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GENERAL DISCUSSION AND CONCLUSION

6.1. General discussion
The first description of the human pathogen Staphylococcus aureus dates back to 1881,
when Alexander Ogston reported the isolation of this Gram-positive bacterium from surgi-
cal abscesses of patients[1]. Today we know that S. aureus is an opportunistic commensal
bacterium, which is carried asymptomatically by approximately one third of the human pop-
ulation. However, if the skin barrier is disrupted or the immune system is compromised, S.
aureus can cause a vast array of severe invasive diseases in humans and livestock[2, 3]. As
introduced in Chapter 1 of this thesis, the virulence of S. aureus is largely determined by
cell surface exposed and secreted proteins. These proteins are involved in the initial bacterial
adherence to host cells and tissues, colonization and invasion of the host, internalization by
non-professional phagocytes including epithelial and endothelial cells, evasion of the host
immune defences and even intracellular survival in professional phagocytes[4, 5].

While the mechanisms to colonize and invade its mammalian hosts have co-evolved to-
gether with these hosts over long periods of time, recent years have witnessed new waves of
S. aureus evolution triggered by the clinical introduction of antimicrobials. Ever since peni-
cillin became available to treat bacterial infections, S. aureus has accumulated antimicro-
bial resistances through mutation and the horizontal acquisition of antimicrobial resistance
genes. The drug resistant staphylococcal lineages that thus emerged were rapidly spread
in hospitals and the community[6]. This is most clearly exemplified by the emergence of
methicillin resistant S. aureus (MRSA) lineages, which represent a global threat for health-
care, as is critically underscored by the high patient morbidity and mortality rates associated
with MRSA[7]. Therefore, alternative therapies, such as active or passive immunization,
have been considered as potentially effective tools to mitigate the threats imposed by an-
timicrobial resistant staphylococci. However, despite numerous efforts, the development of
anti-staphylococcal vaccines has, thus far, met with little success and the identification of
appropriate targets for immunization remains an important challenge.

Proteins that are localized to the bacterial cell surface, collectively referred to as the ‘sur-
facome’, are attractive candidate targets for immunization approaches since they are readily
presented to the host immune system. Indeed, S. aureus expresses many different conserved
surface proteins which, in principle, can be regarded as promising targets for immuniza-
tion[4, 8]. However, not only between different S. aureus lineages, but also within such
lineages, significant heterogeneity was observed in terms of S. aureus proteins and pep-
tides exposed on the bacterial cell surface and, accordingly, anti-staphylococcal immune
responses in humans were observed to vary substantially[9]. This has instigated the devel-
opment of so-called immunoproteomics and immunopeptidomics approaches based on the
combined application of proteomics and immunological approaches for the untargeted dis-
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covery of bacterial cell surface protein domains or epitopes that could be suitable targets for
immunization[10, 11]. For identifying such surface-exposed proteins, domains or epitopes
of S. aureus, a pipeline that combines several different proteomics approaches is described
in Chapter 2. In particular, cell surface-exposed proteins or peptides were profiled by sur-
facome shaving either with immobilized trypsin or with soluble trypsin, and subsequent
mass spectrometry-based identification of the peptides that were liberated from the bacte-
rial cells. This allowed a distinction of those proteins and peptides that are exclusively cell
surface-exposed from other proteins and peptides that are deeply embedded within the cell
wall, because the immobilized trypsin cannot penetrate the bacterial cell wall, whereas the
soluble trypsin can penetrate this wall. Furthermore, spontaneously released proteins, non-
covalently cell wall-bound proteins extracted by treatment with the chaotrope KSCN, and
extracellular proteins were identified in parallel by gel-free mass spectrometry. As a sec-
ond step in the pipeline, immunodominant epitopes of cell surface-exposed proteins were
identified by epitope mapping with peptide arrays and immunoglobulins from patients with
the genetic blistering disease epidermolysis bullosa (EB). As outlined in Chapters 1 and
2, the chronic wounds of EB patients are colonized by multiple types of S. aureus over ex-
tended periods of time[12], whereas these patients rarely develop severe invasive S. aureus
infections[13]. This seems to be related, at least in part, to the fact that EB patients show
relatively high levels of potentially protective antibodies against S. aureus[14, 15]. Alto-
gether, the proteomics analyses identified a large number of cell surface-exposed immuno-
genic proteins from two widely studied S. aureus strains, namely the methicillin susceptible
S. aureus (MSSA) laboratory strain Newman and the community acquired MRSA strain
USA300 LAC. Notably, the identified surface-exposed proteins did not only include signal
peptide-bearing proteins that are actively exported from the cytoplasm via the general secre-
tory (Sec) pathway, but also many typically cytoplasmic proteins. Among these so-called
‘extracellular cytoplasmic proteins’ (ECPs) were several proteins for which previous stud-
ies reported ‘moonlighting’ functions in staphylococcal pathogenesis and epidemiology16.
The results described in Chapter 2 also show that specific IgGs against these ECPs, such
as the fructose-bisphosphate aldolase, enolase (Eno), the elongation factors G and Ts, the
ribosomal proteins S5, S13 and L25, and the glyceraldehyde-3-phosphate dehydrogenase
GAPDH were present in sera of EB patients. Importantly, antibodies directed against Eno
were previously shown to elicit opsonophagocytic killing of S. aureus and this protein is a
known protective antigen on the cell surface of Streptococcus suis[16, 17]. Interestingly,
the studies documented in Chapter 2 also uncovered several surface-exposed proteins with
epitope clusters that are localized within particular domains. This was for example observed
for the cell wall-anchored IsdB protein, the peptidoglycan hydrolases (PGHs) Atl and IsaA,
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and the adhesin Emp. It is important to note that the IgGs from different EB patients showed
variations in binding to the investigated surface-exposed proteins or their specific domains,
as was detected through the differential binding of IgGs from different EB patients to the
arrayed peptides corresponding to these proteins. This variability may relate to the fact that
different EB patients were colonized by S. aureus strains from different lineages which, in
turn, may display variations in the expression and precise localization of the cell surface-
exposed proteins, thereby eliciting different host immune responses[14]. Furthermore, it
should be noted that the epitope mapping with peptide-arrays was mostly performed with
linear peptides. Consequently, IgGs that recognize only conformational epitopes of partic-
ular investigated proteins were overlooked by this approach.

Altogether, the results presented in Chapter 2 of this thesis highlight several immun-
odominant cell surface-exposed proteins and epitopes of S. aureus as potentially promising
targets for active or passive anti-staphylococcal immunization approaches. These include
the N-terminal pro-region of the PGH Atl, the covalently cell wall-bound proteins ClfB and
IsdB, a ‘YkyA-like’ cell wall-binding lipoprotein, the membrane proteins EbpS and LtaS,
the non-covalently cell wall-bound and secreted proteins Emp, Sbi and IsaA, and the cyto-
plasmic proteins Afl1, GAPDH and Eno. Among these identified proteins, several S. aureus
PGHs, such as Atl, Aly and LytM, stood out because of their cell surface localization and
their high immunogenicity[15, 18]. This focused attention on the possible use of PGHs as
potential targets for anti-staphylococcal treatments. Accordingly, the research presented in
Chapters 3, 4 and 5 of this thesis was focused on S. aureus PGHs with respect to their
physiological roles and application potential for use in anti-staphylococcal therapies. The
bacterial cell wall plays vital roles in maintaining cell integrity and cell shape, nutrient up-
take, excretion of metabolic wastes, exclusion of toxins, and protection against many differ-
ent physical and chemical insults[19–21]. The major cell wall component is peptidoglycan,
which forms a covalently linked network surrounding the cell. Although the peptidoglycan
network represents essentially one molecule, it is still a highly dynamic structure, which
is maintained not only through the synthesis and modification of novel glycan strands, but
also through the cleavage and degradation of existing glycan strands. Building on the re-
sults presented in Chapter 2 of this thesis, Chapter 3 focuses on the function of PGHs
and their different roles in cell wall homeostasis during the cell cycle. In particular, it pro-
vides an overview of the various functions of 18 different PGHs of S. aureus. These include
the regulation of expression and activity of S. aureus PGHs, the mechanisms by which the
bacterium takes advantage of the differential properties and subcellular localizations of its
PGHs, and how it suppresses their potentially cytotoxic effects. Importantly, PGHs are not
just simply enzymes that can degrade cell walls, but they play diverse physiological roles
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in bacterial growth and survival in widely varying environments[21, 22]. Moreover, PGHs
have been shown to affect the release of ECPs that participate in the bacterial adhesion to
surfaces of medical implants or host tissues, or in the regulated bacterial cell lysis to gen-
erate extracellular DNA needed for the formation of biofilms[23, 24]. Furthermore, PGHs
allow S. aureus to execute various functions in human pathogenesis. These different es-
sential functions of PGHs imply that PGHs can actually be applied for anti-staphylococcal
therapies, for instance by lysing bacteria or by targeting PGHs through passive or active
anti-staphylococcal immunization therapies.

To explore the application potential of PGHs for possible immunization approaches
against S. aureus, three conserved PGHs, namely Sle1, Aly and LytM, were selected for
further analysis as described in Chapter 4 of this thesis. In the first place, it was inves-
tigated whether immunization with these three PGHs could protect mice from S. aureus
bacteraemia. To this end, Sle1, Aly and LytM were expressed in L. lactis, purified and
used for immunization. The results showed that mice immunized with either of these PGHs
mounted high antigen-specific IgG titers. However, unfortunately the high IgG levels against
Sle1, Aly or LytM did not result in a protection of the mice against death caused by S. au-
reus bacteremia. To investigate why immunization with the individual Sle1, Aly or LytM
antigens may have failed in protecting the mice against S. aureus infection, the recogni-
tion of different catalytic domain(s) and/or cell wall-binding domain of these three PGHs
by murine IgGs was determined. To this end, the different domains of Sle1, Aly and LytM
were firstly expressed in L. lactis, subsequently purified, and then used for immunodetection.
Furthermore, the murine IgG responses towards the different PGHs and their domains were
compared to the respective IgG responses from healthy human volunteers and EB patients.
The results as presented in Chapter 4 show that both mice and humans develop high IgG
titers against Sle1, Aly and LytM. However, the IgGs from humans and mice preferentially
bind to different domains of these three PGHs. In particular, the IgGs of immunized mice
were observed to predominantly target the LysM cell wall-binding domain of Sle1 and the
catalytic domains of Aly and LytM. However, these specifc IgGs did apparently not protect
the mice against S. aureus bacteremia. In contrast, relatively less abundant human IgGs
were exclusively shown to target the catalytic domain of Sle1 and the N-terminal domains
of unknown function from Aly and LytM. This differential recognition of PGH domains by
IgGs from different hosts seems to imply that the latter three domains should be preferen-
tially used in future studies for active or passive immunization approaches that target Sle1,
Aly and/or LytM. The next step will be to determine whether these specific IgGs are indeed
protective against severe S. aureus infections. In this context, it is noteworthy that it was
previously shown that the active immunization of mice with the S. aureus PGH IsaA did not
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protect these mice from S. aureus infection[25], which is similar to what is reported in Chap-
ter 4 for immunization of mice with Sle1, Aly and/or LytM. Furthermore, epitope mapping
showed that the murine IgGs predominantly targeted the C-terminal domain of IsaA. In con-
trast, the N-terminal domain of IsaA was shown to be recognized by IgGs from EB patients.
These observations seem to suggest that different host specificities may lead to variations in
the IgG responses against cell surface-exposed S. aureus antigens. On the other hand, the
differential recognition of PGH domains by IgGs from mice and humans may relate to the
way in which these antigens were presented to the immune system. In particular, the mice
were challenged with the purified antigens, whereas the immune system of human volun-
teers participating in these studies were incidentally or chronically challenged by intact S.
aureus bacteria. Altogether, it can be concluded that, even though the murine immunization
experiments did not protect mice from S. aureus bacteraemia, the results provide valuable
insights into the challenges associated with vaccination studies in small animal infection
models. Moreover, these results provide novel clues for identifying the potentially most rel-
evant immunodominant domains of Sle1, Aly and LytM for future development of vaccines
that protect humans against S. aureus infection, namely the catalytic domain of Sle1 and the
N-terminal domains of Aly and LytM. Nevertheless, it is conceivable that the latter domain
of LysM may be less relevant as a target for immunization, because LytM is predominantly
secreted by S. aureus as documented in Chapter 2. Consequently, IgGs against LytM may
be less effective in the bacterial opsonisation and subsequent bacterial killing by activated
complement or professional phagocytes.

Chapter 5 of this thesis zooms in on the S. aureus PGHs that contain so-called ‘cys-
teine, histidine-dependent amidohydrolase/peptidase’ (CHAP) domains, which are widely
conserved among bacteria. In particular, the roles of 11 CHAP PGHs encoded by the core
genome of S. aureus USA300 LAC were investigated using mutant strains that lack individ-
ual CHAP PGHs. The specific traits of these mutant strains that were inspected included
growth in shaken and standing cultures, cell morphology, autolysis, and the invasion of hu-
man lung epithelial cells. This showed that none of the 11 investigated CHAP PGHs is by
itself essential for growth and viability of S. aureus USA300 LAC. It thus seems that the
different CHAP PGHs of the USA300 LAC strain have redundant functions, and that at least
some PGHs from this strain can compensate for each other’s absence.

In general, PGHs play essential roles during bacterial growth and division, and the lack
of individual PGHs may thus affect the bacterial morphology or cell cycle progression. In-
deed, the studies presented in Chapter 5 show that Sle1 has a major role in the effective
separation of daughter cells during the cell division cycle. Furthermore, deletions of aly,
SAUSA300_2503, SAUSA300_0651 or ssaA led to the formation of aberrant division septa
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in some of cells. This suggests that the correct positioning and synthesis of the septum by
peptidoglycan synthases requires the presence and correct subcellular localization of partic-
ular PGHs[26]. Since the lack of individual PGHs may also lead to changes in the cell wall
composition and structure[27], it was also investigated whether the inactivation of different
CHAP PGHs affects the methicillin resistance and other antimicrobial resistances of the S.
aureus USA300 LAC strain. The results show that the PGHs SAUSA300_2253 and Sle1 are
required for benzylpenicillin and oxacillin resistance in S. aureus USA300 LAC, whereas
SsaA contributes to these resistances. This observation implies that the CHAP PGHs SsaA,
SAUSA300_2253 and Sle1 can be used as potential targets for future interventions to reduce
the 𝛽-lactam resistance of MRSA. Furthermore, S. aureus PGHs, such as Sle1, have been
previously shown to facilitate the bacterial interaction with host cells or tissues, thereby
promoting the adhesion and subsequent internalization of S. aureus. Intriguingly, as shown
in Chapter 5, a sle1 mutant of S. aureus USA300 LAC displayed enhanced intracellular
staphylococcal replication and a similar observation was made for SAUSA300_0277 mu-
tant bacteria. The molecular basis for these observations is presently not understood, but
they could relate to compensatory expression of other PGHs. On the contrary, intracellular
replication of the investigated SAUSA300_2253 mutant was reduced in lung epithelial cells,
suggesting that the absence of the respective CHAP PGH made the internalized bacteria
more sensitive to the conditions inside these human cells. Accordingly, it seems that the
SAUSA300_2253 protein is necessary for intracellular proliferation of S. aureus USA300
LAC. Altogether, the results in Chapter 5 show that S. aureus CHAP PGHs play diverse,
but overlapping functions during staphylococcal growth and division. In particular, these
enzymes contribute to different extents to the extracellular and intracellular replication of
the bacteria, and the separation of daughter cells once cell division has been completed.

6.2. Conclusion
The present PhD thesis documents the global characterization of surface-exposed proteins
and peptides of the major human pathogen S. aureus and the recognition of particular pro-
teins and peptides by murine and human IgGs. The resulting survey of the staphylococcal
‘immuno-surfacome’ can serve as a road map towards the development of future active or
passive immunization approaches. Based on the present studies, it is envisaged that such
an ambitious goal can be achieved with vaccine preparations or monoclonal antibodies that
target selected immunodominant epitopes which are naturally exposed on the surface of all
clinically relevant S. aureus lineages. In the present studies, major emphasis was placed on
PGHs and their subdomains, which were recognized as attractive target proteins due to their
cell surface exposure and important biological activities in the staphylococcal life cycle.
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Naturally, the most relevant candidate targets for preventive or therapeutic approaches will
be those surfacome components that are required for effective extracellular or intracellular
replication, or for antibiotic resistance. This focuses particular attention on potential target
domains in Sle1, Aly, SAUSA300_2503, SAUSA300_0651 or SsaA. However, care should
be taken that any interference with such targets by IgG-binding will not provide the S. au-
reus bacteria with some kind of selective advantage in a particular niche of the human host.
This could for instance apply to approaches that target Sle1 or SAUSA300_0277, where
the targeted bacteria might display enhanced intracellular replication. Here the previous
failure in using S. aureus IsdB for a clinical vaccine trial, which unfortunately presented ad-
verse patient outcomes, should be regarded as a clear warning[28]. While the clustering of
immunodominant epitopes in IsdB, as demonstrated in Chapter 2, might suggest that this
surface-exposed protein is an attractive target for new anti-staphylococcal immunotherapies,
this was clearly not the case. One could thus argue that the presentation of these epitopes
might even be part of the bacterial repertoire to mislead the human immune system. It
will therefore be interesting for future studies to investigate whether it may not be better to
search for effective surfacome targets beyond those candidates that are immunodominant,
since these may be purposely presented by the S. aureus bacteria to the human immune sys-
tem as yet another ‘cunning’ immune evasion strategy. On the other hand, surface-exposed
protein domains that do not elicit IgG responses are probably less likely candidates for ef-
fective immunization approaches. Consequently, while the quest for the best possible anti-
staphylococcal targets is not yet over, the present immuno-surfacome provides clear leads
for their identification and focuses the spotlight on particular PGHs with critical roles in
balancing bacterial cell wall synthesis and hydrolysis. Importantly, such targets may not
only be relevant for future immunotherapies, but they could also serve as targets for novel
antibiotics or molecules that potentiate existing antibiotics. Alternatively, the PGHs of S.
aureus could perhaps even be turned into therapeutic agents that facilitate the clearance of
staphylococcal infections.
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