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Introduction

Bacteria — in sickness and in health

The concept of the last universal common ancestor of all cells (LUCA)! - the
evolutionary intermediate of which all life-form on Earth descends from - is
widely accepted in the field of early evolution. It gave rise to prokaryotes,
unicellular organisms that lack a membrane-enclosed nucleus, which are
categorized into bacteria and archaea. This two-domain tree of life later branched
out to the evolution of eukaryotes, including animals, plants and fungi.

The first recorded form of life on Earth dates back to 3.5 billion years ago, from
when the first fossil records of bacteria were discovered. Introduction of oxygen
into the Earth’s atmosphere was a major milestone for the evolution of oxygen-
breathing life forms, from which the first human ancestors ascend from merely 7
million years ago. Considering that bacteria have existed 500 times longer than
humans have, they are now widespread in all of crooks and corners of our planet.
One bacterial cell is 1/10™ of the size of a human cell, typically ranging between
0.5 to 50 um in size. One way to measure amount of life on earth in quantitative
biology is by measuring the amount of carbon; the primary component of all life
on Earth (Figure 1). Of the =550 gigatons of carbon (Gt C) present in our
biosphere, bacteria contribute to 13 % of total Gt C in our biosphere.? In striking
contrast, humans only contribute by a negligible 0,01 % of total Gt C.
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Figure 1. The biomass of the Earth.
An approximate graphical visualization of the global biomass distribution reproduced from Bar-On, et. al, (2018)2.

A Dutch man named Antonie Philips van Leeuwenhoek was first to discover
bacteria nearly four centuries ago. He inspected the scrapings between his teeth
under his self-made microscope, and described his discoveries as series of letters
to the Royal Society as follows:

“... But examining a kind of gritty Matter from between my Teeth, and mixing it
sometimes with Rain-water, and sometimes with Spittle (sputum), both which before
had no Animalcules (animals), I discovered therein with admiration a great number
of very small ones moving. "

What he discovered in fact was bacteria, and little did he know that he would
today be recognized as the “Father of Microbiology”. Today it is known that the
human body harbours an estimated 500 — 1000 different bacterial species®, and this
number could be considerably higher including the different sub-species or
genotypes. Previously it has been a general consensus that the number bacteria in
the human body outnumber human cells by a ratio of 10:1. However, a recently
published study estimates that there are approximately 39 trillion bacterial (B)
cells and 30 trillion human (H) cells in the average human body, making the B/H
cells ratio in fact closer to 1.3:1°. Our bodies harbour in fact nearly equal numbers
of human cells as we do bacterial cells.

The composite term for the microbial domains inhabiting the human body is
microbiome, or the normal flora, which in addition to bacteria can also encompass
archaea, virus and fungi®. The formation of each human being’s microbiome
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begins at birth, and the mode of delivery (vaginal or caesarecan) has been
consistently reported as one of the most important means by which an infant
microbiome takes form’. Bacterial species can be found in the skin, mouth, nose,
ears, vagina and the gastrointestinal tract in the human body ®, while the majority
of the bacteria are found in the GI.

"Within one linear centimetre of your lower colon there lives and works more
bacteria (about 100 billion) than all humans who have ever been born. Yet many
people continue to assert that it is we who are in charge of the world."

-Neil deGrasse Tyson

While the microbiome is necessary for healthy human function, a beneficial
species located in the wrong niche can be harmful and cause disease. Bacteria can
also colonize the human body, and remain latent without causing disease. These
can be activated by external stimuli, such as increased body temperature to febrile
range or presence of viral particles, causing dissemination of the bacteria, and
leading to a pathogenic outcome to the host.
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Streptococcus pneumoniae

Streptococcus pneumoniae, or the pneumococcus, was first discovered in the late
1800’s, and it’s genetic material led to the major discovery of DNA by Avery,
Macleod and McCarty in 1944°. Since its discovery, the pneumococcus has
remained as a major cause of morbidity and mortality world-wide.

Colonization and infection

The pneumococcus is a Gram-positive, opportunistic, pathogen that colonizes the
mucosal surfaces of the nasopharynx in humans. The carriage of pneumococcus is
highest in children, with colonization rates up to 65 %, and is decreased to <10 %
in the adult population!®. The pneumococcus behaves largely as a commensal
pathogen and the asymptomatic colonization does not cause detrimental effects to
the host. Dissemination from the nasopharyngeal tract to other sites leads to
various pneumococcal infections (Figure 2), and thus stable colonization is
considered as a requirement for development of disease.

Colonization Shedding and transmission

e

e
OO
Invasion
Otitis Pneumonia Bacteraemia ~ Meningitis

media

Figure 2. Pneumococcal infections
An overview of pneumococcal localizations in the human body during colonization and infection.
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From the mucosal surface of the nasopharynx, the pneumococcus can penetrate
into host tissues and progress to cause localized infections at other sites, for
example such as sinusitis (sinuses), otitis media (middle ear) and pneumonia
(lungs). Invasive infections occur when the pneumococcus enters a sterile site of
the body, such as the bloodstream, and can lead to bacteraemia or sepsis. The
pneumococcus also harbours molecular mechanisms to transverse across the
blood-brain barrier (BBB) where it can cause meningitis.

In 2016, lower respiratory infections caused over 2.3 deaths worldwide, where the
pneumococcus contributed to more deaths than other respiratory pathogens such as
Haemophilus influenzae type b, influenza and RS (respiratory syncytial virus), put
together'!. In fact, the WHO has included the pneumococcus as a priority pathogen
worldwide!'?, due to high morbidity and mortality, as well as increasing penicillin
and other antibiotic resistance of the bacteria.

Vaccines and serotypes

The development of vaccines has been a major breakthrough in medical history.
For the pneumococcus, the vaccines have been targeted against the immunogenic
proteins and carbohydrates found on the bacterial surface!’. These surface
carbohydrates make up the pneumococcal surface polysaccharide with unique
chemical and immunological properties'®, and is considered as one of the most
important pneumococcal virulence factors as it shields the bacteria against the host
immune system. Over 90 distinctive capsular polysaccharides have been reported
to date'®. The capsular polysaccharide is used as means to differentiate the
pneumococcus into serotypes, and protection by the adaptive immunity is highly
serotype-specific.

One of the earliest pneumococcal vaccines, the 23-valent pneumococcal
polysaccharide vaccine (PPSV23), was developed in 1980°s, and it contained
purified polysaccharide antigens protecting against 23 capsular serotypes'®. Due to
the insufficient protective immune response observed in children under the age of
two, a new 7-valent pneumococcal polysaccharide conjugate vaccine (PCV7) was
developed. Here, the polysaccharide antigens were conjugated to a diphtheria
toxin in order to elicit an effective T-cell mediated antibody response, and
included seven serotypes common in invasive disease in children. Only a few
years after the introduction of the PCV7 vaccine, serotype replacement was
observed where serotypes not included in the vaccines increased in the population.
More concerningly, the level of antibiotic resistance was also reported to be
increased in the non-vaccine serotypes'’. Several new pneumococcal vaccines
have been developed since, such as the 10-valent and 13-valent conjugate
vaccines, in order to provide protection for new circulating serotypes not yet
covered in previous vaccines.
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Virulence

The virulence of a pathogen or a microorganism is defined as the ability to cause
damage to the host, and is mediated by virulence factors. The actual disease
development is, however, more complex than the sum of all bacterial virulence
factors. A successful disease development (Figure 3) requires involvement from
a) the microbe and its composite virulence factors, b) the host defences and
immune system, as well as c¢) the pre-existing microbial community of the host. In
order for a bacteria to cause disease, it has to adapt its virulence in order to enter
the host, evade the immune defences and the pre-existing microbial community,
and express a number of virulence factors in order to prevail in the human host
without being cleared. The successful establishment of a pathogen in its host is a
dynamic event, and evolutionary pressure forms the pathogen to adapt to its
specific host.

Host defenses

f s
&=
O
Pathogen Host microbiome

Figure 3. Disease development
Interactions between the invading pathogen, host defenses and the host microbe during disease development.

Capsule

As previously mentioned, the polysaccharide capsule is one of the most important
virulence factors of the pneumococcus. In the context of colonization, the capsule
inhibits mucus-mediated mechanical entrapment in the nasopharynx, allowing the
pneumococcus to access the underlying epithelial surfaces!®. The thick capsule
also has immunological properties by preventing the activation of the components
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of both the classical and alternative complement pathways, and therefore prevents
phagocytosis'®. Due to the highly diverse composition of the capsule between
serotypes, some serotypes, such as serotype 4 (TIGR4 strain), have been shown to
be more effective in preventing complement activation!®. Capsule is required for
the development of invasive disease, as non-encapsulated pneumococci have been
shown to be nearly avirulent in murine models, emphasizing the importance of
capsule as a major virulence factor in pneumococci.

Autolysis

A unique property of the pneumococcal cell wall is the presence of choline?, an
amino alcohol rarely found in bacteria. This results in the presence of unique
group of virulence factors, named as choline-binding proteins (CBP), on the
pneumococcal surface. One of them, named autolysin (LytA), is an amidase that
cleaves the lactyl-amide bond between cell wall peptides and the peptidoglycan
resulting in cellular lysis. The pneumococci are resistant to LytA-mediated lysis
during exponential growth phase, but not during stationary growth?!, leading to
excessive cell lysis in vitro. The function of LytA has not been clarified. However,
the importance of LytA as a virulence factor has been shown in murine infection
models, where pneumococci deficient in LytA have shown attenuated virulence
compared to wildtype strains. It has been suggested that this cell lysis is of
importance by releasing other virulence factors, such as pneumolysin, or proteins
involved in immune evasion.

Biofilms

In 1970’s the link between persistent infection and thick bacterial aggregates was
discovered®. These aggregates, now known as biofilms, have been since
considered as an important aspect of both persistent bacterial infections as well as
asymptomatic colonization amongst various bacteria®. In biofilms, self-embedded
bacteria are attached to a surface in a self-produced matrix consisting of proteins,
polysaccharide and DNA. They serve multiple beneficial purposes for the survival
of a bacterial species. Bacteria are able to stay latent and hidden from the host
immune system, and are even able incorporate host structures to prevent
discovery®*. Biofilm bacteria also exhibit altered metabolic state, gene and protein
expression, promoting survival in challenging environments.

Pneumococci use biofilm formation to reside latently and asymptomatically in the
nasopharynx during colonization, and the high rate of colonization can largely be
contributed by pneumococcal biofilm formation. Clinical observations have shown
that eradication of pneumococcal colonization is much more challenging than
clearing an infection®, consistent with the fact that biofilms contribute to
resistance to antibiotic treatments. Biofilms have therefore been proposed as an
important virulence factor in pneumococci®®.
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Meningitis

Pathophysiology

The central-nervous system (CNS) and the brain are considered sterile
environments, and the influx and efflux of substances to this body part is carefully
controlled. The brain is covered by three meningeal membranes; the pia mater,
arachnoid mater and dura mater (Figure 4), and the space between the pia and
arachnoid matter, the subarachnoid mater, is filled with a clear liquid known as the
cerebrospinal fluid (CSF).

subarachnoidal brain
space parenchyma
dura
arachnoid s skull
pia \ /
ventricles

Figure 4. A sagittal cross-section of the brain.
Schematics showing the meningeal membranes (dura, arachnoid and pia) of the brain, as well as the flow of CSF (in
light blue) through the ventricles into the subarachnoidal space.

The infection of the meninges of the brain is known as meningitis, and is a severe
and life-threatening disease. The characteristic symptoms of meningitis are
headache, fever and neck stiffness?’, and consequent neurological and behavioural
symptoms can arise with inflammation or complications on the brain parenchyma
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or the vascular system. Most commonly, pathogens infect the meninges by
spreading from one infection site into the bloodstream, and then transverse
through the blood-brain barrier (BBB) to enter the CSF*. However, blood-borne
pathogens are not the only source of meningitis. Some pathogens can also enter
the CSF from a near-site infection, such as otitis media, or by transmigration into
the olfactory nerves of the nose and relocate into the CNS?*3,

Causes

The acute form of meningitis is a heterogenous disease, and can be caused by a
wide range of infectious agents’!. Viruses are the most common cause of
meningitis, and are generally associated with low mortality rates*2. Some subtypes
of viral meningitis (VM) are associated with higher mortality rates and the risk of
developing long-term neurological sequelae, such as tick-borne encephalitis
(TBE)*. In contrast, the most severe form of meningitis is caused by bacteria
(acute bacterial meningitis; ABM). ABM is one of the leading causes of death
worldwide due to infectious diseases, and is associated with an increased risk of
development of long-term neurological sequelae as well as a rapid disease
progression®’3!,

Bacterial meningitis can separated into two categories; hospital-associated (or
post-operative) and community-acquired. In the former case, the infection is a
post-operative or a secondary event following head trauma, and in the latter case
the infection is acquired spontaneously in the community. The most common
causes in community-acquired meningitis are Haemophilus influenzae type b,
Streptococcus pneumoniae and Neisseria meningitidis. Mortality rates vary greatly
even between the bacterial species, where it is highest in pneumococcal meningitis
(between 20 and 30% in high-income countries, and as high as 50% in low-income
countries)*, in contrast to 3 — 10% in meningococcal meningitis®>-,

Due to the large number of causes of meningitis, it can be in fact considered as an
“umbrella term”, rather than a singular disease. The disease consists of
considerable heterogeneity, which influences both the disease progression and the
subsequent clinical diagnosis and treatment.

Therapeutics and challenges in bacterial meningitis

While the symptoms of meningitis are the same, the optimal treatment and care is
highly specific to the causative agent. But the diagnosis of meningitis and the
exact underlying microbial cause has been challenging. Typically, CSF is
collected by lumbar puncture, and various clinical parameters are evaluated. The
identification of bacterial pathogens is determined by CSF cultures, and the results
can take days to generate. Delays in the administration of antibiotic treatment has
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been correlated to poor outcome in patients suffering from ABM, reflecting the
crucial need of fast diagnostic methods. In fact, delays as short as six hours
between arrival to the emergency room and the administration of antibiotics has
been, in some cases, associated with increased mortality in ABM?’. Timing is not
the only challenge: the choice of antibiotic is limited by the ability to cross the
BBB into the CSF in sufficient concentrations, as well as increasing antibiotic
resistance in bacterial species. The early administration of antibiotic treatment is
based on the patient’s age and clinical manifestations, and often combines
vancomycin and a cephalosporins®!. The exact antibiotics regime is later adjusted
as the results from culturing and susceptibilities have completed.

Even with adequate early administration of antibiotics, the mortality rates of ABM
remain high, which can be correlated to irreversible damage to the brain tissue. For
example, the administration of “lytic antibiotics”, such as cephalosporins, may
result in release of bacterial inflammatory and cytotoxic factors in the surrounding
environment. In addition to clearing the bacterial infection, the antibiotic treatment
may therefore result in harmful side effects. This may be one explanation as to
why mortality and the development of neurological sequelac remain high in
pneumococcal meningitis, even with sufficient antibiotic treatment.

NETs and DNase

In the onset of bacterial infections, neutrophils are one of the first immune cells
that are actively recruited at the site of infection. During normal conditions, the
BBB remains impermeable to neutrophils and neutrophils are kept at bay from the
central nervous system. However, massive neutrophil infiltrations have been
shown during ABM?*®. One mechanism of extracellular killing mediated by
neutrophils is the process of NETosis, or NETs*. Here, neutrophil granule
proteins together with DNA are expelled from the cell, forming extensive and
sticky structures for capturing and immobilizing bacteria®*. The NETosis is
considered as a “double-edged sword”, as they are both beneficial and harmful to
the host™.

The first reported correlation between NETs and bacterial meningitis dates back to
1959, where administration of DNase together with penicillin was shown to
considerably improve mortality rates during ABM*'. While the researchers at the
time did not know the molecular mechanisms of this finding, they speculated that
the degradation of DNA may have exposed the bacteria to host defences or
antimicrobial therapy. It is now thought to be due to the enzymatic activity of
DNase degrading extracellular DNA of NETs.

The safety of DNase as therapeutics is well established, and DNase has been
repurposed for various number of diseases. For example, aerosolized recombinant
human DNase (under the brand name “Pulmozyme”) is approved as a treatment
for cystic fibrosis in humans, where extracellular DNA increases viscoelasticity in
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airway secretions*’. More recently, high levels of NETs have been discovered in
the sputum of patients suffering from severe COVID-19 infection, and treatment
with Pulmozyme improved both oxygen saturation and recovery®. Although the
use of DNase in meningitis in humans is still largely unexplored, if deemed to be
beneficial in treating bacterial meningitis, it would be fairly fast to bring it to a
clinical setting.
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Proteomics

The proteome

The term “proteome” was first introduced in 1994 by Marc Wilkins*, where the
authors reflected on the challenges of studying the complete set of proteins
expressed by a genome as follows:

“A great challenge that biologists now face is how the co-expression of thousands
of genes can best be examined under physiological and pathophysiological
conditions, and how these patterns of expression define an organism.”

Not more than two decades later, the first drafts of the human proteome were
published®*, and since then the field of proteomics has grown explosively.
Today, the proteome is defined as the entire set of proteins expressed in a cell,
organ, or organism, and includes all isoform and post-translational variants. Gene
products — proteins - exert their functions by complex chains of protein
interactions. Thus, the understanding of the proteomic organization on a holistic
level is crucial in order to understand processes involved during both homeostasis
as well as disease.

As pathogens and humans have evolved alongside each other, both parties have
developed extensive mechanisms for adaptation and defence. Extensive research
must be conducted in order to understand the mechanisms that lead to clearance of
the pathogen, colonization or disease. The fundamental biology in a living
organism is driven by proteins, and one way that research often is conducted is to
elucidate the role of a single individual protein from all the rest. This results in
valuable information of the function of that said protein. In any organism,
however, proteins are involved in countless of interactions, both within the
organism and in host-pathogen interactions. This type of research is alone not
enough to interpret the pathophysiology of a disease. In order to understand the
full complexity of host-pathogen interactions, including all of the interacting parts
of proteins, quantitative models representing the whole system are required.

Mass spectrometry-based proteomics

One way to measure the proteome is by the means of mass spectrometry (MS),
which, in simple, is a technique for measuring the mass-to-charge (m/z) ratio of
ions. During the past decades, mass spectrometry has become a powerful tool for
the analysis of protein samples, and various techniques have been developed since.
MS-based proteomics analyses can be split into two major fields; top-down and
bottom-up, where the former one consists of the analysis of intact proteins, and the
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latter one of analysis of proteins digested into peptides*’*8. One would assume that
the best approach would be to directly analyse intact proteins from a protein
sample, but the successful measurement of intact proteins is limited by the
instrument’s mass analysers, which perform better at measuring smaller units.
Most biological samples consist of a rich mixture of proteins, which has resulted
in that bottom-up proteomics has become the most commonly used method for
analysis of complex samples. In this thesis, bottom-up proteomics and LC-MS/MS
(liquid chromatography tandem mass spectrometry) has been uniformly used
across all the papers as a means of proteome analysis.

Prior to entering the mass spectrometer

In a typical LC-MS/MS workflow (Figure 5), the protein sample is first cleaved
into peptides by enzymatic digestion. The most common enzyme to use is
trypsin®, a specific enzyme generating easily ionized peptides of a feasible length,
both which are favourable features for using in MS-analysis. The peptides then
undergo separation, e.g., by the means of reverse phase liquid chromatography
(RP-LC) — often directly coupled to the mass spectrometer (on-line). Here, the
peptides are loaded onto a matrix column, and subsequently eluted based on the
peptides hydrophobic properties by washing the column with a pre-specified
gradient of hydrophobic/hydrophilic solvent™. The separation is important due to
the limitations of mass spectrometers in analysing large numbers of analytes, and
the resulting retention time information can further aid in identification of peptides
in the sample. As the peptides reach the tip of the chromatographic column, they
are ionized by electrospray ionization (ESI). In fact, the 2002 Nobel Prize in
Chemistry was awarded for the use of ESI with mass spectrometry®!. The ionized
peptides then enter the mass spectrometer.

Enzymatic

digestion

Biological Peptide Data
MS .
sample pool analysis

Figure 5. A schematic overview of the main steps of MS-analysis

Data-dependent acquisition

In data-dependent acquisition (DDA; shotgun MS), the aim is in the detection of
as many peptides as possible, while concurrently resulting in low sensitivity and
poor reproducibility. In DDA (Figure 6, left panel), the mass-to-charge ratios and
the abundances of the injected peptides are scanned by the mass analyser in full
(MS1) scans. The MS1 spectrum does not provide enough information for
confident peptide sequence identification, as there are typically a large number of
possible amino acid sequence combinations for each peak. Due to this, the top n
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most intense peptide ions (precursor-ions) are then selected for subsequent
fragmentation in the collision cell, where precursor ions fragment by collision with
an inert gas. In this thesis, higher-energy collisional dissociation (HCD)*? was
used for fragmentation. These fragment ions are then scanned in a second mass
analyser and subsequently detected in order to generate MS2 scans. In order to
avoid the repeated measurement of the same precursor ion, a dynamic exclusion™
list is typically set in the instrument, resulting in constant measurement of different
ions. The quantification in DDA is attained at MS1 (peptide) level, which is more
rudimentary quantification method than for example DIA (see below).

Data-independent acquisition

The data-independent acquisition (DIA, Figure 6, right panel) method known as
SWATH-MS** (Sequential Window Acquisition of all Theoretical Mass Spectra)
was popularized in 2012 and changed the field of mass spectrometry altogether.
SWATH-MS generates an unbiased, digital archive of the whole ionizable peptide
content of the sample, therefore avoiding the limitations of DDA methods for
high-abundant or stochastic selection of peptides.

Bk [ HPLC J
acquisition [ — ]
- DDA
[ MSI
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Top-N
precursor
selection
e Range #2
Dty MS2
Cycle
identification
Post-
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[ quantification J

[ quantification

S J

Figure 6. An overview of the DDA and DIA mass spectrometry proteomics workflows.

In pre-acquisition, peptides are separated by high performance liquid chromatography (HPLC), and ionized with
electrospray ionization (ESI). In data-dependent acquisition (DDA), or shotgun, workflow the top-N precursor peaks
are selected from the MS1 for subsequent fragmentation. In data-independent acquisition (DIA), all precursors are
fragmented in predetermined ranges.
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Here, the mass spectrometer repeatedly cycles of performing MS1 scans at
predefined m/z isolation windows, typically 25 Da, covering the range of 400 —
1,200 m/z throughout the chromatographic retention time (Figure 7). During each
isolation window, all precursors are subsequently isolated, fragmentated and
scanned, resulting in the generation of a large number of MS2. At each cycle time,
the whole range is scanned anew, producing a time-resolved and complete
recording of fragment ions within the biological sample.
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Figure 7. Schematic overview of the SWATH-MS method.

Reproduced from Gillet et al., (2012) 'Targeted data extraction of the MS/MS spectra generated by data-independent
acquisition: a new concept for consistent and accurate proteome analysis', Mol Cell Proteomics, vol. 11, no. 6, p.
0111 016717.

Data analysis and challenges

The annotation of generated mass spectra into peptides is done computationally,
and in the case of DDA, this is achieved by matching the recorded spectra to the in
silico digested theoretical proteome. For this, the genome of the analysed organism
naturally requires to have been sequenced®. By using the given genome sequence
and the digestion enzyme used, it can be predicted which peptides could
technically be present in the sample. From this, a theoretical database of predicted
MS2 fragmentation spectra is generated, which is then used to compare to the
experimental MS2 spectra for annotation of peptide sequences.
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As this method relies on comparing predicted spectra to experimental spectra,
statistical approaches are used for validation. This is typically done by
determination of the false discovery rate (FDR)*. A new database is generated,
where the amino acid sequences of all predicted proteins are either shuffled or
reversed, resulting in decoy proteins®®. The generated MS-data is then searched
against both the theoretical proteome database, as well as the decoy database.
Experimental spectra should match to a decoy much worse, and only by random.
A score is then calculated based on whether the experimental spectra is “a true
match” or “a decoy match”. Commonly, a cut-off score is placed at 1% FDR,
meaning that 1% false identifications are accepted.

In DIA, the generated mass spectra are much more complex, as it contains spectra
of all precursors within each isolation window. For identification and
quantification of DIA-data, the deconvolution of these spectra is achieved by
assays (assay libraries)’’. Assay libraries are typically generated from previous
DDA analyses, and provide information regarding the protein content in the
analysed sample®’. Often, a DIA analysis is preceded by multiple DDA analyses,
in order to generate an experiment-specific assay library. Due to the stochastic
nature of precursor selection in DDA, only peptides detected in DDA will be
included in the assay library. Consequently, the identification and the subsequent
quantification of peptides from a DIA analysis is limited by the assay library.
Also, different or pre-existing assay libraries can be used to repeatedly query DIA-
generated data. This is specifically beneficial when working with clinical
samples®® (which are often scarce and of limited volume), as only one DIA
analysis is sufficient for generation of full MS spectra of the sample. An additional
advantage to DDA is that the quantification in DIA is attained at MS2 (fragment)
level, yielding more precise quantification of peptides than in DDA.

Certain considerations need to be taken into account as the mass spectrometer
measures peptides, and not proteins. For example, mapping a peptide to a protein
is straight-forward if all peptides would be unique to their corresponding proteins.
This is however not always the case. Certain peptides, and even proteins to a
certain degree, are evolutionarily conserved, even across species. Peptides
matching to multiple proteins, non-proteotypic peptides, give little information
regarding which protein was in fact in the biological sample. It is therefore
common to consider proteotypic peptides only in a MS-analysis.
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A1im of this thesis

The red thread

The aim of this thesis was to use advanced quantitative capabilities of mass
spectrometry to study the host-pathogen interactions of a severe infectious
disease, meningitis. The pathogenesis of any disease is a complex interplay
between the host and the pathogen, a constant battle between host-damage and
host-protection. Therefore, this thesis was divided into two blocks (Figure 8).

Host-response Pathogen adaptation

Paper [ Paper 11 Paper I11 Paper IV

Figure 8. The red thread of this thesis.

The papers in this thesis are divided into two blocks: host response during disease (Papers | and Il) and pathogen
adaptation (Papers Il and IV).

In the first block, the aim was to investigate how the host proteins in CSF are
regulated in response to different meningitis-causing pathogens. Furthermore, the
role of a specific host-response mediated by neutrophils, namely NETs, was
studied in the most severe form of meningitis, acute bacterial meningitis (ABM).

The second block concentrates on investigating the Streptococcus pneumoniae —
the most common cause of ABM. Here, the aim was to map out the transcriptional
landscape of pneumococci, and discover how the bacteria regulates its proteome
during various perturbations. Also, the differences in the proteomes of
pneumococcal populations associated with colonization and invasive disease was
examined.
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Specific aims

Paper I:
e Develop a compendium of DIA-MS cerebrospinal fluid proteome maps

e Provide novel insights into central nervous system functioning and host-
response, as well as discover pathogen-specific host-response patterns in a
cohort of patients with meningitis.

Paper II:
e Investigate the presence of NETs in CSF during acute bacterial meningitis

e Determine the effect of NET removal by DNase on bacterial killing in the
CNS

Paper III:

e Develop a large repository of pneumococcal proteome maps by using
DIA-MS

e Investigate the proteome composition and regulation patterns of
pneumococci under different conditions

e Define the composition of stable, fluctuating and highly variable fraction
of pneumococcal proteome

Paper IV:

e Investigate the differences in the proteome compositions and virulence of
pneumococcal populations associated with

- colonization (pneumococci in biofilms)
- disease (dispersed pneumococci)

- conventionally grown pneumococci (broth-grown; planktonic)
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Results

In this section, I present a brief summary of the main results of each paper. The
papers in original format can be found at the end of this thesis, where the reader
can find an in-depth presentation of the results.
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Paper I

Changes in the proteome pattern in CSF during meningitis

In this paper, clinical CSF samples were obtained from a cohort of patients
admitted to the hospital with the suspicion of meningitis. This large cohort (Figure
9) included a total of 107 patients suffering from ABM, neuroborreliosis (BM),
VM (including tick-borne encephalitis; TBE), suspected ABM or VM,
inflammation without infection, as well as healthy (headache) controls.

Gender - Age

n(%) (years)-

Pathogen N male Mean

ACUTE BACTERIAL MENINGITIS - 35 16 (47.1) 58
Comrunity-acquired Listeria Monocytogenes 2 1(50) 79
Neisseria Meningitidis 5 3 (80) 25

Streptococcus Pneumoniae 17 7(43.8) 63

Streptococcus Pyogenes 2 1(50) 72

Pseudomonas Aeruginosa 1 0(0) 59

Posl-operative Bacteraides Fragilis 1 1 (100) 97
Enterococcus Faecalis 1 0(0) 33

Escherichia Coli 1 1(100) 73

Staphylococcus Aureus 3 1(33.3) 68

Streptococcus Agalactiae 1 1 (100) 1

Streptococcus Salivarius 1 0(0) 63

VIRAL MENINGITIS - 21 10 (50) 45
Cytomegalovirus 1 0(0) 22

Enterovirus 5 2 (50) 26

Herpes Simplex Virus 1 2 1(50) 61

Herpes Simplex Virus 2 4 1(25) 38

Herpes Zoster Ophthalmicus 1 1 (100) a3

Tick-horne Encephalitis 5 3 (B0) 53

Varicella Zoster Virus 3 2 (66.7) 51

NEUROBORRELIOSIS - 7 3(42.9) 63
HEADAGHE CONTROLS - 49 20(408) 48

Figure 9. CSF samples included in this paper.
A summary, showing the number of clinical CSF samples, as well as the pathogen strains that caused meningitis.

We could show that the largest effect on the human CSF proteome was mediated
by ABM, where both the number of uniquely detected proteins, as well as the total
protein intensities showed highest increase compared to the other groups. The
majority of the significantly regulated proteins were associated with neutrophils
(32% in ABM and 14% in VM), the brain (44% in ABM and 32% in VM), as well
as plasma-derived proteins, including several acute-phase proteins.
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In fact, deep analysis of the neutrophil-derived proteins in ABM revealed
numerous proteins involved NET formation. This implied the presence of NETs
within the CSF during bacterial meningitis. This finding lead to a spin-off project,
where NETs were investigated in the CSF during meningitis. This project was
pursued in line with Paper I, and published in Nature Communications (in this
thesis as Paper I1).

R
¢

Only three proteins were similarly, and statistically, regulated in all three disease
groups (ABM, BM and VM); chitinase-3-like protein 2 (CHI3L2),
immunoglobulin mu heavy chain disease protein (MUCB) and profilin-1
(PROFT1). This demonstrates the heterogeneity of meningitis as a singular disease,
signifying the vast differences in CSF proteome caused by the plethora of
infectious agents capable of causing meningitis.

LASSO regression modelling for detecting predictive proteome patterns

We used LASSO (least absolute shrinkage and selection operator) regression
model as a means of machine learning to generate predictive models to
discriminate between the samples (a summary of the LASSO model is shown in
Figure 10). Five sample groups were used here (ABM, BM, VM, TBE and
control), and each model consisted of predictive scores for proteins used for
discriminating between these sample groups.
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Figure 10. Overview of the LASSO regression model.

SAMPLES: The sample groups consisted of five groups (ABM, BM, VM, TBE and control), each containing differing
number of clinical samples. FOLDS: The samples were split into four folds by random, where each fold contained the
same proportion of pathogen-specific samples as the whole cohort. MODEL.: % of each fold was used to train the
regression modeling on. The remaining 2 was used to evaluate the performance of the model. RUNS: Each model
was performed 100 times, resulting in a total of 2,000 models (5 sample groups x 4 folds x 100 runs). PROTEINS: All
proteins included in this study did not display a predictive ability in the generated models. However, those that did,
and which were detected in 2 90 % of the 2000 models, were selected as predictive proteins.

Our predictive models generated discriminative protein profiles for all sample
groups, with an average of > 80 % area under the receiver operating characteristic
curve (AUROC). The model performed best for prediction of ABM and controls
(mean AUROC 96 % and 95 %, respectively). TBE displayed a lower
discriminatory AUROC at 87 %, but this was, however, the most stable across the
modelling.

Multi-protein panel for discrimination of causative-agent subgroups

From the LASSO regression model, we were able to select 18 proteins with high
predictive ability to differentiate between the five sample groups. Out of these
proteins, five were elevated in ABM and BM, predicting ABM or BM from all
other classes. Nine predictive proteins were elevated to a high degree in ABM, and
to a lesser extent in controls, suggesting that a high concentration of these proteins
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is necessary for indication of ABM. For prediction of VM or TBE, one
discriminatory protein was detected, respectively.

Neurological sequelae: the longitudinal effect

As the development of neurological sequelae is a serious and debilitating possible
long-term effect of meningitis, we analysed longitudinally collected CSF samples
from patients suffering from ABM or a non-infectious brain trauma,
subarachnoidal hemorrhage (SAH). For ABM, our analyses show that certain
proteins remain elevated (LASSO-predicted proteins for ABM), whilst certain
down-regulated proteins consistently increase, or even peak (brain-associated
proteins), during the investigated 10-day time period. The levels of neutrophil-
associated proteins that were statistically and specifically up-regulated in ABM
show a tendency for decrease, but are also accompanied by a high degree of
variability amongst the patients.
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Paper 11

In Paper I, The CSF samples during ABM displayed significant increase in
neutrophil-associated proteins. In addition to this, NET-associated proteins were
detected, suggesting for the first time the presence of NETs in CSF during ABM.
The presence, and role of these NETs during CNS infection was further
investigated in this paper.

Presence of NETs in human CSF during pneumococcal meningitis

Examination of the CSF samples from patients afflicted with pneumococcal ABM
(which will hereafter be referred to as simply ABM in this section), BM, VM, and
SAH showed that specifically ABM samples contain considerably higher
neutrophil counts and neutrophil-associated proteins than other sample groups.
Furthermore, for the first time, we showed that NETs are present in the CSF of
ABM npatients, and the levels of NETs were low or undetectable in the other
conditions investigated. In vitro analysis of various clinical isolates of meningitis-
causing bacterial species challenged with purified human neutrophils exhibited a
significant and rapid NET formation, indicating that ABM-causing bacteria are
potent NET-inducers.

DNase treatment in a rat model of pneumococcal meningitis

Additionally, NETs were also formed in a rat model of pneumococcal meningitis,
where suspensions of a potent NET-inducing pneumococcal isolate were
subarachnoidally injected. In this model, the NET formation was successfully
prevented with a treatment of a recombinant human DNase I (DNase). The
treatment with DNase also reduced the number of viable bacteria in the brain, as
well as in other organs, and thus resolved the infection and prevented
dissemination to distant organs. Both intrathecal as well as intravenous
administration of DNase led to the reduced bacterial counts in the investigated
organs, meaning that DNase is able to cross the BBB.

NETs promote bacterial survival

Treatment with DNase and the consequential removal of NETs led to increased
intracellular uptake of bacteria in neutrophils, when compared to control-treated
samples. Additionally, the activity of myeloperoxidase (MPO) was significantly
increased in the supernatant following DNase treatment. Combined, these findings
showed that DNase-mediated NETs removal results in increased neutrophil-
mediated phagocytosis of bacteria, as well as increased extracellular killing
mechanisms, leading to enhanced bacterial clearance in pneumococcal meningitis.
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Paper II1

A total of 176 pneumococcal samples and a total of 30 unique conditions,
including various isogenic mutants and growth conditions were generated (Figure
11), in order to investigate how the specific modifications alter the transcriptional
landscape of the pneumococcus. The selected mutants included virulence factors
of different classes, including choline-binding proteins, lipoproteins, secreted
proteins, the regulatory protein serine/threonine kinase, as well as capsular
alterations (capsule mutants and hypercapsulated strains).
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a.  The genome organization of TIGR4 (Warrier, et. al 2018) was used as a template to generate an
equivalent D39 genome map
b. Detected proteins were organized in genome-wide multi-gene loci
c. Functional annotation of each locus was done by using KEGG/GO-terms

Figure 11. Graphical abstract of the project workflow.

Wild-type Streptococcus pneumoniae D39 strain and 11 mutants were grown in various conditions and prepared for
analysis by mass spectrometry. A large pneumococcal spectral library was generated, and the samples were ran on
DIA for generation of peptide quantification matrix. Based on the genome organization of the TIGR4 strain as
published in Warrier, et. al., 2018, an equivalent D39 genome map was generated. The detected proteins in this paper
were organized in line with the generated D39 genome map, and grouped as multi-gene (and consequently protein)
loci. Each locus, containing multiple proteins, was annotated into functional groups by using KEGG and GO-terms.
csp2; capsule biosynthesis protein, IytA; autolysin, pit; pneumococcal iron transporter, ply; pneumolysin, pspA and
pspC; pneumococcal surface protein A and C, stkp; serine/threonine kinase protein, WU2; hypercapsulated
pneumococcal strain, Rx; spontaneous capsule mutant strain.

Genetic locus-based functional annotation of the proteome

Bacterial genomes are organized in multi-gene operons — here termed as loci (sing.
locus). Commonly, the genes within a locus are involved and share the same
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biological function. In this paper, we organized the detected pneumococcal D39
strain proteins into loci consisting of multiple proteins, based on a genome-map
generated from Warrier, et. al., (2018)%°. Here, we measured a total of 14,239
peptides, matching to a total of 1,336 unique proteins — resulting in a high
theoretical D39 strain proteome coverage of approximately 70 %. We assigned
these proteins into 297 loci, which were biologically annotated into 30 unique
functional groups.

Pneumococcal proteome composition in homeostasis

By analysing the proteome composition, we showed that in the wild-type
pneumococcus — reflecting the natural state of pneumococci — the highly expressed
(high abundant) functional groups consist of ribosomal proteins, ATP-binding
cassette (ABC) transporters and carbohydrate metabolism proteins. In contrast,
proteins involved in peptidoglycan/capsule biosynthesis, quorum sensing and
protein transport reflected the total protein abundances the least.

Plasma -induced proteome reorganization

Human blood plasma is rich in nutrients, as well as a reservoir of large number of
immune system factors, and represents to the environment that the bacteria would
encounter in the human host. Pathogens encountering human plasma must adapt to
the environment, in order to evade clearance. The interactions of the pathogen
with plasma proteins provides valuable information regarding the adaptation of
pathogens in humans during infection.

Pneumococci subjected to human blood plasma significantly down-regulate five
proteins involved in fatty acid biosynthesis, for which only one locus was
identified in the pneumococcal genome. The down-regulation fatty acid
biosynthesis proteins suggests that the bacteria are able to utilize plasma as a
resource for fatty acids, and are therefore able to shut down the internal fatty acid
biosynthesis machinery.

Effect of the isogenic mutants on the pneumococcal transcriptional landscape

Of all the mutants investigated in this paper, we saw the largest effect on the
proteome in AlytA (autolysin), Acps2 (capsule biosynthesis protein), and Astkp
(serine/threonine kinase protein) samples. The Astkp samples regulated 17 % of
the total pneumococcal theoretical proteome, up-regulating proteins associated
with chromosomal processes and ion binding/transport, and down-regulating
peptidoglycan biosynthesis, phosphotransferase systems (PTS), quorum sensing
and translation. Furthermore, two two-component regulatory systems displayed
significant Astkp mediated regulation, where saeRS (tcs08) and vncRS (tcs10)
were up- and down-regulated, respectively.
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Another isogenic mutant, ApspA (pneumococcal surface protein A), while
displaying generally more modest regulation patterns in the pneumococcal
proteome, showed a distinct and specific regulation of one carbohydrate
metabolism locus involved in galactose metabolism. In this locus, the ApspA
samples up-regulated members of the family of tagatose-6-phosphate pathway
proteins lacA-C, suggesting a novel role of pspA in the regulation of galactose
metabolism. We further showed that this pspA-mediated regulation is dependent
on a wild-type capsule, as both hyper-capsulated and non-capsulated ApspA
samples were void of lacA-C regulation.
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Paper IV

Pneumococcal populations

In this paper, we analysed proteomes of three pneumococcal populations, namely
planktonic (broth-grown), biofilm-derived bacteria and biofilm-released bacteria
(collected from the supernatant of the biofilm samples) (Figure 12). Exposure to
heat (by mimicking fever) significantly increased the release of bacteria from
biofilms, compared to bacterial release as a part of normal biofilm turnover. The
three populations displayed distinct proteomic patterns, as described below.
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Figure 12. Description of the pneumococcal populations.

Planktonic, broth-grown, bacteria were grown at 37 °C (as conventionally used in laboratory experiments). Biofilms
were grown on an epithelial substrate at 34 °C, mimicing both nasopharyngeal environment and temperature. Biofilm-
derived isolates were collected from the pellet (e.g., biofilm) of the sample, whereas the biofilm-released isolates are
collected from the supernatant (as they are released from the biofilm). Increase in temperature to febrile-range is a
factor associated with viral infection and active release of pneumococci from the biofilms. The isolates released from
the biofilms in response to heat (38.5 °C) were referred to as heat-dispersed.

Differences between biofilm-derived and heat-dispersed bacteria

Proteomic analysis showed that the heat-dispersed bacteria were metabolically
more active than biofilm bacteria, and up-regulated metabolic pathways involved
in various carbohydrates, amino acids, fatty acids and nucleotides. Instead,
biofilm-derived bacteria up-regulated processes associated with energy
metabolism  (oxidative phosphorylation and glycan metabolism) and
environmental information processing (ABC transporters and signal transduction
proteins).

Differences between planktonic and biofilm bacteria

Comparison between planktonic, broth-grown, and biofilm bacteria showed an up-
regulation of proteins associated with translation, as well as metabolic pathways
involved in fatty acid and nucleotide metabolism to be specific to the planktonic
bacterial population. In contrast, proteins expressed by biofilm bacteria were
associated with a more sessile lifestyle, exemplified by the up-regulated proteins
involved in processes including competence, replication/repair, bacteriocin
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production, secretion systems, protein export, and certain ABC transporters.
Additionally, the virulence factor pneumolysin was upregulated in planktonic
bacteria.

Virulence of the pneumococcal populations in vivo

The virulence of the pneumococcal populations associated with colonization,
infection and planktonic bacteria was investigated in four serotypes, by
intraperitoneal injection of these populations in a murine pneumococcal infection
model. In all the strains, the heat-dispersed isolates showed a significantly
increased virulence, however the highest bacterial loads were observed in strains
D39 and EF10175 (serotypes 2 and 19F). For these strains, even planktonic
bacteria grown in febrile-range temperature showed increased bacterial loads
compared to biofilm bacteria, suggesting that temperature itself is an important
determinant factor of virulence for certain pneumococcal strains. The combined
results indicate large inter-strain differences in pneumococci.
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Discussion

The common theme in the papers in this thesis is the use of proteomics to measure
the protein content in the included samples. While it is important to remember that
proteomics alone cannot deliver answers to every scientific question, it grants the
investigating researcher a certain objectivity. Instead of starting with a highly
specific hypothesis, we allow the measured protein content of the specifically
selected samples speak for itself. As proteins are the mediators of nearly all
physiological aspects involved in cellular activities, the abundances of proteins in
a sample are naturally of high scientific significance.

The goal of this thesis was to use the strength and power of quantitative
proteomics to study the mechanisms involved in a debilitating, and not so well
studied, disease. The disease that was chosen, meningitis, is a complex disease
caused by a plethora of infectious agents, and is additionally of clinical importance
as well. In order to pursue this broad aim, this thesis was split into two blocks,
where Paper I and Paper Il are aimed at understanding the molecular
mechanisms of the host-response during disease, and Paper III and Paper IV
study the adaptation and specific virulence mechanisms of a disease-causing
pathogen.

One major strength of Paper I was the patient cohorts from which the CSF
samples were collected®, which included samples from 19 unique pathogenic
species, headache controls as well as SAH. Acquiring such a versatile sample
collection can be time-consuming, as the prevalence of each specific pathogen
responsible for causing meningitis varies largely®'. For example, the viral and
clinical illness involving the CNS known as tick-borne encephalitis (TBE), often
presents with the symptoms of meningitis, is reported to have as few as 10,000
yearly cases in Europe®? — although the number is likely an underestimate. The
incidence of Haemophilus influenzae type B (Hib) -mediated meningitis has
decreased by approximately 49 % between 1990 and 2016°%, largely due to the
incorporation of Hib in the vaccination programs. While vaccines also exist
against certain pneumococcal serotypes, and a decrease in pneumococcal
meningitis has also been reported, this form of meningitis still presents with the
highest probability of long-term impairment in surviving patients®.

Several studies have previously attempted to establish the proteome of the human
CSF®%, but are often limited by the level of quantification or the number of
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samples included. More often, the CSF proteome is studied in relation to
neurodegenerative diseases®®’’, such as Alzheimer’s or Huntington’s disease. The
proteomic analysis of meningitis CSF has been only done at a more limited scale,
by either including a CSF samples from pneumococcal meningitis only’"’?, or

include limited number of samples’.

As the pathogenic species during meningitis either are, or at some point have been,
present in the CNS, it would naturally be very interesting to analyse the pathogen-
secreted proteins present in the CSF. This was, in fact, one of the original aims for
Paper I, as we aimed to detect both pathogen-induced host patterns as well as
pathogen-secreted peptides in the patient CSF. Assay libraries were generated for
eight different bacterial species (Escherichia coli, Enterococcus faecalis,
Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus pneumoniae,
Listeria monocytogenes, Pseudomonas aeruginosa and Staphylococcus aureus),
which were used to interrogate the DIA-analysed CSF samples. We were unable to
detect any bacterial peptides in the CSF samples, which was most likely due to
sample processing. The bacterial assay libraries were made publicly available, and
still remain as a valuable resource. For future CSF studies, it would be vastly
interesting to investigate the pathogen proteome in addition to the host-response in
the CSF, which would further our understanding of pathogen adaptation in the
sterile environment of CNS.

The correct diagnosis of the underlying meningitis-causing pathogen is of vital
importance in a clinical setting, as fast diagnostic tools are crucial for preventing
death and reducing the development of long-term effects. Currently, the diagnostic
methods are time-consuming, and require bacterial cell culturing. The molecular
mechanisms between the interactions of a pathogen and the host dictate how the
disease outcome will become. In a disease at heterogeneous as meningitis, a single
biomarker approach will not suffice to cover the range of variables observed
between meningitis patients. A multiprotein panel approach, such as generated
with LASSO in Paper I, can therefore provide better coverage in complex
diseases. The LASSO regression including the 18 predictive proteins together
generated high AUROC for all pathogen groups (80 — 96 %), suggesting that this
approach is highly feasible for capturing host proteome patterns between pathogen
groups. For many of the predictive proteins, we found supporting evidence from
the literature suggesting known biological functions associated with the respective
pathogens, while for some of the predictive proteins we found no correlation from
the literature. It would be interesting to see if future studies would verify these
currently unconfirmed associations between those predictive proteins and the
pathogen groups.

Using an assay library containing a layer of information regarding the tissue- and
cell-enrichment of human proteins (unpublished data), we could infer the cellular
or tissue origin of CSF detected proteins. In addition of detecting large number of
neutrophil-associated proteins in the CSF of ABM, several NET-related proteins
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were also discovered. The infiltration of neutrophils to CSF during ABM has been
previously shown’ ">, but the presence of NETs has not. These findings lead to the
initiation of a separate study, where the presence and role of NETs during
pneumococcal meningitis was investigated, leading to the preparation of Paper IL.

In Paper II, NETs were for the first time detected in the human CSF during ABM
— a finding that has previously only been reported in a porcine bacterial meningitis
model™. The production of NETs in a sensitive environment of CNS, together
with the fact that the CSF-observed NETs were large cellular aggregates, could be
a contributing factor to the detrimental side-effects during ABM, such as increased
intracranial pressure. In a rat model of pneumococcal meningitis, administration of
a DNase treatment cleared the NETSs, which led to increased bacterial clearance by
the means of increased neutrophil killing mechanisms.

The possible use of DNase as a therapeutic for ABM would be advantageous for
multiple reasons. First, as the DNase does not directly target the bacteria, they are
therefore unlikely to develop resistance against. In addition, successful DNase
treatment would be valuable as an additional therapeutic against ABM in times of
increasing antibiotics resistance, as DNase treatment was efficient in clearing both
antibiotic-resistant S. pneumoniae and S. aureus. Furthermore, the safety of use in
humans has been already achieved, as aerosolized DNase has recently been
repurposed for use in COVID-19 infections*. As DNase as a treatment for ABM
has not yet been done in a clinical setting, future studies are needed to clarify how
the treatment would perform together with current therapeutics, and whether this
would have a beneficial effect in the development of long-term neurological
sequelae in surviving patients.

In order to understand how a pathogen causes disease, it is important to understand
the basic proteomic wiring of the pathogen in question. In this thesis, this was
achieved by large-scale proteomics analysis of the most common bacterial cause
of meningitis, Streptococcus pneumoniae. In Paper III, this was achieved by a
locus-based annotation and quantitative proteomics analysis of a large number of
pneumococcal samples grown in various conditions.

The incentive to separate the pneumococcal proteins into loci based on the
pneumococcal genome derives from the fact that most bacterial genes are located
under the control of a single promoter (hence, in one locus), which encodes
proteins involved in similar functions”’. While there are various strategies to
control the production of a specific protein, we hypothesize that genes (and
thereby proteins) belonging to a locus most likely share a similar biological
function. This approach could serve as a starting point in suggesting novel roles
for uncharacterized proteins that often appear in proteomic analyses. For example,
if a locus consists of ten proteins, out of which only nine have a known function in
carbohydrate metabolism, it could be presumed that the one last uncharacterized
protein would share, at least to a certain extent, the same function.
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This approached was utilized in Paper III, where the transcriptional landscape of
Streptococcus pneumoniae strain D39 was mapped by using the published
transcriptional landscape of the pneumococcal TIGR4 strain® as a template. A
large number of conditions were generated, including isogenic mutants of major
virulence as well as growth conditions. For the selection of mutants, different
classes of virulence factors were chosen, such as choline-binding proteins,
lipoproteins, secreted proteins, the important regulatory relay protein
serine/threonine kinase protein, as well as variations in the capsule (non-
encapsulation and hyper-capsulation), in order to maximise the coverage of
different regulatory patterns. By combining the data from the generated
conditions, it allowed for the analysis of the stable portion of the proteome versus
the hypervariable portion of the proteome. The stable portion of the proteome is
interesting from the evolutionary perspective. Any given organism will only
produce the exact number of copies of a protein that are required, thereby sparing
unnecessary use of energy where it is not needed. The proteins that remained at a
stable abundance across all of our conditions would represent the basic machinery
that is required for bacterial survival at any given time in the studied conditions.

The hypervariable portion of the proteome, on the other hand, is a result of, and
specific, to the investigated condition. One such observation was the down-
regulation of the fatty acid biosynthesis (FAB) proteins when pneumococci were
exposed to human blood plasma. This has been previously described in
Streptococcus pyogenes’, where it was shown that S. pyogenes shut off their
intrinsic FAB machinery in response to exposure to plasma. The authors further
showed that S. pyogenes utilizes human serum albumin, the transporter of fatty
acids in human plasma. In the case of pneumococci, no albumin-binding surface
proteins have been previously reported, and whether this observation is due to
albumin-binding still remains to be investigated.

Pneumococci, together with other bacterial species, encompass comprehensive
signaling systems which rapidly initiate adaptive responses to environmental
stimuli, leading to gene expression. These systems, known as the two-component
regulatory systems (TCS), are mediated by the phosphorylation/dephosphorylation
cascades of a histidine kinase coupled to a response regulator’>*, In pneumococci,
thirteen TCSs have been described®!. The regulatory role of each TCS is not well
described, but possible functions have been described to be involved in large
cellular pathways, such as energy sensing, nutrient perception, competence and
quorum sensing®®®!. In addition to TCSs, the pneumococcal serine/threonine
kinase protein (STKP) acts as a regulator of various cellular functions, and some
STKP-mediated signaling networks are thought to overlap with those of the TCSs.
A pneumococcal stkp isogenic mutant was included in the proteomic investigation
in Paper III. The pneumococcal samples void of stkp displayed the second largest
changes in the pneumococcal proteome (first one being the deletion of capsule
biosynthesis protein), representing the complex regulatory role of stkp. While we
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also investigated how the different conditions effected the 13 pneumococcal TCSs,
an interesting future project would be a quantitative MS analysis of pneumococcal
isolates lacking each of the 13 TCSs, thus gaining valuable information regarding
the regulatory role of each of these systems.

Paper IV focused on studying the phenotypic characteristics of wild-type
pneumococcal populations. Most of conventional pneumococcal research is
conducted on planktonic, broth-grown bacteria in 37 °C. It is arguable whether this
correctly represents the in vivo phenotype of the niche-adapted, pneumococci.
Growing the pneumococci planktonically in a nutrient-rich media void of immune
cells or epithelial cells only produces a snapshot of the bacterial state in that
environment, while simultaneously lacking numerous processes that are valuable,
and present, in the host during colonization or disease. In addition to planktonic
organisms, it is clinically significant to discover the protein patterns discriminating
biofilm-derived pneumococci (associated with latent colonization) and
pneumococci dispersed from biofilms. In the latter case, it is shown that exposure
of biofilms to wviral infection -associated factors (such as febrile-range
temperatures) lead to the release of pneumococci from the biofilms®?, and that
these isolates are associated with invasive disease.

This characterization of colonization versus infection phenotypes in bacteria has
been not well characterized. For Pseudomonas aeruginosa and Salmonella
enterica it has been shown that biofilm-dispersed bacteria display a distinct gene
expression profile as compared to planktonic or biofilm bacteria®%4, Paper IV
represents a comprehensive proteomic analysis of these three pneumococcal
populations, which has previously not been done. The paper displayed distinct
differences in proteome patterns between planktonic, biofilm-derived and biofilm-
dispersed populations. However, we were unsuccessful in detecting significantly
regulated proteins between the biofilm-derived and biofilm-dispersed populations
as we had originally hypothesized. One explanation could be that the
pneumococcal isolates released from the biofilms are of different “activation
state”, and therefore display a heterogenous protein expression. Additionally, a
low number of biological replicates were included in this paper. Therefore,
additional experimental improvements are required for further investigation of
these populations.

In summary, the advancements of Paper III and Paper IV to the field of
pneumococcal research are considerable, as the high-level quantitative proteomics
analyses at this scale and the inclusion of specifically chosen, large, sample
cohorts have not been previously done. In the scope of this thesis, we can only find
pieces of the puzzle for understanding the adaptation and wiring of the
pneumococcal proteome, and more studies are required to put the pieces of the
puzzle together.
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Throughout this thesis, we have collected and generated large sample sets, and one
important goal has been the continuous deposition of libraries in the form of
proteome map for future use. The CSF proteome maps in Paper I (consisting of
171 exceedingly valuable clinical CSF samples) bacterial libraries in Paper I
(containing samples from eight different bacterial species), as well as the
pneumococcal proteome maps in Paper III (consisting of 176 pneumococcal
samples generated under 30 varying conditions) altogether make up valuable
resources for researchers for future investigations. These maps can be
continuously reanalysed to test new hypotheses, and to gain more understanding in
the field of bacterial adaptation and host-response in health and disease.

As we keep producing vaccines to protect ourselves from virulent strains, and with
the increased antibiotics resistance of bacteria, the pathogens will continue to
diversify for their survival. Bacterial strains are constantly adapting, which was
evident in Paper IV, resulting in increased or decreased virulence mechanisms —
which could have dire consequences on the human body. Further research is
warranted in order to understand the domains and sequences of pathogens that
have evolutionarily been conserved, and more importantly, which are prone, and
viable, for alteration, and the consequences that these can have in disease.

The combined work of this thesis shows the large versatility of both the human’s
response as well as the pathogen’s adaptation in both health and disease.
Furthermore, this thesis provides both knowledge as well as proteomics resources
that can hopefully serve as a foundation for future studies of severe infectious
diseases.
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Concluding remarks

Research is conducted mainly for two reasons, and the first one is curiosity. Our
curiosity stems from our deep yearning to understand the laws and forces of nature
around us. This starts at a young age when children start to play, which is the first
experiment that a human will do. If a child builds a tower of three blocks, and then
hits the tower, the blocks will fall. The child will repeat this experiment (children
do love repetitions), and the blocks will fall every time. Repetitiveness is another
aspect of the experiment of playing. Will the blocks fall again? What happens if |
hit the tower with another object? Or make the tower taller? This is in fact research
at its simplest form, including an aim (playing), experimentation (building a
tower), materials and methods (blocks and a hand), results (tower fell) and
conclusions (the tower falls every time). As researchers, we are all doing exactly
this — but just at a much more complicated form.

This brings me to the second reason why we conduct research, which is need of
information. Most research is aimed at improving health, whether it be diagnostic,
therapeutic or else. And in order to achieve these things, the systems we are
studying need to be understood at a deep level. It may have been enough for
Antonie Philips van Leeuwenhoek to discover the existence of bacteria nearly four
centuries ago. However, the discoveries of medicine today are more often at a
molecular level — requiring the improvement of instrumentation, technology, skills
and knowledge.

The reason why I like proteomics, is that it is a technique that gives you all the
information in a sample (as much as the technology and instrumentation of today
can allow, of course). It allows the scientist to do a read-out of the investigated
samples, without being limited by pre-set and highly specific hypotheses.
Especially after the development of DIA tools, the analysed samples become
permanent reservoirs of information that can be mined over and over again. |
believe this has been a valuable improvement in the field of proteomics and
medicine combined. Rare clinical samples, or large experiments, only need to be
analysed once, and the data can be iteratively queried based on new hypotheses.
This has been one goal of the papers in this thesis. I hope that the work included in
this book will be a useful resource in the scientific community to build further
knowledge on.
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Popular science summary

At any given time, the cells in our bodies are constantly active in processes that
keep us healthy and alive. Cells mediate their function through certain types of
molecules, known as proteins. Proteins are often known as an important source of
energy and as the main component of muscles. However, they are very important
for basic functioning of living organisms. During a disease, the proteins of the host
(human) interact with the proteins of the infecting organism (pathogen, such as
bacteria or virus). Measuring the amounts of different proteins in samples can
provide information to understand processes involved in disease. Proteins are
however very small, and measuring their amounts cannot be done easily. In this
thesis, proteomics is used as a tool to identify and measure the proteins in samples.
To do this, an instrument known as the mass spectrometer is used. Simply put, a
mass spectrometer is a very large scale, which can measure the weight of the
proteins in the samples. By using knowledge of the structure of each protein, we
can use the mass that was measured to identify which proteins are in the sample.

Because of the COVID-19 pandemic, severe infections have been a very hot topic
worldwide. But other severe infections have not disappeared, and are still causing
disease and death worldwide. One such severe infection is meningitis, which is
caused by the inflammation of the protective layers around the brain and the spinal
cord. This inflammation can be caused by basically any pathogen, including
different types of bacteria and viruses. It is a fast-progressing disease, that can, in
worst case, lead to sepsis or death. The mortality is particularly high in meningitis
caused by bacteria, and survivors often suffer from long-term neurological
disability. In addition to the damage caused by the pathogen, our immune system
can respond so strongly against the pathogen that this also can lead to damage.
Neutrophils are a type of immune cell in the body that fight against infections.
They are known to produce traps for bacteria, known as “neutrophil extracellular
traps”, or NETs. These are sticky material consisting of DNA where the bacteria
can get stuck, and then killed by the neutrophils.

In this thesis the liquid surrounding the brain and the spinal cord, known as
cerebrospinal fluid (CSF) was collected from patients suffering from different
types of meningitis. We produced a combination of 18 human proteins, which can
be used to find out which pathogen is causing the meningitis in patients. Patients
suffering from bacterial meningitis had high levels of neutrophils in their CSF, and
we showed that the neutrophils produced a lot of NETs. The results showed that
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the bacteria during meningitis was able to hide in NETs, and were not killed. A
drug known as DNase was used in rats suffering from bacterial meningitis in order
to break the NETs. This led to the bacteria being released from NETs and
improved the killing of bacteria by neutrophils.

Bacterial meningitis is very dangerous compared to other types of meningitis, and
the most common cause of bacterial meningitis is one bacteria, known as
Streptococcus pneumoniae (S. pneumoniae). In fact, up to 80 % of the world’s
population is carrying this bacteria in their nose and throat right now — without
getting sick. This is because the bacteria spends most of its time living in a layer
known as “biofilms”, and lives there as a colonizer that coexists peacefully with
our bodies. But sometimes, certain factors (such as fever or a viral infection) can
trigger the biofilms to release a number of bacteria outside the biofilm. These
bacteria leave the biofilms, and spread to other parts of our body and can cause
disease, such as ear infection, lung infection, sepsis or meningitis.

We studied how the bacteria living inside the biofilms, and the bacteria released
from the biofilms (that can cause disease) were different from each other. By
measuring the amount and types of proteins that they contain, we showed that the
bacteria released from biofilms have a high metabolism, and contain proteins
involved in high activity. Often, researchers study S. pneumoniae by growing them
in a broth, which is not representative to how the bacteria lives in our bodies. We
studied these broth-grown bacteria and compared them to biofilms. We found that
these two populations are very different from each other.

When S. pneumoniae spreads from the biofilms to other parts of our bodies, it
comes in contact with our blood. Our blood contains a large number of immune
cells. A part of our blood is known as plasma, which contains proteins that are
meant to attack invading pathogens. We studied S. pneumoniae in plasma, and
showed that it has developed mechanisms to increase its survival in our plasma.

This thesis has concentrated on understanding how the human body reacts to
pathogens during meningitis. The DNase represents a promising future drug to
help kill bacteria in meningitis, but more research needs to be done to make sure it
works, and is safe to use, in humans. We have also done extensive research in
increasing our understanding about how S. prneumoniae has learned to live and
cause disease in our body. This can hopefully help us in the future to come up with
new medications against bacterial infections caused by S. pneumoniae.
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