA/TbpB extracts iron 
from transferrin, and LbpA/LbpB from lactoferrin (118). These iron-binding complexes are 
TonB-dependent receptors, which transduces proton motive force to enable the function of 
the iron-binding proteins (119). Iron taken up by TbpA/B and LbpA/B is transported through 
the periplasm and into the cytoplasm by the proteins FbpA, FbpB and FbpC. FbpA is a 
periplasmic protein that shuttles iron across the periplasm to FbpB and FbpC (120). FbpB and 
FbpC are both situated in the inner membrane, and are hypothesised to transport iron through 
the inner membrane in a manner of an ABC-transporter (Figure 5) (118). 

 

Figure 5. Schematic of iron uptake systems in N. meningitidis. Several iron-binding 
proteins are utilised by N. meningitidis to overcome nutritional immunity by the host. In the 
pathways illustrated above, LbpA will bind to lactoferrin and extract the iron. LbpA then 
shuttles the iron by LbpB through the outer membrane to be taken up by FbpA. FbpA then 
transports the iron through the periplasm and through FbpB and FbpC, the iron is transported 
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through the inner membrane. Within the cytoplasm, iron can be utilised as a cofactor for 
several proteins or be stored within bacterioferritin. 

Functional iron acquisition by N. meningitidis is crucial for colonisation and infection in 
mouse models (121, 122). Due to host-specificity, these animal model experiments require 
addition of readily available iron or otherwise humanised mouse models for N. meningitidis 
to be able to progress to infection. Iron availability and uptake have been shown to have a 
great effect on meningococcal transcriptome and proteome (123, 124). Like many other 
bacteria, N. meningitidis utilises the transcriptional regulator Fur, which bind to fur box 
motifs within the genome. Traditionally, Fur has been considered as a repressor, but it was 
later demonstrated to also upregulate genes (125, 126). Fur forms a dimer in the presence of 
iron and then binds to the fur box motifs. When iron is limited the dimer complex is not 
formed and no interaction with the fur box motif is possible (127, 128). In the presence of 
iron, Fur will repress the expression of iron uptake genes such as tbpA, tbpB, lbpA, lbpB and 
fbpA (126). The need for strict regulation of iron uptake is due to the volatile nature of iron 
during aerobic conditions. While iron is vital for the survival of N. meningitidis, it also confer 
a substantial hazard to the bacterium as an excess of iron can readily induce reactive oxygen 
species by the Fenton reaction (129).  

2.2.2 Membrane vesicles – a diverse toolbox  

Membrane vesicles (MVs) were discovered in the 1960’s as spherical phospholipid particles 
that are released form bacteria into their surroundings in a controlled and uncontrolled 
manner (130). MVs are a varied group of particles in function and appearance, ranging from 
the size of 10 nm up to 300 nm in diameter (131-133). Depending on bacteria and proposed 
biosynthesis, MVs have received an equally broad range of names. For simplicity and due to 
the many times conflicting evidence in case of reason for nomenclature, henceforth the term 
MVs will be used as a collective term for all purposes. 

In N. meningitidis, MVs have received the most attention as they form one of the components 
in the four-component vaccine directed towards serogroup B meningococci (4CMenB) (134). 
However, the use of MVs in vaccine formulation has provided a technical hurdle, as yields of 
MVs traditionally have been low and consequently there is a need to upscale production and 
the yield of N. meningitidis MVs (135). The success of the 4CMenB has also revealed 
another interesting finding. Studies have shown that the 4CMenB vaccination is able to 
provide cross-protection towards N. gonorrhoeae with reduced incidence of gonococcal 
infections (136). Research revealed conserved antigens present on meningococcal MVs 
which increases clearance of gonococcal infection in an animal model (137). 

The MV is not defined as a virulence factor on its own but acts as a carrier and toolbox for 
numerous different virulence factors and mechanisms. Initial studies of MVs showed that the 
release of MVs is increased when bacteria are exposed to certain forms of stress such as 
redox imbalance, nutrient starvation, and membrane instability (138-140). These observations 
led to the theory that MVs are means for the bacteria to rid themselves of damaged structures 
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and proteins that would otherwise be harmful (140, 141). In many bacteria, including N. 
meningitidis, there is also a steady state release of MVs during benevolent growth conditions 
which may indicate that MVs serves broader functions (Figure 6). There is a growing 
consensus that the production of MVs is part of an active process requiring several proteins 
and regulation (142). The loss of protein RmpM, facilitating oligomerisation of the porin 
proteins PorA and PorB, has been shown to increase MV production in N. meningitidis (143). 
Since PorA and PorB are the dominant outer membrane proteins, immune responses raised 
against N. meningitidis are preferentially targeting these protein epitopes (144). This 
complicates immunisation with MVs, as PorA and PorB exists in a large variety specific for 
different strains and thus creates poor cross-protection when individuals are subjected to 
different strains (145, 146). Previous research attempted to solve this issue by creating MVs 
lacking PorA, which showed a slight increase in cross-protective capabilities (147). A 
possible reason for this increase might be a more targeted response against other epitopes. 
YraP is another protein involved in MV regulation in N. meningitidis. This protein is 
proposed to be a periplasmic-facing outer membrane protein that when removed caused an 
increase in bacterial adhesion and MV formation in N. meningitidis (148). YraP is also fused 
to the current recombinant fHbp-component of the 4CMenB vaccine against N. meningitidis 
serogroup B since its presence has been shown to increase bactericidal response against 
meningococci (149).  
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2.2.3 Capsule – the protective armour 

As mentioned previously, N. meningitidis serogroup designation is based on its capsular 
polysaccharide constituents. Capsule synthesis and transport genes are located in the cps 
locus designated in several regions A to E (150). Region A contains the capsule biosynthesis 
genes and is the most heterogenous region between serogroups. Region A determines which 
polysaccharides are synthesised and subsequently incorporated in the capsule (39). Region B 
and C contain the capsular translocation and transport genes respectively and are conserved 
among the serogroups (Figure 7) (39). Region D concerns LOS biosynthesis and is not 
directly linked to either capsule synthesis or transport but co-located in the cps locus as part 
of polysaccharide production (39). Region E contains the tex gene, first identified in 
Bordetella pertussis as an important transcriptional regulator with high sequence identity to 
the N. meningitidis tex gene (151). Region E has not yet been linked to the capsule regulation 
or production but is, like region D, considered part of the cps loci due to its localisation. 

Serogroup A polysaccharide is made up from repeating units (homopolymers) of O-
acetylated (α1→6)-linked N-acetyl-D-mannosamine-1-phosphate. Serogroup B and C 
polysaccharide is made up by cytidine-5′-monophosphate-N-acetylneuraminic (Neu5Ac) with 
different linkages in capsular structure for the two serogroups and partial O-acetylated sialic 
acid in serogroup C. Serogroup W polysaccharide is made up from alternating D-galactose 
and acetylated sialic acid while serogroup Y polysaccharide is alternating D-glucose and 
acetylated sialic acid. A recently emergent invasive strain to the disease associated 
serogroups, serogroup X, believed to originate from serogroup A, contains capsular 
polysaccharide with homopolymeric units of N-acetylglucosamine-1-phosphate (150). 
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The capsular polysaccharides are produced in the cytoplasm through a series of metabolic 
processes. It is then translocated through the inner membrane and periplasm to be conjugated 
to the outer membrane lipids and surface exposed outside the bacterium (150). Using N. 
meningitidis serogroup B, strain MC58 as an example; the process starts with CssA (N-
acetyl-glucosamine-6-phosphate 2-epimerase), CssB (CMP-sialic acid synthetase) and CssC 
(sialic acid synthetase) converting N-acetyl-glucosamine 6-phosphate to Neu5Ac. 
Polymerisation of polysaccharide usually requires a proper acceptor molecule which in N. 
meningitidis MC58 is an initial Neu5Ac bound to a poly 2-keto-3-deoxyoctulosonic acid 
(Kdo) linker with phospholipid anchoring it to the inner membrane (152, 153). This process 
is thought to be performed by CtrE and CtrF. Thereafter, Csb (capsular polymerase) performs 
the polymerisation and creates polysaccharide chains from the earlier substrate (154). While 
the other invasive serogroups perform O-acetylation on the polysaccharide polymer, 
mediated by CssE and CssF, serogroup B does not (155). The full-length polysaccharide 
anchored to the inner membrane must then be transported across both membranes and be 
presented outside the outer membrane. CtrA-D forms the polysaccharide ABC-transporter 
complex which shuttles the polysaccharide to this end (156). This process starts with CtrD 
and CtrC recognising the mature polysaccharide and shuttling the complex through the 
periplasmic spanning protein CtrB to the outer membrane bound CtrA which in turn flips the 
polysaccharide to be presented outwards from the outer membrane (150). 

Capsule is a virulence factor due to its property to protect the bacteria from the host-derived 
complement system as well as preventing phagocytosis by immune cells (Figure 8) (88, 157, 
158). In addition, the capsular polysaccharide harness molecular mimicry to other sialic acids 
within the human host, reducing the possible immune response against capsule itself. This is 
especially prominent for serogroup B meningococci as its sialic acid is identical to the host 
sialic acid present on neuronal cells (159). The capsule can be shed by the bacterium, 
especially during intracellular invasion of host cells (160). It has also been shown that anti-
capsular IgG generated through conjugated polysaccharide vaccines against N. meningitidis 
can inhibit capsule shedding by the bacteria (161). Paradoxically, research has also shown 
how capsule is an important feature in intracellular survival for N. meningitidis (162). 



 

 21 

 

 

Furthermore, N. meningitidis has been shown to perform capsule switching which through 
horizontal gene transfer allows different strains of meningococci to take up region A and C of 
the cps locus from other serogroup strains (163). This phenomenon has been thoroughly 
studied as the initial vaccines targeting serogroup A, C, W and Y have induced noticeable 
capsular switching from serogroup C to B in epidemiological studies observing strain 
prevalence pre- and post-vaccination era (164, 165). The capsule switching is not limited to 

Figure 8. Role of polysaccharide capsule for N. meningitidis. The polysaccharide capsule 
has numerous protective effects for N. meningitidis. While it does not prevent initial 
complement deposition on the bacterium, the capsule inhibits the formation of membrane 
attack complex. It also prevents phagocytosis by immune cells such as neutrophils. 
Polysaccharide capsule aids to shield epitopes that can be targeted by antibody-mediated 
immune response. However, this protection comes with the cost of instead inducing antibody 
response targeted against capsular polysaccharide itself. An exception to this is serogroup B, 
which due to the molecular mimicry with sialic acids present on human neural cells does not 
give rise to a strong antibody response. Capsule also inhibits deposition of antimicrobial 
peptides such as LL-37 and β-defensins. Encapsulated N. meningitidis will also be hampered 
in their ability to adhere to epithelial cells in the nasopharynx. 
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any specific serogroup but has rather been shown to be related to current carrier strains as 
emergent invasive strains have been shown to harbour carrier-typical gene elements in their 
genome (166, 167). This development of understanding regarding N. meningitidis 
adaptability to overcome the immune response and vaccine induced protection have raised 
concerns with how efficient current available vaccines are in the case of future strains 
developing with even further modified antigen expression (168). 

Another important feature of meningococcal polysaccharide capsule lies in the regulation and 
expression of capsule. The cps locus contains several features which aid the bacteria to 
regulate capsule biosynthesis according to environmental selection pressure (150). First, a 
poly-C tandem repeat element within the 5′ region of the coding sequence for csb (capsular 
polymerase, serogroup B) has been discovered. This tandem repeat creates a translational 
phase variation ON/OFF switch that in OFF phase will cause a premature stop codon in OFF 
phase. This will result in a non-functional Csb and no capsular polysaccharide will be 
produced (169). Later, the presence of IS1301 insertion into the intergenic region between the 
capsule transport operon and capsule biosynthesis operon was discovered. This IS1301 
insertion increase transcription of capsular biosynthesis genes and thereby generating more 
capsular polysaccharide present surrounding the meningococci (88). There is also a cis-
encoded RNA thermosensor present in the 5′-UTR of the cssA gene that depending on 
configuration will alter temperature-controlled translation efficiency of cssA and thereby can 
cause a hypercapsulation phenotype (56). Another regulatory mechanism was discovered in a 
study investigating the MisR/MisS two component system, where the knock-out of either 
component led to an increase in capsular polysaccharide and bacterial survival when exposed 
to human serum (170). This was later further verified by experimental evidence of MisR 
binding to the promotors of the intergenic region between ctrA and cssA (171). 

2.2.4 IgA protease – disarming the defence of the host 

Secretory IgA (sIgA) are prevalent within the mucosa as an initial defence to prevent 
infection (172). Of all immunoglobulins, sIgA is the most prevalent immunoglobulin present 
in the human mucosa (173). Lack of proper IgA production is one of the more common 
immunological deficiencies (174). Based on previous encounters with meningococcal strains, 
specific IgA antibodies against N. meningitidis can induce opsonophagocytosis and 
polymorphonuclear neutrophil (PMN) respiratory burst (175). Deficiency in IgA production 
has also been linked to lower IgG2 production in individuals challenged with N. meningitidis 
polysaccharide vaccine towards serogroup A (176). 

N. meningitidis was discovered to produce IgA1-specific serine protease (IgA1P) capable of 
cleaving human IgA1, which inhibits IgA1 function (177). IgA1P is produced and maturated 
by several autoproteolytic cleavage steps which leads to secretion of a ~100 kDa protease 
domain (178). IgA1P can also be processed by NalP, an autotransporter which is known to 
process a variety of cell surface proteins (179, 180). IgA1P has been shown to have two 
distinct cleavage types, one type cleaving the hinge region either between a proline and a 
serine (IgA1P cleavage type 1) and the other type cleaving between a proline and a threonine 
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closer to the N-terminus of IgA1 (IgA1P cleavage type 2) (181). These different IgA1P are 
mutually exclusive as N. meningitidis was demonstrated to only express one version of 
IgA1P. A genome comparative study of the meningococcal iga gene encoding for IgA1P 
revealed that cleavage type 1 and cleavage type 2 variants are defined by two conserved, but 
distinctly different sequences in the protease domain between amino acid 58-344 (182). 

 

Figure 9. Visualisation of IgA1P function and the process of fabulation. IgA1P is 
produced, presented on the cell surface and the proteolytically cleaved to be secreted into the 
extracellular space. It will then proceed to cleave substrates, IgA in this case, which will 
result in separate fc and fab fragments. The fab fragments can still bind to target epitopes 
which will shield the epitopes against other possibly opsonising antibodies.  

After IgA1P has cleaved IgA, the resulting Fab fragments coat antigens on the surface of N. 
meningitidis, causing a process called fabulation in which opsonising antibodies of other 
immunoglobulin classes cannot access the target antigens (Figure 9) (183). Meningococcal 
strains harbouring either of the two IgA1P cleaving types have also been reported to decrease 
LAMP1 in human epithelial cells, an important factor for lysosome-mediated killing of 
bacteria. However, only IgA1P cleavage type 2 was enzymatically verified to perform 
degradation of LAMP1 int this study (184). Transcription factor NFκB p65 has also been 
shown to be cleaved by IgA1P independent of cleavage type but instead due to the presence 
of nuclear localisation signals present within the IgA1P (185). These pleotropic immune 
modulating functions of IgA1P suggest that it might play a pivotal role during meningococcal 
infection. 
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2.3 HFQ AND SRNA MEDIATED REGULATION IN NEISSERIA MENINGITIDIS 

2.3.1 Hfq – a matchmaker of RNA-mediated gene regulation 

N. meningitidis is exposed to different environmental niches, (nasopharynx, bloodstream, and 
CSF) and stresses (other microbes, immune factors, and nutrient requirements). To adapt in 
time when faced with these cues, the bacterium needs to perform fast gene regulation. One 
way to perform this is by gene regulation mediated by Hfq and sRNA. Hfq was first 
discovered in Escherichia coli in the late 1960’s as a crucial host factor for the RNA 
bacteriophage Qβs RNA synthesis (186).  

E. coli Hfq was discovered to be 11 kDa in size, abundant within the cytoplasm, heat-
resistant and has great affinity for binding single stranded nucleotide sequences (187, 188). 
Hfq belongs to the Sm family of proteins and it is conserved throughout the bacterial 
kingdom (189). The protein can form homo-hexamers and facilitates the interaction of sRNA 
to their target mRNAs by working as a matchmaker between the different RNAs (189-191). 
Upon binding to Hfq, the protein may also protect sRNAs and target mRNAs from 
degradation by RNase E and exoribonucleases (Figure 10A) (192). Recent evidence also 
suggests that Hfq and its regulatory mechanism can be spatially located in specific focused 
areas within the bacterial cell during stress (193). 

Three distinct binding sites have been identified on the Hfq hexamer used for specific 
interaction with different types of RNAs. These binding sites are known as proximal-, distal 
and rim site (194-196). The proximal site binds single stranded RNA with affinity for 
uridine–rich sequences often found at the 3′-end of transcripts (195). The distal site has 
affinity for triplicate nucleotide repeats of AAN usually found 5′ to the sRNA binding target 
mRNA (195). The rim site contains strongly electropositive patches that aids the connection 
of proximal and distal bound RNAs to interact and is important to protect Hfq-bound sRNA 
from ribonucleases (197, 198). For a long time, it remained an enigma how different RNA 
cycles through their interaction with Hfq. Initial in vitro experiments showed a very tight 
interaction indicating slow dissociation with RNA-Hfq half-lives from 15- up to 250 minutes 
(199, 200). This is not at all the expected rate of fast RNA-mediated regulation. With more in 
vivo studies, as well as more extensive in vitro trials, the proposed model is that the 
competing unbound RNA are in excess and can chase the Hfq-bound RNA to dissociate from 
the Hfq hexamer in a half-life of one to five minutes (199, 201). The structure and 
characterisation of Hfq has been thoroughly studied in model organisms such as E. coli (202), 
Salmonella enterica serovar Typhimurium (203) and Pseudomonas aeruginosa (204).  
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Figure 5. Illustrations of Hfq and sRNA mediated regulation. A) Trans-encoded sRNAs 
are often, but not always, dependent on Hfq to enact their regulatory function. Hfq acts as a 
matchmaker to facilitate interaction between sRNA and target mRNA. Several regulatory 
mechanisms have been suggested but the most prevalent are either by inhibition/promotion of 
translation by modulation of ribosome access to RBS, or recruitment/protection of 
ribonucleases that will degrade the transcripts. B) An example of the RNA riboswitch, TPP 
riboswitch, which during reduced TPP levels maintains a structural anti-terminator which 
allows transcription. During TPP abundance, TPP can directly bind to the riboswitch and 
facilitate a structural change within the riboswitch which creates a transcriptional terminator, 
inhibiting transcription. C) An example of an RNA thermosensor containing the stereotypical 
stem-loop structure which during low temperature occludes the RBS access for the 
ribosomes. With increasing temperature, the stem-loop structure will unwind and increase 
RBS access for the ribosome and thereby increasing transcript translation.  
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Hfq-mediated gene regulation by sRNA has recently received renewed scientific interest due 
to its control over several cellular processes. Anaerobic conditions, oxidative stress, glucose 
availability, osmotic imbalance, and iron availability, affects a variety of sRNA expression 
patterns (205-210). Due to the enigmatic switch in N. meningitidis from passively colonising 
to causing lethal infection, sRNAs are observed as possible key components in this rapid 
change from carrier to invasive bacteria. The sRNAs can be divided into two different acting 
types based on their localisation and target, cis-encoded-, and trans-encoded sRNAs (208). 

2.3.2 Trans-encoded sRNAs – regulation by finding its match 

Trans-encoded sRNAs are transcribed from other genome locations than their mRNA target. 
Depending on stability and target affinity, the functionality of these sRNAs is commonly 
Hfq-dependent. Because of this dependency, many sRNAs are identified with the use of 
transcriptomics data by observing transcripts that are increased or decreased in the absence of 
Hfq (38, 211, 212). Trans-encoded sRNAs usually have few and imperfect base-pairing with 
their target mRNA (Figure 10A). One of the most known examples of a trans-encoded sRNA 
in bacteria is RhyB. This sRNA was discovered in E. coli, although it has homologues and 
functional analogues in many different bacteria (213). RhyB is a master regulator of genes 
encoding for proteins with iron as cofactor, downregulating these genes as a response to low 
iron availability. RhyB is in turn negatively regulated by the ferric uptake regulator (Fur) 
which requires iron as a co-factor for transcriptional repression of target genes. This results in 
RhyB to only be expressed during iron limited conditions (213). Many mRNA targets of 
RhyB have been experimentally verified (213, 214). 

Several trans-encoded sRNAs have been identified in N. meningitidis; NrrF, AniS and 
NmsR. These sRNAs are involved in metabolic pathways with expression levels depending 
on the environmental conditions, such as iron-, oxygen-, or glucose-levels (207, 209, 215). 
AniS is transcribed during oxygen limiting conditions under the regulation of FNR (207). The 
sRNA AniS has several potential targets, with the transcript of the oligopeptidase gene prlC 
being validated (207). Expression of AniS is Hfq-dependent and negatively regulates prlC. 
The exact function of PrlC is still not known but has been suggested to be involved in protein 
export, degradation, and cell cycle regulation (216, 217). NrrF is an analogue of the E. coli 
RhyB its expression is also repressed by Fur and expressed during iron-limiting conditions 
(218). NrrF has been shown to inhibit translation of sdhA and sdhC, which are iron-
containing enzymes of the tricarboxylic acid (TCA) cycle. This regulation inhibits production 
of enzymes requiring iron when iron is sparse (218). NmsR consists of two sibling sRNAs 
and are involved in metabolic switching of N. meningitidis as the bacterium grows in 
different niches (209). These sibling sRNAs are transcribed during high nutrient availability, 
(e.g. within the blood stream), but not in nutrient depleted environment, (e.g. within the 
nasopharynx). NmsR downregulates the mRNA targets of metabolic genes prpB and prpC. 
Both these genes encode proteins operating within the TCA cycle and are important for the 
utilisation of propionic acid as an alternative carbon source (209). 
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2.3.3 Cis-encoded sRNAs – regulation within transcripts 

Cis-encoded sRNAs are acting on the same transcript they are transcribed with. These sRNAs 
are usually Hfq-independent in their regulation due to their nature of already being part of, or 
in the direct proximity to the transcript they regulate. Most commonly, a cis-encoded sRNAs 
is located at the 5′-untranslated regions (UTR) of a transcript, often in the form of RNA 
riboswitches or RNA thermosensors (RNATs) (219). Few examples have been identified 
where cis-encoded sRNAs are located at the 3′-UTR end of transcripts (220, 221). 

RNA riboswitches constitute of an aptamer domain as well as an expression platform domain. 
The aptamer forms a secondary RNA structure that directly binds metabolites and thereby 
undergoes structural changes that can alter the structure of the expression platform. This 
change will alter either transcription or translation of the downstream mRNA (Figure 10B) 
(222). Classification of riboswitches is based upon their metabolite binding and structure and 
almost 40 different classes have been identified (223). A well-known example of a riboswitch 
utilised by N. meningitidis, is the thiamine pyrophosphate (TPP)-riboswitch. TPP 
riboswitches have been found or predicted in all kingdoms of life and regulates the 
production of thiamine with the end product TPP in a negative feedback-loop manner (224). 
Transcriptional and translational TPP riboswitches exist that influence thiamine production 
based on TPP availability (219). 

Different bacteria will face a variety of temperatures during their lifecycle. For example, by 
being outside their host (soil, water) to entering their host, or temperature changes within the 
host (nasopharynx, bloodstream). RNAT is a useful tool to sense these extreme or subtle 
temperature changes, enabling rapid gene regulation suitable for the environment (225). 
These RNA elements were first discovered in bacteria as mediators of the heat shock 
response in E. coli (226). RNATs are made up of stem-loop structures that occlude the RBS 
at lower temperature. When temperature increases, the stem loop structure melts, allowing 
ribosomes to bind and translate the coding region (Figure 10C). A few shared structural and 
sequence features of RNATs have been discovered in bacteria (227). RNATs comprising of 
the repression of heat-shock gene expression (ROSE) element has been discovered in many 
different bacterial families, commonly found in relation with sigma factors important for 
heat-shock response (225). Another reoccurring sequence feature is the FourU element which 
enables a stem-loop structure that occludes the RBS by base-pairing with four uridines (228) 
There is still a lot of diversity in these RNAT elements which could indicate the RNATs have 
evolved separately within different species (227). A possible explanation for this might the 
very simplistic nature of RNA base-pairing which allows a broad variety of RNAT structures 
to form without the requirement of a specific sequence consensus. As previously mentioned, 
there is a known RNAT in N. meningitidis is the 5′-UTR of the capsule biosynthesis gene 
cssA, allowing the meningococcus to sense local temperature increases and produce more 
capsule at higher temperature (56). The alteration of such RNAT is a mechanism in which 
bacteria can adapt to new environments. N. meningitidis can lose a tandem repeat of the 5′-
UTR-cssA RNAT and thereby have a constitutively more accessible RBS by lowering the 
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melting temperature of the RNAT stem-loop. This leads to hypercapsulation of the bacterium, 
a feature that is most beneficial when facing human immune factors such as in the blood 
circulation (56). 

Another example of a cis-encoded sRNA in N. meningitidis can be observed when looking at 
the antigenic variation of the pilE gene. There is a guanine quartet (G4) motif upstream of the 
pilE gene (229). The G4 motif promotes antigenic variation of pilE by forming a 
recombination initiation structure in the shape of parallel squares of smaller stem loops. The 
G4 works by the interaction of three guanine residues, in a total of four repetitions 
(GGGTGGGTTGGGTGGG) (229, 230). This structure occurs on the lagging strand after the 
DNA is melted. It is not known exactly known how the structure aids recombination and 
antigenic variation but it is clear through experimental evidence that it is a crucial part of the 
process (230). A different sRNA regulation affecting antigenic variation is made by the cis-
encoded sRNA antisense sRNA of the pilE gene (231). It remains unclear how this sRNA 
prevents antigenic variation by its interaction with pilE transcripts. However, it is evident that 
exposure to high concentration of NaCl increases expression of the antisense sRNA. In 
coordination with this, antigenic variation decreases, effectively pausing the antigenic 
variation of the bacterium during a NaCl rich environment (231). 
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3 RESEARCH AIMS 
The underlying factors that determine how N. meningitidis turn from passive coloniser to 
invasive meningococcal disease are still poorly understood. Although vaccine 
implementation against outbreak serogroups have diminished global burden of invasive 
meningococcal disease, sporadic endemics and outbreaks still persist. Invasive 
meningococcal disease has a quick onset and even with correct treatment at an early 
timepoint of the disease, morbidity and mortality remains high.  

N. meningitidis has a compact and small genome, inhabiting distinct as well as specific niches 
subject to fast and important environmental cues. Therefore, gene expression regulatory 
networks are an important field to understand rapid behavioural changes of this bacteria. One 
of the more prominent features in meningococcal gene regulation is the utilisation of RNA 
chaperone Hfq and its function in sRNA mediated gene regulation. Several important sRNAs 
have previously been discovered in N. meningitidis with impact on both metabolic circuits 
and virulence traits. 

By researching into both Hfq-dependent and independent sRNAs as well as downstream 
expression of proteins involved in virulence, the work presented in this thesis aims to 
elaborate on the understanding of what the factors turn N. meningitidis into such a dangerous 
pathogen. The work also aims to further understand how these gene regulatory mechanisms 
are utilised in a real-world setting, correlating laboratory findings with N. meningitidis strains 
isolated from patients. 

In brief, Paper I aims to determine structure of Hfq from N. meningitidis as well as to study 
Hfq structure and function relationship in sRNA and mRNA stability. Paper II aims to study 
and characterise membrane vesicle production in N. meningitidis lacking the Hfq protein. 
Paper III aims to further research of the IgA protease from N. meningitidis by investigating 
possible IgG cleavage by IgA1P. Paper IV aims to investigate the presence of more diverse 
RNATs of the capsular biosynthesis gene cssA and what impact such RNATs could have on 
meningococcal virulence. 

 





 

 31 

4 METHODOLOGICAL CONSIDERATIONS 
This section will not reiterate the methods described in detail within each paper that is part of 
this thesis. Instead, the following section will consist of a critical assessment regarding 
advantages and disadvantages with the methods that have been used.  

4.1 MODEL ORGANISMS 

4.1.1 Neisseria meningitidis 

The work presented in this thesis has mainly been performed using N. meningitidis serogroup 
B, strain MC58. The strain originates from a case of invasive meningococcal disease in 
Gloucester, UK, in 1985 (232) This is a well-known strain used frequently in meningococcal 
research, further favoured since it was whole genome sequenced in the year 2000 (44). The 
use of strain MC58 as main model organism in this thesis has several reasons. First, the 
serogroup B capsule in terms of invasive meningococcal disease is of interest due to the sialic 
acid mimicry with human neuronal cells. Connected with this, the 4CMenB vaccine 
containing MVs is used against serogroup B, which has an immediate relevance to the 
specific research presented in Paper II. In addition, the 4CMenB vaccine provides protection 
to vaccinated researchers working in the lab with strain MC58.  

Another commonly used strain, H44/76 shares similar features as MC58. Both MC58, and 
H44/76 are grouped as cc32 which is one of the more predominant outbreak ccs. However, in 
terms of whole genome sequencing and sheer amount of research MC58 had a head-start 
since H44/76 was not whole genome sequenced until 2011, even though H44/76 was isolated 
earlier, in 1978 (233, 234). Genome comparison of strains MC58 and H44/76 shows a 
significant amount of homology, where 93% of genes present in both strains have over 99% 
sequence identity (233). In general, both MC58 and H44/76 strain are quite similar but MC58 
was chosen as model organism for this research due to the earlier genetic research on this 
strain. 

In addition to MC58 and H44/76, the N. meningitidis strains FAM18 (serogroup C, cc11) and 
Z2491 (serogroup A, cc4) have also been used frequently in meningococcal research. Both 
strains have been whole genome sequenced and are good representative of their respective 
outbreak serogroups (43, 235). Both strains were not used as the main model organism 
because of other distinct differences. FAM18 has a class II type pilus which does not undergo 
antigenic variation of the pilE gene, which although not directly linked to the specific papers 
presented in this thesis, reduced the possible avenues of research in the case of antigenic 
variation would have been found out to be linked with the presented research (90). Serogroup 
A lacks the RNA thermosensor studied in Paper IV, reducing the usability of strain Z2491 in 
this research. The success story of vaccination against serogroup A in sub-Saharan Africa has 
also reduced the immediate serogroup A relevance in research in favour of the related 
serogroup X instead. 
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Besides commonly used laboratory strains, Paper III and Paper IV utilised other clinical 
isolates which have not been used thoroughly in previous research but have been selected due 
to identified genetic properties of interest in each respective paper. These isolates are both 
typed and whole genome sequenced which facilitates their use in research without any 
immediate unknown factor contributing to misleading interpretations. However, as the 
specific hypothesis were raised, these isolates are only used for the specific research 
questions asked and not as an overall model organism for meningococcal research. 

4.1.2 Escherichia coli 

Commercially available E. coli strains were used in Paper I, Paper III and Paper IV. E. coli 
strain BL21(DE3) was used for protein expression in Paper I and Paper III. The use of 
BL21(DE3) for protein expression systems is very common and does not differ significantly 
from other research performed. In Paper I, the BL21(DE3) was genetically modified to 
delete hfq from the genome. The mutation did not affect the protein expression system and 
purification steps were performed in an identical manner to the standard operating procedures 
as the parental BL21(DE3) strain. 

E. coli XL10-Gold strains were used as a tool and model for genetical experiments in Paper I 
and Paper IV. There is a plethora of different E. coli strains that can be used for the same 
purposes. In comparison to other similar commercial strains, XL10-Gold cells are 
ultracompetent and thereby possessing tremendous high transformation efficiency with easier 
transformation of larger plasmids and ligated DNA. Although, strains with lesser aptitude for 
these qualities could have been used, these cells were used with the contingency plan of 
allowing more demanding cloning without changing to another strain. 

4.2 MOLECULAR GENETICS 

As mentioned in the literature review, N. meningitidis has a high genome flexibility with 
many repeat sequences as well as strong capability for horizontal gene transfer. This is a 
blessing when working with genetics since performing alterations to the genome becomes 
easier when the model organism is naturally competent. However, it can also be challenging 
since unknown and unintentional alterations can also occur. By passaging bacterial cultures to 
a minimum, it is possible to reduce such unwanted alterations. Another way of solidifying 
experimental data regarding sRNAs identified in N. meningitidis is to express them 
exogenously in another model organism. This was performed in Paper IV, where the action 
of an RNAT, relying on intrinsic structural features, should and could work independently of 
host organism. 

DNA manipulations as well as molecular cloning in this thesis were performed according to 
standard- and well established protocols available. All papers in this thesis have utilised some 
aspect of molecular cloning with only small variations depending on final application. This 
has ensured the same high quality of the routine techniques with streamlining theoretical and 
practical designs of experiments performed. 
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RNA isolation, electrophoresis, blotting, and visualisation are important techniques 
implemented in Paper I. In the last decade, there has been a scientific revolution with regards 
to RNA transcriptomics and RNA expression quantification. In this thesis, the RNA northern 
blotting was used extensively in Paper I. This is a classical, conventional method which 
although used for almost half a century remains the gold standard for visualisation of RNA 
expression, with emphasis on sRNAs. More modern tools for RNA expression quantification 
such as RT-qPCR and RNA transcriptomics are brilliant tools for evaluation of mRNA 
expression but will still be error prone when assessing sRNA expression due to the smaller 
size of sRNAs. Since expression levels of both sRNA and mRNA were measured, northern 
blotting was utilised for both RNA species to keep comparative analysis more accurate and 
easier to visualise. Several different RNA probes can also be used on the same membrane and 
thereby reducing the risk of inter-experimental differences. The downside to this 
methodology lies in that signal quantification is less precise in northern blotting compared to 
RT-qPCR or transcriptomic analyses. Delicate shifts in expression pattern are less likely to be 
observed with accuracy when performing northern blots which could still have a significant 
impact on overall bacterial expression phenotype. Naturally both RT-qPCR and 
transcriptomics have their own disadvantages, especially considering the high frequency of 
repeat sequence elements in N. meningitidis which can create anomalies or faulty 
interpretation when performing these techniques. 

In Paper II, RNA transcriptomics were utilised for the comparison with proteomic results 
retrieved from the membrane vesicles. The procedure of RNA transcriptomic library 
generation was performed at the Science for Life laboratory, while all data analysis were 
performed independently. There are a wide variety of software and tools to process 
transcriptomic data. In Paper II we utilised stringent processing and analysis to avoid 
multiple alignment sites for reads in connection with repeat sequences by removing such 
promiscuous RNA reads from data analysis. Since the data originates from isogenic strains 
(MC58 and MC58∆hfq) this stringency should affect both data sets equally without bias in 
downstream analysis. This can increase the risk for false negatives as the resolution for 
discovering certain smaller, yet significant differences get lower. However, it brings the 
benefit, of decreasing risk for false positives, asserting higher confidence in the observed 
differences. 

4.3 PROTEIN ASSESSMENT 

All papers presented in this thesis investigated protein content with similar and different 
methodologies. Before downstream analysis of protein content, quantification of total protein 
was performed using bicinchoninic acid (BCA) assay. The immediate benefit of using BCA 
assay instead of comparable method like measuring spectrophotometric absorbance at 280 
nm. is that while spectrophotometric absorbance relies on the presence of amino acids 
containing aromatic side-chains for accurate quantification, BCA assay quantifies peptide 
bonds indiscriminate of amino acid composition. In comparison with Bradford assay, BCA 
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assay also had the advantage of not being as sensitive to lysis/elution buffer composition 
affecting readout of the assay. 

SDS-PAGE and subsequent total protein staining or immunoblots were performed in all 
papers included in this thesis. SDS-PAGE experiments were performed with pre-cast gels 
according to the manufacturer’s instructions. This has ensured consistent results between 
technical replicates. The same reasoning and utilisation have been performed with the total 
protein staining using Coomassie-based staining (Imperial stain) and with the immunoblots 
(Turbo transfer system). In all aspects, the methods applied for this type of protein detection 
were adequate to answer the scientific questions raised for each individual paper. Another 
benefit of using these methods is the robustness of which these methods have been used and 
refined through several decades. Antibodies used in immunoblotting from both commercial 
and gifted sources can always differ in specificity and accuracy. Throughout the research 
presented in this thesis the antibodies used have been verified either by previous research or 
in the experiments where they have been used. In an optimal setting, a knock-out control of 
target protein together with purified target protein can and should be used as controls for each 
antibody. For understandable reasons this is pragmatically not feasible in many settings but 
should still be considered when performing any immunoblots. 

In Paper I, the macromolecular X-ray crystallography division of the Protein Science Facility 
(PSF) at Karolinska Institutet was utilised for consultation and crystallography of Hfq 
proteins. The use of a core facility for this purpose is a direct requirement as most of the 
instruments used for protein crystal generation is not household equipment in labs that have 
not dedicated the research towards structural protein biology. Consultation was also needed 
due to the quite extensive analyses needed to be done on the collected data from X-ray 
diffraction of protein crystals. There are other methods for determining protein structure such 
as cryo-EM or NMR. Either of these methods could have been applied for the determination 
of Hfq structure. However, given the robustness of X-ray crystallography as a gold standard 
for protein structure determination together with the already established competence of X-ray 
crystallography at PSF, it was decided to utilise X-ray crystallography as the method best 
suitable for this research.  

In Paper II, proteomic methodology LC-MS/MS was used to observe total protein variation 
within and between membrane vesicles extracted from a wild-type and hfq mutant strain. To 
ensure correct methodology, the proteomic experiment plan was set up with both consulting 
and performance by Science for Life laboratory. Analyses of proteomic data was performed 
with written guidance from Science for Life laboratory. This approach to the proteomic 
experiments was made to ensure high quality of experimental setup as well as performance. 
As with aforementioned X-ray crystallography, instruments and competence with proteomic 
data collection and analysis are required for the successful application of the method.  
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4.4 CAPSULAR QUANTIFICATION AND MOLECULAR ASSAYS 

Semi-quantification of capsule using dot-blotting was used in Paper II and Paper IV. The 
use of dot-blots combined with capsular specific anti-sera has been done in previous research 
although it is not the most well-known method. There are two possible ways to ensure 
capsule specific response in antisera. The way the presented research has attempted this is by 
shearing other possible antigens present on surface or in surrounding media with the use of 
Proteinase K. Another method is to incubate anti-sera with an isogenic non-capsular 
expressing strain thereby leeching any non-capsular specific antibodies out from the anti-sera. 
In either case, it is important to verify anti-sera specificity by dot-blotting using a non-
capsulated strain which should then serve as a negative control with similar signal intensity as 
blank samples. Capsular dot-blotting is also a convenient method for assessing capsular 
polysaccharide amounts. In comparison, there are methods using microscopy to visualise 
capsule surrounding the bacteria. These staining’s tend to be technically sensitive with 
negative staining of capsule being the more commonly used method. However, integrity of 
the bacteria is important which can be a practical issue since N. meningitidis is quite sensitive 
to non-hospitable environment outside of the host and a safety issue when working with an 
aerosol transmittable bacterium without fixating it. Older methods to quantify capsule are 
more biochemical in nature, where isolation of polysaccharide content from equal amounts of 
bacteria are performed for subsequent quantification of capsular content and ratio of total 
capsule extracted between strains. 

Membrane vesicle extractions performed in Paper II were crude vesicle extracts. The reason 
for not further processing the vesicles with density gradient ultracentrifugation was to be able 
to access higher yields of membrane vesicles for downstream applications. SDS-PAGE, 
immunoblot and proteomic analysis requires microgram quantities of material for accurate 
and sensitive analysis. It was also appreciated through TEM observations that the crude 
vesicle extracts had very little observable cell debris or other artifacts which could markable 
influence the analyses performed. DLS was utilised for a more accurate measurement of 
membrane vesicle populations than conventional image analysis from TEM observations. It is 
important to note that DLS measures the hydrodynamic sizes of membrane vesicles which 
will slightly increase the average size when compared to image analysis. 

Incubation of live bacteria or supernatant harvested from live bacteria with human serum was 
performed in both Paper III and Paper IV. In Paper III, the serum incubation was used to 
observe immunoglobulin cleavage while in Paper IV it is used to assess survival of N. 
meningitidis isolates against complement-mediated lysis. Paper III also utilised purified 
immunoglobulins subjected to supernatant collected from different N. meningitidis strains. 
These methods are well-established to answer similar scientific questions as they have been 
performed within this thesis. Arguably, there is always a risk for faulty interpretation when 
using strains that are not isogenic due to multiple factors involved in the processes measured. 
However, in these experiments where isogenic strains are not used, the experimental design 
have been aimed at either making a broad heterogenic selection of isolates while only 
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measuring one single parameter (Paper III), or by selecting as closely related strains as 
possible to reduce multifactorial impact on a broader experimental readout (Paper IV). 

Paper IV also included an adhesion assay using pharyngeal Detroit 562 cells. This cell line 
was utilised to replicate adherence to nasopharyngeal epithelial cells (236). Naturally, the 
environment in which N. meningitidis adhere to epithelial cells within the human host is more 
complex. The experimental design was, however, successful in testing adhesive properties 
between two genetically similar isolates of N. meningitidis with capsule being the evident 
factor limiting the adhesion of one isolate. There are more advanced methods for testing 
adherence, such as flow cell systems, but in this specific hypothesis, the simple setup of 
adhesion to cell cultures was an adequate design for answering this hypothesis. 

4.5 COMPUTATIONAL AND STATISTICAL METHODS 

Several software, applications and online-based tools have been used to analyse, illustrate, 
and perform statistical analysis on data collected that is presented in this thesis. Although 
hard to quantify, Microsoft Office Excel is the software likely most frequently and 
extensively used in the work within this thesis. Excel have been used to compile, organise, 
and process data together with some statistical analysis. Although slightly tedious in its use, 
Excel has the advantage of being one of the most used tools for data analysis globally. This 
enables a broad publicly accessible competence for utilising Excel in a variety of different 
applications. Another benefit is that the general understanding of mathematical and statistical 
operations performed in Excel requires the user to understand the method behind the analysis, 
unlike many other more streamlined, user-friendly software. GraphPad Prism is the runner up 
for the software that have been used to plot, illustrate and performing statistical analysis 
within this thesis. It is also a common software for the use of data handling and have a broad 
user platform. Unfortunately, it accounts for a software where much analysis can be done 
without the immediate need for background knowledge. Recent iterations of GraphPad Prism 
have improved this initial shortcoming with a more extensive helpful interface in utilising 
correct statistical tests. Other software have also been used in this thesis, including Qiagen 
Main Workbench (sequence analysis and alignments), Multialin (alignments), CCP4 and 
Phenix (X-ray diffraction data analysis) PyMOL (protein structure visualisation) 
CopraRNA/IntaRNA (sRNA target prediction), PubMLST (isolate database and analysis), 
Image Lab (electrophoresis and blot image analysis), Image Studio Lite (blot quantification 
analysis). All of these software have been used for intended purpose and although there are 
many different software applications available for similar tasks, no intrinsic advantage or 
disadvantage have been identified in the usage of these specific computational analyses. 
Finally all figures presented in this thesis have been made with BioRender. 

Statistical analysis in this thesis includes Shapiro-Wilk test for normality, Students t-test, two-
way ANOVA, Χ2-test, and Fisher’s exact test. Correction for multiple testing have been 
performed when needed. While statistical testing of significance remains an important 
analysis to verify claims of observed difference between two or more groups of data, it is also 
worthwhile to reflect on the intrinsic limitations of statistic methodology commonly used. 
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The scientific community have reached a consensus that a statistical test resulting p-value 
<0.05 is considered significant. Clearly, this distinction has its merits and have been validated 
and approved by scientist much more reputable and skilled than the author of this thesis. 
However, while statistical significance creates a dichotomy of black or white, biological 
systems tend to be more of a grey scale in differences observed. Furthermore, even though 
the threshold for significance is indicated at p-value <0.05, there is a frequent use of levels of 
significance which can be seen in both Paper III and Paper IV. It is the authors personal 
view that the usage of such statistical inference creates more confusion than clarity when 
performing, and reading, results of statistical testing. 

4.6 ETHICAL CONSIDERATIONS  

Whilst the research presented in this thesis does not include animal models all scientific 
methods will have to follow ethical considerations. Both Paper III and Paper IV have 
utilised data from PubMLST, a public data repository of N. meningitidis isolates from 
patients. No patient information has been acquired and only isolate information have been 
used in this thesis. There is information regarding if the isolate has originated from carrier or 
from invasive meningococcal disease, but this information can in no foreseeable way be 
linked to any given patient. 

The limited work with human cell line has been done utilising a well characterised 
immortalised cell line, Detroit 562. This cell line has been used in previous research into 
bacteria-host interactions with N. meningitidis (236). No immediate ethical concern has been 
identified from the work with this cell line. 

The research aims as well as the results obtained in work presented within this thesis justifies 
the resource allocation and scientific workload which have been performed. Whilst research 
within the topic presented herein continues, it remains clear that there is a lot of potential 
knowledge to be gained from studying sRNA and Hfq-mediated virulence regulation in N. 
meningitidis.  
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5 RESULTS AND DISCUSSION 
In Paper I, experiments were performed to determine the protein structure of Hfq from N. 
meningitidis. Selective point mutations previously elucidated to be of importance in Hfq-
RNA interactions in E. coli were chosen to be investigated; proximal-, rim- and distal site 
(194). Using protein crystallisation and X-ray diffraction, three Hfq protein structures were 
obtained of HfqWT (wild-type), HfqQ9A (proximal) and HfqR17A (rim) respectively. 
However, crystallisation of HfqY26D (distal) failed, even though a vast variety of 
optimisations from successful crystal formulations used with the other Hfq proteins were 
performed. Previous research into the distal binding site of Hfq in P. aeruginosa together 
with other more C-terminal located amino acids have revealed an impact on Hfq stability 
(237). This could explain the observed difficulty in crystalising the HfqY26D variant. Results 
from the obtained three protein structures revealed minor structural impact by the functional 
point mutations. Besides verification of point-mutations, electrostatic surface charge was 
altered and most noticeably in HfqR17A. Overall the Hfq structure of N. meningitidis shows 
great similarity with other published structures of Hfq from other organisms (204, 238).  

To further study the Hfq-RNA binding ability of the three Hfq variants introduced above, a N. 
meningitidis MC58∆hfq strain was generated subsequently complemented with each variant 
of hfq. Northern blots using total RNA harvested from different growth phases were 
performed and both known and putative sRNA/mRNA constellations were probed. 
Interestingly, all point mutations caused decreased sRNA stability with HfqQ9A revealed to 
be most debilitating for stability. The mRNA target of sRNA AniS, prlC, was regulated in 
both Hfq dependent and independent manner (207). AniS was confirmed to be Hfq dependent 
for its stability. To our surprise, the substantial decrease in prlC expression was unaffected by 
levels of AniS expression in stationary growth phase. Hfq dependent prlC expression was 
instead observed in both early- and logarithmic growth phases. The overall detrimental effect 
to RNA-binding in all of the three point-mutated Hfq variants has not been observed in 
previous research (194). This observed difference might be due to higher importance of Hfq 
in N. meningitidis compared to other bacteria. Compromised Hfq function might therefore 
have a wider impact on the general RNA pool and subsequent RNA stability within the cell. 

Although previous studies have predicted and verified the expression of several sRNAs, 
many sRNAs have yet to be investigated for potential mRNA targets (38, 239). Such an 
sRNA was chosen for investigation for both Hfq binding and potential target validation (239). 
By utilising the sRNA target prediction tools IntaRNA, one of the top candidate mRNA 
targets identified was the iron uptake gene fbpA. Northern blot probing an inverse expression 
between fbpA and this uncharacterised sRNA, later termed NirF for neisserial inhibitory 
regulator of fbpA. To further establish whether the observed inverse expression of fbpA/NirF 
was a MC58∆nirF mutant strain was constructed. Repeated northern blots for fbpA revealed a 
similar de-repression of fbpA as in the MC58∆hfq strain. As FbpA is important for iron 
uptake iron depletion/repletion, experiments using EDDHA and FeCl3 were performed. The 
results revealed both expected and unexpected regulation of fbpA/NirF, which further verified 
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the involvement of Fur regulation on fbpA transcription. Fur and NirF were hypothesised to 
act in coordination to efficiently repress fbpA on both transcriptional and translational levels. 
This potentially stops hazardous iron uptake in already iron replete conditions. This 
hypothesis remains to be verified and further studies are needed. Electrophoretic mobility 
shift assays (EMSA) should be performed to further determine the interaction between NirF 
and fbpA (240). Results obtained in Paper I revealed that fbpA is regulated through Hfq-
mediated manner in line with several reports that also observed altered fbpA levels in Hfq 
knock-out strains (241, 242) 

In summary, Paper I determined Hfq structure in N. meningitidis as well as characterised an 
iron uptake regulating sRNA. These findings furthered our understanding of Hfq-mediated 
gene regulation in N. meningitidis and have also suggested how an sRNA acts in coordination 
with Fur to inhibit uptake of iron during iron replete conditions. These results revealed how 
N. meningitidis may adapt to more abundant iron sources when traversing the epithelium 
from the URT into the blood stream during invasive meningococcal disease.  

Paper II involved the investigation of a phenotypic behaviour observed in the MC58∆hfq 
strain in Paper I. By performing atomic force microscopy (AFM), an increase in bleb 
formation surrounding MC58∆hfq strain compared to the wild-type counterpart was 
observed. These blebs were hypothesised to be bacterial membrane vesicles, which were later 
confirmed by membrane vesicle isolation and transmission electron microscopy (TEM) 
visualisation. The yield of membrane vesicles obtained from MC58∆hfq was approximately 
hundred times higher than from the wild-type background. To characterise size distributions 
of these membrane vesicles, dynamic light scattering (DLS) was performed. DLS revealed 
that membrane vesicles from the MC58∆hfq strain are smaller in size compared to wild-type 
membrane vesicles. A unique distribution of smaller vesicles was also observed in 
MC58∆hfq membrane vesicle samples. SDS-PAGE and immunoblots showed similar protein 
contents in the membrane vesicles. Interestingly, distinct differences such as the reduced 
amount of T4P proteins as well as RmpM and fHbp proteins was observed in the MC58∆hfq 
background. Capsular polysaccharide was also reduced in connection with MC58∆hfq 
membrane vesicles but not with whole cells or growth media supernatant. These findings 
provide an interesting avenue for the possibility to use strains lacking Hfq as an expression 
platform for membrane vesicle production. Previous studies have tried to address the issue of 
low yield in N. meningitidis membrane vesicle production by using different methods of 
membrane vesicle isolation (133, 135, 243). As the MC58∆hfq membrane vesicles are 
smaller, there is also a possibility that the use of MC58∆hfq membrane vesicles have an 
added benefit of being able to reach more diverse sites within the human body as 
macromolecule size greatly impacts their diffusion (244).  

Quantitative mass spectrometry was performed to achieve a complete proteomic overview of 
the different membrane vesicles. This revealed a total of 85 significant different proteins 
between the two groups of membrane vesicles. Most of these proteins were overall low in 
abundance and were present in either of the membrane vesicle group. However, four proteins 
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RplA, RplB, App and GdhA were significantly different while being present in high amounts 
in one of the two membrane vesicle groups. RplA, RplB (ribosomal proteins) and GdhA 
(glutamate dehydrogenase) were significantly reduced in MC58∆hfq vesicles, while App 
(adhesion and penetration protein) was significantly increased in MC58∆hfq vesicles. 
Interestingly, while protein diversity is lower in MC58∆hfq membrane vesicles, these have 
enriched amounts of immunogenic proteins such as Opc, PorA, PorB and App. To further 
confirm this observation with transcriptional regulation in either strain, RNA transcriptomic 
analysis was performed. Unsurprisingly this showed a lot of significantly altered RNA 
expression similar to other studies (38, 205, 245). However, none of the abundant proteins 
significantly different in the proteomic analysis where significantly different in transcriptional 
levels. Instead the following genes of the most abundant membrane vesicle proteins; porB, 
groEL, rmpM, fbpA, nmb2095, fhbp and pdhA had significantly different expression. The 
increase of App in MC58∆hfq membrane vesicles is interesting since App has also been 
showed to induce immunological response with bactericidal effects (246). Opc proteins was 
shown to be involved in invasion and interaction with epithelial and endothelial cells while 
interfering with phagocytic cell response (158). This enrichment of Opc could therefore be of 
interest in future vaccine formulations as neutralising antibodies against Opc could benefit 
the immunological clearance of N. meningitidis. The same benefit can be yielded from 
enrichment of PorA and PorB proteins but will remain limited due to their numerous 
variations within the N. meningitidis population (98, 146). 

In summary, Paper II characterised membrane vesicles from N. meningitidis MC58∆hfq 
strain. These membrane vesicles are increased in production and smaller in size. These 
membrane vesicles have distinct proteomic differences compared to wild-type membrane 
vesicles. Proteomic differences are not reflected in transcriptional levels of the same genes. 
MC58∆hfq membrane vesicles contains fewer proteins but are thereby enriched in known 
immunogenic proteins such as Opc, PorA, PorB, and App. 

During the studies in Paper II, the IgA1-specific serine protease (IgA1P) was observed to be 
abundant in membrane vesicles. IgA1P was also revealed to be regulated by Hfq, in line with 
previous research (38). Therefore the role of IgA1P in broader immunoglobulin substrate 
specificity as well as its role in IMD was investigated and presented in Paper III. N. 
meningitidis was subjected to grow in the presence of a low concentration of heat-inactivated 
serum. Supernatants were then collected for SDS-PAGE and immunoblotting of respective 
immunoglobulin. Interestingly, in addition to IgA cleavage, IgG cleavage was observed in 
serum added to N. meningitidis MC58 wild-type but not in the MC58∆iga strain. 

By incubating various subtypes of IgG with supernatant from N. meningitidis, IgG cleavage 
specific for the IgG3 subtype was observed. N-terminal Edman sequencing revealed the 
cleavage site to be between the core and lower hinge region of the IgG3 heavy chain. It was 
hypothesised that this cleavage is possible due to an extended core hinge region present in 
IgG3 but not in the other IgG subtypes. Further study into IgA1P showed that there are two 
different variants of IgA1P based on an amino acid sequence motif termed IgA1P cleavage 
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type 1 and IgA1P cleavage type 2. Only IgA1P cleavage type 1 has the capability to cleave 
IgG3. This observation was further confirmed using several different isolates of N. 
meningitidis, encoding either IgA1P cleavage type 1 or IgA1P cleavage type 2. To further 
validate the direct role of IgA1P in cleaving IgG3, recombinant IgA1P cleavage type 1 and 
IgA1P cleavage type 2 proteins were produced. The results showed that the cleavage of IgG3 
was reproducible in vitro. This mechanism could be of great benefit to meningococcal 
virulence as IgG3 have been shown to be a dominant IgG subclass in inducing complement-
mediated killing as well as phagocytosis by PMNs (175). 

To determine whether the IgA1P cleavage type 1 ability to cleave IgG3 may be linked with 
IMD epidemiological analysis was performed. The PubMLST database was used to 
investigate IgA1P cleavage type presence in carrier- and invasive isolates. The results showed 
that the presence of IgA1P cleavage type 1 is associated to invasive isolates of N. 
meningitidis and particularly in serogroup C. No specific cc was linked to IgA1P cleavage 
type 1, but its absence was remarkably evident for cc213. Interestingly there is a rising trend 
for the presence of IgA1P cleavage type 1 during the recent years. This may be linked to the 
development of vaccines against N. meningitidis which induce bactericidal antibodies of both 
IgA and IgG types (79). Previous research has shown that IgG accounts for the stronger 
induction in anti-meningococcal responses in serum and salivary samples collected from 
participants after various meningococcal vaccine administrations (79). Since IgA1P cleavage 
type 1 may reduce efficiency of antibody-mediated immune responses against meningococci 
further research and surveillance needs to be performed. Previous epidemiological studies of 
other bacteria such as S. pneumonia have identified an increase in prevalence of strains that 
are either less covered or not covered at all by current vaccination strategies (247). 

The final Paper IV of this thesis involves research in novel variants of the meningococcal 
capsular RNA thermosensor (RNAT) (56). The research began with the investigation of 
RNAT alleles of N. meningitidis isolates collected in Europe and deposited in PubMLST 
within the last decade (2010-2019). To our astonishment, five novel RNAT with increasing 
tandem repeats (TRs) – TATACTTA, up to the longest eight TR were identified. Among the 
isolates selected using the search criteria, 4% contained what was termed “non-canonical” 
RNATs. This includes all novel RNATs as well as another three time TR RNAT which had 
previously been reported but not further investigated (248). This relatively high prevalence of 
non-canonical RNATs may indicate a propensity for longer TR generation and importance of 
their function.  

The in silico structure predictions showed strong possible stem-loop formations for all non-
canonical RNATs. To test RNAT function, one isolate of each RNAT variant was retrieved 
and both CssA and capsule production were investigated. In contrast to the in silico 
predictions, all non-canonical RNATs showed a dramatic increase in both CssA and capsule 
production compared to the native two TR RNAT, irrespective of temperature. To verify the 
RNAT regulation of cssA, each RNAT was cloned into pEGFP and transformed into XL10-
Gold E. coli. In line with the N. meningitidis background results, all non-canonical RNATs 
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showed an increase in EGFP production in comparison to the native two TR RNAT. It is 
possible that in silico structural prediction only remain reliable to a maximum length of RNA, 
since increased structural variations and interactions can be formed with increasing RNA 
length.  

Next, human serum killing assays were performed to determine whether the different N. 
meningitidis isolates containing each different RNAT were able to survive human serum with 
respect to the increased capsular polysaccharide expression. Even the highest serum 
concentration tested at 25%, was tolerated by all isolates containing a non-canonical RNAT. 
The serum killing assay results correlates with the strains increased capsular production. The 
meningococcal capsule has a direct link to increase in survival by both preventing binding of 
antibodies capable inducing complement-mediated killing as well as directly inhibiting 
complement deposition (88) 

Thereafter, the original dataset of isolates used to identify the presence of the different 
RNATs was used for epidemiological analysis. RNATs were divided into three groups based 
on RNAT function (native, disrupted, and recovered). The frequency of each RNAT 
functional group association with isolate disease origin, serogroup, and clonal complex were 
investigated. A significant association of disrupted RNAT to invasive disease isolates were 
observed. Inversely a significant association of recovered RNAT to carrier isolates was also 
identified. Disrupted RNAT was more frequent among serogroup B and serogroup C isolates 
compared to other serogroups. Cc23, cc32, and cc269 were seen to harbour high numbers of 
isolates containing disrupted RNAT, but the most frequent numbers of isolates with disrupted 
RNAT was found in cc213 where 81.8% contained a disrupted RNAT. The cc213 group was 
also discrepant from the general population like in Paper III with predominant IgA1P 
cleavage type 2. The cc213 has also been predicted to be one cc with low protection coverage 
by the current 4CMenB vaccine (249). This is due to varied alleles within cc213 of the 
different protein components present in the 4CMenB vaccine, fHbp, NadA, NHBA, and 
PorA, determined by genetic meningococcal antigen typing system (gMATS) (250). 
Therefore, trends in epidemiological incidence of cc213 are of great importance and should 
be closely monitored.  

After this discovery, analyses, and experiments to determine whether the disrupted RNAT 
could be induced when meningococci were subjected to the human immune system 
components was performed. Two related isolates from the same outbreak of N. meningitidis 
were retrieved. One isolate originated from a case of IMD and harbours the common 
disruption of the RNAT (one time TR). The other isolate originates from a carrier and 
harbours the native RNAT (two time TR). By analysing the whole genome sequence data 
from PubMLST, the genomes of these two isolates were identified to be 98.9% identical. A 
closer analysis of the different loci revealed the different RNAT configuration to be the only 
functional difference in the genomes. To further investigate these isolates, an adhesion assay 
was performed to determine whether the increased capsular expression would have an impact 
on adhesion to pharyngeal cells. Indeed, the isolate containing the disrupted RNAT only 
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retained one tenth of the adhesion capability to pharyngeal cells compared with the native 
RNAT isolate counterpart. Furthermore, by subjecting the native RNAT isolate to 2.5 hours 
of sub-lethal human serum stress, all surviving colonies lost one TR and thereby disrupted the 
previous native RNAT. The results suggest that N. meningitidis utilises a rapid mechanism of 
contracting one TR in the RNAT as a mechanism to overcome complement-mediated 
immune response by increasing capsule expression. 
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Figure 6. Illustrative summary of the results from each paper presented in this thesis. 
Paper I. Structure of Hfq from N. meningitidis was determined by X-ray crystallography. 
Both wild type Hfq and two point-mutated variants of Hfq were structurally determined. 
Hfq/RNA binding was investigated and revealed the mRNA target of an sRNA, termed NirF, 
to be the iron transport fbpA transcript. NirF is expressed during stationary growth phase and 
iron replete conditions. Together with Fur, NirF is hypothesised to efficiently terminate 
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excessive iron uptake. Paper II. A phenotype of increased bleb formation in the N. 
meningitidis MC58∆hfq strain was investigated. The blebs were identified as membrane 
vesicles and the knock-out of hfq resulted in smaller membrane vesicles with a hundred times 
increase in yield compared to wild-type membrane vesicles. MC58∆hfq membrane vesicles 
present less polysaccharide capsule and contain fewer numbers of proteins, enriched in major 
immunogenic proteins such as Opc, PorA, PorB and App. Paper III. Immunoglobulin 
cleavage by meningococcal IgA1P protein was studied. By subjecting N meningitidis to heat-
inactivated serum additional cleavage of IgG not previously reported, was observed. The IgG 
cleavage was specific for IgG3 and was a unique feature of the IgA1P cleavage type 1. 
Epidemiological studies revealed that IgA1P cleavage type 1 is associated with bacterial 
isolates originating from IMD. Paper IV. The presence of additional RNATs of the cssA 
gene was investigated. Five novel variants of RNAT were discovered and all these RNATs 
resulted in high translation of cssA and subsequent polysaccharide capsule production. The 
capsule production in isolates with a disrupted RNAT lead to increased survival when 
subjected to human serum. Epidemiological studies revealed that the disrupted RNAT 
isolates were associated to IMD, while the recovered, low capsule RNAT isolates were 
associated with carrier isolates. 
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6 CONCLUSIONS 
For the first time, the structure of Hfq from N. meningitidis has been determined in its wild-
type configuration and two functional point mutated variants of Hfq, a proximal binding site 
and rim binding site point mutation. Functional point-mutations within the three binding sites 
showed a broader effect on RNA binding of Hfq in N. meningitidis compared to previous 
studies in other organisms.  

This work has determined that the sRNA, termed NirF, acts as a negative translational 
regulator on fbpA expression. NirF was shown to be upregulated in stationary growth phase 
and downregulated in iron replete conditions. The loss of NirF results in de-repression of 
fbpA. NirF is likely to act in coordination with Fur, the major iron responsive transcriptional 
regulator in N. meningitidis. 

The absence of Hfq in N. meningitidis causes a visible increase in membrane vesicle 
production. These membrane vesicles are overall smaller in size compared to wild-type 
derived vesicles and are hundred times higher in yield compared with wild-type N. 
meningitidis. Protein content remains similar in membrane vesicles obtained from a Hfq 
mutant strain, but with distinct differences. Overall hfq mutant derived membrane vesicles 
have fewer proteins present within the membrane vesicles resulting in an enrichment of 
dominant immunogenic proteins such as Opc, PorA, PorB and App. 

The meningococcal IgA1P was discovered to cleave IgG3 in addition to IgA1. There are two 
distinct cleavage types of IgA1P, which determines whether IgA1P can cleave IgG3 or not. 
IgA1P cleavage type 1, capable of cleaving IgG3, has a significant association to invasive 
disease isolates of N. meningitidis. The presence of IgA1P cleavage type 1 has increased in 
prevalence throughout the last decade. 

Several novel RNAT variants regulating cssA translation have been identified. These new 
RNATs result in higher production of CssA and an increase of capsular polysaccharide 
presentation. This hypercapsulation leads to significantly higher survival when isolates are 
subjected to human serum killing assays. The phenotypic link between RNAT configuration 
and hypercapsulation are described as a disrupted RNAT. Disrupted RNATs are significantly 
associated among invasive disease isolates with distinct connections to certain serogroups and 
ccs.  
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7 POINTS OF PERSPECTIVE 
The work presented in this thesis has broadened previous knowledge and discovered new 
findings about N. meningitidis virulence with an emphasis on Hfq/sRNA-mediated gene 
regulation. Although this goal has been achieved, we have still only scratched the surface of 
the myriad of regulatory pathways, adaptations, and behaviour that N. meningitidis utilises to 
become a dangerous pathogen. 

In Paper I, a clear future endeavour to be mentioned is the structure determination of 
HfqY26D. There can be many reasons for failing to crystalise HfqY26D. The difficulty 
experienced might indicate a compromised stability and therefore an interesting structure to 
observe. It would also be of interest to crystalise more complex structures of Hfq/RNA to 
establish a stronger relationship between binding-sites and RNA target motifs. This would 
possibly enable studies of possible dynamic changes which could increase coverage of the 
unstructured C-terminii of Hfq. 

The mechanism and regulation of NirF would be of interest to further research as it may have 
a bigger role in the meningococcal iron regulation. It is interesting to establish if NirF have 
possible other mRNA targets, as is usual with trans-encoded sRNAs. Furthermore the 
hypothesis that NirF/fbpA consists of a direct regulatory relationship, or if it is by another 
mediator involved in this regulation, remains to be tested. NirF and Fur represents intricate 
parts of a more likely larger and more complicated system. Given the importance of iron 
uptake for the success of N. meningitidis in surviving within the human host it remains an 
interesting avenue to attempt putting known sRNAs and regulatory proteins in a complete 
network.  

The use of membrane vesicles in past and future vaccine formulation have received a lot of 
scientific interest. Paper II has revealed a promising phenotype which could facilitate 
membrane vesicles production platforms and thereby increase the feasibility of such scientific 
endeavours. Future research to verify if membrane vesicles derived from Hfq mutant strains 
could raise a proper immune response against the presented immunogenic proteins. Naturally 
it is also of interest to understand what specific pathways regulated by Hfq enables the 
increased membrane vesicle phenotype in the protein’s absence. Two possible avenues of 
explanations rise to mind. The first being that there are one or more sRNAs regulating target 
genes important for the active processing of forming membrane vesicles. Another explanation 
could be that it is regulation of targets not actively part in membrane vesicle formation but 
that are instead integral for the stability of the membrane. Through the loss of Hfq and its 
regulation, these targets would then be at faulty expression and thereby causing a passive 
increase in membrane vesicle formation. 

That different IgA1P cleaving types exists and can have a broader substrate target is a 
fascinating discovery. This raises the question whether there is potential other mediators of N. 
meningitidis virulence which can possess similar features. Scientific research is several steps 
which build upon our understanding of complex biological systems. Paper III is an excellent 
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example of how revisiting previous research and discover new features is possible. Using 
either new methodology or recent understanding, revisiting older dogmas have the potential 
to determine new functions of important virulence mechanisms. It is still not understood 
whether the IgA1P cleavage type 1 is a relative new acquisition by N. meningitidis or if it is 
something that has always been present. One of the two different IgA1P cleavage types are 
predisposed to be present predominantly within any specific cc. Regardless of evolutionary 
origin, it is of interest for future studies to include observation of IgA1P within the global N. 
meningitidis community. The possibility of N. meningitidis to cleave specific antibodies 
important for directing immune responses directed against the bacterium can have an impact 
on future vaccine coverage and developments. 

The findings in Paper IV further demonstrated that N. meningitidis can adapt rapidly and 
alter regulatory mechanisms to survive changes in environmental circumstances. This could 
explain a need for broader variety in TR modalities to ensure that TRs within the RNAT can 
both expand and contract reversibly and maintain flexibility to suit the bacterium according to 
environmental stresses. Our results revealed that the novel RNATs lead to an increase in 
capsule production. This upregulation of capsule resulted in resistance towards human serum. 
It would be of interest to study how the novel RNATs contribute to invasiveness of N. 
meningitidis and if they have any impact on disease manifestation (septicaemia or 
meningitis). There is a possibility that the hypercapsulation phenotype can also serve a better 
protection against multiple antibacterial components which would need to be investigated 
thoroughly. In addition, PCR tests may identify RNAT variants, providing epidemiological 
tools for surveillance of such isolates. In any circumstance it remains important to maintain 
epidemiological surveillance of isolates harbouring novel capsular RNATs and their impact 
on IMD globally. 
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