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CHAPTER 1 INTRODUCTION AND SCOPE

1.1. General introduction
The bacterium Staphylococcus aureus is a major causative agent of infections in humans
and livestock. The human diseases caused by S. aureus may range from relatively mild skin
and soft tissue infections to life-threatening conditions, like bacteremia, pneumonia anden-
docarditis[1]. Also, medical implant and post-surgical wound infections are often caused by
this bacterium[2]. In livestock, S. aureus is one of the common causative agents of bovine-
mastitis[3]. Moreover, S. aureus is capable of causing food poisoning[4], underscoring the
notion that this pathogen is capable of adapting to many different environments in, on and
outside the human or animal body. This high potential for adaptation is critically under-
scored by the ability of S. aureus to acquire many different antibiotic resistances and, today,
there are numerous antibiotic resistant staphylococcal lineages encountered in humans and
livestock.This is most clearly underscored by the methicillin-resistant S. aureus (MRSA) lin-
eages that have spread within hospitals, the community of healthy individuals and livestock
farms[5, 6]. However, despite all these potential threats for human and animal health, S.
aureus is usually carried asymptomatically and, in fact, about one-third of the human popu-
lation is known to carry this bacterium at any given moment without serious consequences.

Figure 1.1 Transmission electron microscopic images of Staphylococcus aureus USA300 LAC. The images show
staphylococcal cells with a diameter of around 0.5 – 1.0 𝜇m. The image on the left shows a non-dividing S. aureus
cell. The image on the right shows the stage in staphylococcal cell division where the mother cell has formed a
septum that marks the site where separation of the two resulting daughter cells will occur. Scale bar, 1 𝜇m.

1.2. The S. aureus cell envelope
As shown in Figure 1.1, S. aureus is a relatively small bacterium with a spherical shape. It
belongs to the group of so-called Gram-positive bacteria, which are generally characterized
by a cell envelope consisting of a cytoplasmic membrane surrounded by a relatively thick
cell wall[7, 8]. The cell wall of S. aureus is composed of multiple layers of peptidoglycan
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and negatively charged teichoic acids (TAs) that may be attached to the peptidoglycan (i.e.
the wall teichoic acids) or to the membrane (i.e. the lipoteichoic acids)[9]. Furthermore,
a variety of different proteins may be covalently or non-covalently associated with the cell
wall[10], and the wall may be covered by capsular polysaccharides[11].

Peptidoglycan is the major cell wall component of S. aureus. It forms a highly cross-
linked network - in essence one molecule - composed of multiple glycan strands with alter-
nating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) units. There
are so-called stem peptides attached to the MurNAc units, which are composed of L-alanine,
D-isoglutamine, L-lysine, D-alanine and a terminal D-alanine. The fourth D-alanine of a
stem peptide and the first glycine of a pentaglycine bridge on a neighbouring glycan strand
are covalently interlinked through the action of peptidoglycan transpeptidases. This struc-
ture of the S. aureus cell wall allows for cell plasticity, but it also gives the wall sufficient
strength and rigidity to withstand the harsh conditions that a Staphylococcus needs to endure
in and outside the body of humans or livestock.

S. aureus proteins that are associated with the peptidoglycan play important roles in
the bacterial growth and division, but they serve also critical functions in infection[12].
In particular, such proteins facilitate the staphylococcal adhesion to host cells, tissues and
implanted medical devices, but they also facilitate host cell invasion. While the staphylo-
coccal cell wall composition has been investigated for many years, the full complement
of S. aureus cell wall proteins – the wall proteome - was elucidated only relatively re-
cently[10, 13, 14]. The latter required the development of specific proteomics approaches,
where the wall-associated proteins were either extracted with chaotropic ions (e.g. potas-
sium thiocyanate [KSCN]), urea or high ionic strength conditions, specifically labelled with
membrane-impermeable tags, or proteolytically separated from intact cells with soluble or
immobilized trypsin[13–15]. Such proteomics studies showed that S. aureus expresses a
large number of different surface-associated and secreted proteins that perform different
roles in the bacterial adherence to host cell surfaces, manipulation or evasion of the host
immune defences, the lysis of host cells, tissue destructing, and the bacterial dissemination
to other tissues or the blood stream[16]. While covalently or non-covalently wall-bound
proteins exposed on the bacterial cell surface serve clear ‘offensive’ functions in infectious
processes, they also represent a bacterial Achilles’ heel, because their exposed domains can
be readily recognized by the host immune defences. Consequently, cell surface-exposed
proteins of S. aureus, and especially those proteins that are invariably expressed by different
staphylococcal lineages, may serve as potential targets for active or passive immunothera-
pies to prevent or cure infections caused by S. aureus. Unfortunately, there are presently no
vaccines or therapeutic antibodies that have been approved for the treatment of staphylococ-
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cal infections in humans and livestock, even though interventions of this type are generally
considered desirable and feasible[17, 18].

1.3. The peptidoglycan hydrolases of S. aureus
The bacterial peptidoglycan network is a highly dynamic structure, with novel strands be-
ing continuously synthesized and existing strands being broken to allow cellular growth and
division. This means that the expression and activity of both peptidoglycan synthases and
peptidoglycan hydrolases (PGHs) needs to be carefully balanced to warrant the vital cell
wall functions[19]. Interestingly, S. aureus produces multiple different PGHs, which cleave
specific bonds in the peptidoglycan network and which serve diverse physiological func-
tions during the cell cycle[7, 20]. These functions include cell enlargement, daughter cell
separation, the remodelling of peptidoglycan after cell separation, and the recycling of pep-
tidoglycan fragments. Like other wall proteins, PGHs may be covalently or non-covalently
bound to the cell wall, and they are often cell surface-exposed. In particular, the expres-
sion of PGHs is highly conserved in S. aureus, including clinical isolates. Because of their
critical roles in the bacterial cell cycle and their exposure on the bacterial cell surfaces,
such PGHs represent potentially druggable targets for novel antibiotics, or passive or active
anti-staphylococcal immunization approaches.

1.4. The interplay between S. aureus and the human body
While S. aureus produces many different wall-associated proteins that function in the bac-
terial cell cycle, the acquisition of nutrients and interactions with host cells, the bacterium
also secretes a plethora of proteins into its extracellular milieu. Also these secreted proteins
serve many different functions that allow the bacteria to acquire nutrients, to interact with
cells and tissues of their host, to invade host cells, to evade the host’s immune defences or
to form biofilms on host tissues and medical implants[21, 22]. While many of these pro-
teins are actively secreted via the major secretory (Sec) pathway of S. aureus, a considerable
number is alternatively secreted by regulated cell lysis or other secretion pathways like the
Twin-arginine translocation pathway or the type IV secretion system[22].

The interactions of S. aureus with the human body, as mediated by cell wall-associated
and secreted proteins, are complex and dynamic. In the first place, such proteins may help S.
aureus to establish first contacts with the human host, for instance upon transmission from
another host or contaminated surfaces. Once a host has been contaminated with S. aureus
and the primary defences of the host fail to clear the bacteria, they may proceed towards
host colonization, for instance on the skin, in the nasopharynx or in the gut[2]. Alterna-
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tively, if the primary barriers are breached by trauma or surgery, S. aureus may invade the
hosts tissues or the bloodstream from where the bacteria can disseminate throughout the
human body. This dissemination may even be facilitated by immune cells that have inter-
nalized the S. aureus bacteria, but where the bacteria managed to evade destruction with the
help of particular toxins or immune evasion factors. Importantly, the invasive staphylococci
may also be internalized by nonprofessional phagocytes, including endothelial and epithe-
lial cells or osteoblasts[23–26]. Inside these cells, the bacteria can persist for long periods of
time in a semi-dormant state. Such persisters are most likely responsible for many chronic
staphylococcal infections, because they are relatively insensitive to antibiotics and insults
from the immune system[27, 28].

1.5. A need to develop vaccines against S. aureus infection
Due to the fact that S. aureus has acquired many different antibiotic resistances in past
decades, the treatment of S. aureus infections, especially MRSA infections, has become
increasingly difficult. As a consequence, S. aureus infections are associated with high mor-
bidity and mortality rates and a high burden for global healthcare systems[29]. New anti-
staphylococcal approaches are therefore dearly needed, including innovative immunization
approaches that could be applied to protect patients and frail individuals from infections by
S. aureus.

In general, active or passive immunization can be very effective in protecting humans
against infections[30]. This is very clearly underscored by the current COVID-19 pandemic,
but effective vaccines have been successfully applied since many years to protect us against
bacterial and viral infections[31, 32]. Nonetheless, attempts to develop vaccines against S.
aureus infections have so far met with little success, if any. For active immunization, dif-
ferent S. aureus antigens have been tested, including capsular polysaccharides (types 5 and
8), wall TAs, and proteinaceous virulence factors (e.g., the clumping factor A, fibronectin-
binding proteins, the iron-regulated surface determinant B [IsdB] and protein A)[18]. Some
of these antigens were even tested in clinical vaccine trials, but none of them obtained ap-
proval for clinical implementation. Even though protective immune responses were ob-
served in murine infection models, the tested candidate vaccines failed to protect humans
against S. aureus infection, and immunization with IsdB was even associated with adverse
effects[33]. The inefficacy of the candidate vaccines that were tested for possible protec-
tion against S. aureus infection could potentially relate to the high heterogeneity of antigens
expressed by different S. aureus lineages, and particular host-specific immune responses to
the respective antigens. These could allow the pathogen to escape from elimination by the
human immune system. Additionally, the immune system might be ‘misled’ by proteins that
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present different immunogenic epitopes, of which few or none elicit a protective antibody
or cellular immune response[34–36]. Hence, a much more comprehensive understanding
of potentially effective staphylococcal epitopes that can be presented to the human immune
system through vaccination is critical for the development of an effective vaccine against S.
aureus. A possible approach to identify potentially protective epitopes in surface-exposed
proteins for S. aureus that could be used in future vaccines is schematically presented in
Figure 1.2.

Figure 1.2 Schematic representation of a pipeline for the identification of immunogenic domains of proteina-
ceous antigens that can be included in a future anti-staphylococcal vaccine[34, 37]. Different cell surface-exposed
S. aureus proteins of clinical isolates were extracted by different means and identified using mass spectrometry.
Biologically functional domains were separately expressed and secreted in Lactococcus lactis and subsequently
purified. IgG responses against these purified domains and full-size proteins were used to screen for (protective)
antibody responses in immunized animals (e.g. mice), healthy volunteers, and patients that have naturally high
antibody levels against S. aureus due to a continuously high exposure to this pathogen. The latter is for instance
the case in patients with the genetic blistering disease epidermolysis bullosa, whose chronic wounds are highly
colonized by S. aureus.

1.6. The scope of this thesis
The research described in this thesis was focused on the identification of potential targets for
new preventive or therapeutic anti-staphylococcal interventions (Figure 1.2). As outlined in
the introductory Chapter 1, proteins or protein domains that are exposed on the bacterial
cell surface are particularly attractive candidate targets for active or passive immunization
approaches. This turned the focus of research towards the cell wall-attached proteins of S.
aureus in general, and surface-exposed PGHs in particular.
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Chapter 2 of this thesis describes investigations that were aimed at providing an in-
ventory of the cell surface-exposed proteins of S. aureus, as well as the immunodominant
epitopes that are present within these proteins. In essence, this chapter provides a map of the
immuno-surfacome of S. aureus, specifying the epitopes could subsequently be applied for
vaccine development. A combination of two ‘bacterial shaving’ approaches (shaving with
immobilized or soluble trypsin) was successfully applied to identify proteins or protein do-
mains that are exposed on the cell surface of S. aureus. This was achieved by using mass
spectrometry for the analysis of peptides that were liberated from S. aureus by the two shav-
ing approaches. In parallel, non-covalently cell wall-bound proteins were extracted from S.
aureus cells using KSCN and, subsequently, identified by mass spectrometry. To investi-
gate immunodominant epitopes of the identified surface-exposed staphylococcal proteins,
a peptide scanning approach was applied in combination with immunoglobulins from pa-
tients with the genetic blistering disease epidermolysis bullosa (EB). As shown in previous
studies, these patients are heavily exposed to multiple S. aureus lineages over long periods
of time, eliciting high S. aureus-specific serum antibody levels[38–40]. The combined re-
sults of the proteomics analyses and epitope mapping studies allowed the identification of
particular cell surface-exposed S. aureus protein domains that are promising targets for the
development of novel anti-staphylococcal immune therapies. These included domains of
some cell surface-exposed and secreted PGHs.

Chapter 3 reviews the specific activities, physiological roles, regulation and contribu-
tions to pathogenesis of S. aureus PGHs. In total, S. aureus possesses no less than 18 differ-
ent core-PGHs with diverse physiological functions, subcellular localizations, and contri-
butions to staphylococcal virulence. The documented PGH survey highlights the different
possibilities to exploit these PGHs, especially Sle1, Aly and LyM, as potential targets for
new-generation antimicrobials and passive or active immunization strategies. Moreover,
some of the identified PGHs could even be engineered into highly effective antimicrobial
agents, because they have the ability to lyse staphylococcal cells.

Chapter 4 zooms in on the possibility of using particular domains of the afore-mentioned
Sle1, Aly and LytM PGHs for active immunization against S. aureus, in order to elicit pro-
tective immune responses. To this end, the binding of serum IgGs from healthy human
volunteers, highly S. aureus colonized EB patients or immunized mice to the purified Sle1,
Aly and LytM proteins, or their different domains, was investigated. The results show that,
in particular, the cell wall-binding domain of Sle1, and the catalytic domains of Aly and
LytM represent the favored targets for serum IgGs. However, in a murine bacteraemia in-
fection model, IgGs against these particular domains were not protective against S. aureus
infection. In contrast, the results indicate that less abundant IgGs against the catalytic do-
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main of Sle1 and the N-terminal domains of Aly and LytM may be more suited for eliciting
IgGs that are protective against severe staphylococcal infections.

Chapter 5 reports on the diverse functions of S. aureus PGHs that contain so-called
‘cysteine, histidine-dependent amidohydrolases/peptidase’ (CHAP) domains, and the po-
tential use of such CHAP PGHs as targets for novel anti-staphylococcal therapies. In partic-
ular, this study characterized the physiological functions of the 11 core CHAP PGHs of the
community-associated MRSA strain USA300 LAC in cell wall homeostasis, cell growth,
cell separation, antibiotic stress and virulence. The results show that none of these PGHs is
by itself essential for S. aureus growth and survival under the tested conditions. However,
the lack of some CHAP PGHs does affect cell division at the stages of septum formation
and daughter cell separation. Altogether, the results imply that different CHAP PGHs have
different but overlapping physiological functions during the staphylococcal cell cycle and
that these enzymes contribute to the pathogenicity of S. aureus to different extents.

Lastly, Chapter 6 presents a general overview and discussion of the results described in
this thesis, and it pinpoints incentives for future research towards the development of next-
generation anti-staphylococcal therapies. In conclusion, this chapter highlights the present
survey of the staphylococcal ‘immuno-surfacome’ as a possible road map towards the de-
velopment of future active or passive immunization approaches to protect patients and frail
individuals against the threats of multi-drug resistant S. aureus.
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