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The pathogen Staphylococcus aureus has always represented a burden for human health and 

wellbeing. Since the development and clinical implementation of antibiotics, it became 

possible to treat infections caused by this pathogen, but in recent years this is increasingly 

complicated by the emergence of lineages with acquired resistances to many commonly used 

antibiotics. Today, methicillin resistant S. aureus (MRSA) represents one of the most serious 

global public health concerns. Moreover, as human life expectancy continues to increase, so 

has the number of frail and immune-compromised individuals who are susceptible to S. aureus 

infections in general, and MRSA in particular. In this regard, the highly transmissible and 

virulent MRSA lineages that have emerged in community households are of particular concern. 

As introduced in Chapter 1, the epidemiology of MRSA has changed dramatically during last 

twenty years. MRSA infections were originally a nosocomial problem, affecting hospitalized 

individuals and elderly people in nursing homes, but this multi-drug resistant pathogen has 

now expanded its territory to the community of young and healthy individuals and to livestock.  

To monitor outbreaks of MRSA infections in hospitals or the community, a variety of molecular 

typing approaches, such as multi-locus sequence typing (MLST), has been applied. Such 

approaches have, for instance, revealed the emergence of the livestock-associated (LA) S. 

aureus ST398 lineage and, more recently, the emergence of livestock-independent variants of 

this lineage. Fortunately, most of the latter human-originated ST398 isolates are methicillin-

sensitive S. aureus (MSSA). Epidemiological studies have further shown that the human-to-

human transmission of S. aureus ST398 in community households in many counties is 

associated with the presence of the so-called immune evasion cluster genes (i.e. chp, scn and 

sak). These observations underpin the fact that epidemiological studies provide important 

insights into the molecular features of newly emerging types of S. aureus that may 

subsequently circulate worldwide. Such studies can thus provide valuable early-warning 

information to prevent the spread of dangerous infections. However, a major limitation of the 

commonly used typing methods is that they solely provide information on genomic variations 

of the collected S. aureus isolates, while not providing any information on their gene 

expression, which is most relevant in terms of antibiotic resistances and virulence.  
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In recent years, it has become clear that staphylococcal pathogenicity is mediated by the 

expression of a wide array of cell surface-associated and secreted virulence factors. Most of 

these virulence factors are proteins, which allow S. aureus to adhere to its hosts’ cells and 

tissues, to evade or invade the host immune system and, subsequently, to cause acute 

infections. Importantly, high-throughput proteomics technologies are particularly helpful in 

providing detailed information on the end result of gene expression, i.e. the production of 

proteins. These technologies, thus, represent powerful tools to explore bacterial virulence 

factor production, allowing us to unveil the diversity of all the factors that contribute to 

bacterial pathogenicity. Therefore, to acquire a deeper understanding of staphylococcal 

epidemiological behavior and virulence, a workflow was established in the present PhD 

research project to characterize clinical S. aureus isolates in terms of their virulence factor 

production and actual virulence (Fig. 1). This workflow was applied to pinpoint the most 

important lineage-specific virulence determinants that could potentially serve as future 

biomarkers for infection prevention. Due to the inclusion of two distinct infection models, this 

workflow offered the possibility to identify new activities of already known virulence factors, 

or even to discover as yet unknown virulence factors of S. aureus. Importantly, the performed 

proteome analyses were mostly focused on the bacterial extracellular proteome, because this 

proteome sub-fraction represents the major reservoir of staphylococcal virulence factors [1]. 

An additional advantage of focusing on the extracellular proteome was that it is of relatively 

low complexity compared to the cellular proteome.  

To assess the actual virulence potential of staphylococcal isolates, an animal infection model 

involving the larvae of the greater wax moth Galleria mellonella was employed throughout 

the entire research described in this thesis. This infection model was previously shown to be 

suitable for investigating infections caused by a range of opportunistic human pathogens, 

including S. aureus [2] and, as shown in a separate study not included in this PhD thesis, the 

oral pathogen Porphyromonas gingivalis [3]. Of note, bacteria injected into the G. mellonella 

larvae are challenged primarily by their innate immune system, which is functionally and 

structurally equivalent to that of mammals [4]. Further, it is important to mention that it was 
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previously shown that the outcomes of infection experiments with a number of opportunistic 

human pathogens in G. mellonella larvae correlated well with those of infection experiments 

performed in mice [5]. 

 

Figure 1. Schematic workflow applied in this study to define S. aureus lineage-specific proteomic 

signatures relevant for virulence. 

 

S. aureus ST59 isolates with the spa-type t437 were previously shown to represent a dominant 

CA-MRSA lineage from Asia that is spreading across Europe [6]. As revealed by molecular 

typing, the isolates belonging to this lineage share a high degree of molecular similarity, 

regardless of their host, and the year or country of isolation. Therefore, this lineage bears the 

features of a high-risk clone that can readily spread in the community [6]. For this reason, the 

research described in Chapter 2 was undertaken, where the extracellular proteomes and 

virulence of 20 representative clinical S. aureus t437 isolates were compared. A first striking 

observation was that, despite their high degree of genetic similarity, the comparative 

exoproteome analyses revealed an enormous heterogeneity in the extracellular proteins that 

were identified for different isolates. Only few proteins were found to be produced by all 

investigated isolates, while a large number of proteins was found to be unique for one or two 

strains under the conditions tested. More importantly, the results revealed that isolates 
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belonging to particular clusters with similar exoproteome abundance profiles displayed 

comparable virulence in the Galleria and HeLa cell infection models. In the end, a correlation 

of the exoproteome data to the virulence assessments uncovered particular exoproteins that 

could be critically involved in the virulence of isolates belonging to the S. aureus t437 lineage. 

These virulence determinants included the IsaA and chitinase B proteins, a set of iron-

regulated surface determinants (IsdA, IsdB, IsdE and IsdH), the EbpS protein and the toxin PVL.  

Using the same pipeline that was successfully applied to characterize isolates of the S. aureus 

lineage with spa-type t437, the study described in Chapter 3 was aimed at profiling the 

extracellular proteome and virulence of isolates belonging to the S. aureus ST398 lineage, 

which was originally only associated with livestock carriage. However, since livestock-

independent ST398 strains capable of human-to-human transmission have recently emerged 

[7], it was of particular interest to compare LA and human-originated ST398 isolates. 

Altogether, 30 representative ST398 isolates were investigated, allowing the detection of their 

critical virulence determinants. A striking result was that the LA-ST398 strains displayed higher 

exoproteome heterogeneity than the human-originated ST398 strains, despite the fact that 

the latter strains were more heterogeneous at the genome level. In addition, further 

comparison of the exoproteomes of LA-ST398 and human-originated ST398 strains showed 

that the identified proteins have distinctive roles in pathogenesis and metabolism. This is 

suggestive of particular proteomic adaptations being essential for the reintroduction of S. 

aureus ST398 isolates from livestock into the human population. Thus, it can be concluded 

that the combined genomic and proteomic data provided a detailed view of the molecular 

mechanisms that have driven the adaptation of the ST398 lineage towards livestock or the 

human host. By assessing the virulence of the investigated ST398 isolates in Galleria larvae 

and human HeLa cells, it was shown that the human-originated isolates are overall more 

virulent and cytotoxic than the LA-ST398 isolates. More importantly, also in this case a 

correlation of the exoproteome data to larval killing and toxicity towards HeLa cells guided 

the identification of important virulence factors. In particular, the Sbi, SpA, SCIN and CHIPS 

proteins were pinpointed as crucial virulence determinants of the ST398 lineage.  
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Altogether, the studies described in both Chapters 2 and 3 have uncovered substantial 

exoproteome heterogeneity among S. aureus isolates with the spa-type t437 or ST398, despite 

the fact that, within the respective lineages, the investigated strains showed a high degree of 

genomic relatedness. Likewise, an early S. aureus exoproteome analysis by Ziebandt et al. also 

uncovered substantial exoproteome heterogeneity among 25 clinical isolates collected from 

one hospital [8]. However, the latter isolates belonged to different clonal lineages, which 

contained different mobile genomic elements and which differed in transcriptional and post-

transcriptional regulation. On the other hand, rather homogeneous exoproteome patterns 

were recently observed for isolates of the USA300 lineage collected from the Copenhagen 

area in Denmark [9]. The research described in this thesis shows that the situation is different 

for isolates with spa-type t437 or ST398, respectively, which were collected from different 

countries, and even from distinct hosts in the case of the ST398 isolates. Judged by previously 

published observations and the findings reported in this thesis, the degree of exoproteome 

heterogeneity in different groups of S. aureus isolates is most likely dependent on the 

respective lineage, their geographical distribution, and/or the hosts from which they were 

collected.  

Intriguingly, the observed exoproteome heterogeneity among S. aureus t437 and ST398 

isolates was largely related to differential abundance of extracellular cytoplasmic proteins 

(ECPs). The excretion of ECPs into the growth medium is a common physiological phenomenon 

of S. aureus as well as many other microorganisms [10]. However, the mechanisms that allow 

the excretion of these proteins without a typical signal peptide are still somewhat enigmatic. 

Currently, the most popular explanations for the excretion of ECPs include a destabilization of 

the cell envelope by autolysins like Atl [11], the production of cytolytic toxins, and the activity 

of bacteriophages. Of note, the observed variations in ECPs among the investigated t437 or 

ST398 isolates could not be correlated to the production of the major autolysin Atl. On the 

other hand, a number of phage-associated proteins, including phage coat proteins, phage 

infection proteins, major tail proteins and major capsid proteins, was exclusively detected in 

the exoproteomes of those t437 or ST398 isolates that displayed the highest abundance of 
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ECPs. This implies that phage activity could be related to the excretion of ECPs by t437 or 

ST398 isolates. Of note, this is not the case for all S. aureus lineages since a previous study 

demonstrated that the elimination of prophages ϕ11, 12 and 13 from the S. aureus strain 

8325-4 had no marked influence on the release of ECPs [11]. Instead, Ebner et al. reported 

that the expression of cytolytic PSMα toxins will destabilize the staphylococcal cytoplasmic 

membrane, resulting in the release of ECPs [12]. Unfortunately, such PSMα toxins could not 

be detected in the S. aureus t437 or ST398 exoproteome profiles described in this thesis, most 

likely due to their small size of 20-30 residues. Thus, while a role of PSM activity cannot be 

excluded, it seems that prophage activity is a more prevalent mechanism for ECP excretion in 

the investigated S. aureus t437 and ST398 isolates. 

A major aim of the research described in Chapters 2 and 3 was to pinpoint the critical virulence 

determinants that contribute to staphylococcal pathogenicity. Therefore, the workflow 

presented in Figure 1 did not only involve analyses on S. aureus t437 and ST398 isolates to 

define lineage-specific exoproteome signatures, but also virulence studies based on G. 

mellonella and the HeLa cell infection models. For the t437 isolates, the correlation of 

exoproteome data with bacterial virulence revealed that certain proteins, such as IsaA, IsdB, 

IsdA, IsdE, IsdH and chitinase B, could be related to the observed larval killing. An important 

subsequent outcome of this study was the finding that an S. aureus isaA mutant was 

attenuated in the G. mellonella infection model, providing an explanation for the fact that IsaA 

is a major antigen that is invariantly produced by all investigated clinical isolates [13]. The role 

of IsaA in staphylococcal virulence had not yet been reported, and thus, the current data 

provide further support for the idea that the IsaA protein is a promising candidate for future 

therapeutic interventions against staphylococcal infections. In addition, correlation of the 

exoproteome data with results obtained in the HeLa cell infection model, highlights the role 

of to the staphylococcal pore-forming toxin PVL in the cytotoxicity of S. aureus t437 isolates. 

This indicates that particular PVL receptors exist in the HeLa cells which, in turn, suggests that 

HeLa cells represent a very versatile infection model for studies on the pathogenicity of 

community-acquired S. aureus lineages that are often PVL-positive. For isolates of the ST398 
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lineage, the studies described in Chapter 3, highlight the Sbi and SpA proteins as important 

virulence factors that impact on larval killing. In particular, it was observed that S. aureus cells 

lacking the spa or sbi genes were attenuated in the G. mellonella infection model. The Sbi and 

SpA proteins were previously characterized as important immune evasion factors due to their 

ability to bind immunoglobulin G, thereby helping the bacteria to avoid the host’s immune 

defenses via interfering with opsonophagocytosis. However, it has also been reported that 

the SpA protein can inhibit activation of the classical complement pathway through binding 

the TNFα receptor [14], and that it is an important determinant for S. aureus virulence in a 

murine septic arthritis model [15]. Similarly, it was shown that Sbi binds not only IgG, but also 

the complement protein C3, to evade destruction by the host’s immune defenses [16]. 

Although it is still unclear how exactly the SpA and Sbi proteins impact on the larval viability, 

the effects described in Chapter 3 are fully consistent with the roles of these proteins in 

staphylococcal infection of the human host. 

Host-pathogen interactions are key to understanding the pathophysiology of infectious 

diseases, as well as their treatment and prevention. On the other hand, one has to realize that 

infections are often caused by more than one pathogen, and that the human host is, in general, 

colonized by a plethora of microorganisms that include various opportunistic pathogens. It is 

therefore important to focus more attention on the natural host ecosystem, where pathogens 

may display competitive or cooperative interactions with the existing non-pathogenic 

microbiota or with other pathogens. Such interactions may even be advantageous both from 

the perspectives of the host and the pathogen. With this in mind, the research described in 

Chapter 4 was undertaken, which involved a detailed analysis of possible changes in S. aureus 

gene expression, gene regulation, protein composition and virulence upon co-culturing with 

isolates of K. oxytoca and B. thuringiensis under infection-mimicking conditions. Importantly, 

these isolates were collected from a single chronic wound of a patient with the genetic 

blistering disease epidermolysis bullosa (EB), which implied that they had adapted to a state 

of ‘peaceful’ co-existence [17]. It was previously shown that the wounds of EB patients are 

heavily colonized with S. aureus, whereas these patients rarely develop invasive 



 

140 
 

staphylococcal disease [18-20]. This suggested that they are to some extent protected against 

severe S. aureus infections. Indeed, previous studies had shown that EB patients mount 

significant adaptive immune responses to S. aureus [21, 22], but it was not known whether 

interactions between co-resident bacterial species in their wounds can somehow impact on 

the virulence of this pathogen. In the studies presented in Chapter 4, this question was 

addressed by co-culture experiments followed by proteomic and transcriptomic analyses, and 

by co-infection experiments in the G. mellonella model. The results show that the presence of 

Klebsiella oxytoca or Bacillus thuringiensis leads to massive rearrangements in the S. aureus 

physiology and a substantial reduction in virulence. These findings provide a possible 

additional explanation why heavily S. aureus-colonized EB patients, whose skin barrier is 

impaired by blisters and chronic wounds, do not frequently suffer from serious invasive 

staphylococcal disease. A broader implication of these results is that S. aureus seems to 

express a different set of antigens when co-existing with other bacteria than when it is present 

in isolation. This may be one of the reasons why, so far, no effective vaccine against S. aureus 

has reached clinical implementation. Further, in this context one has to bear in mind that S. 

aureus, when co-existing with other bacteria such as Pseudomonas aeruginosa, may also 

enhance the expression of virulence factors [23, 24]. It will therefore be an important 

challenge for future studies to find out how co-resident microorganisms impact on the 

transition of S. aureus from a harmless or pacified colonizer into a dangerous pathogen.     

In conclusion, the present PhD thesis highlights the importance of identifying proteomic 

signatures to study and understand the virulence of S. aureus. To this end, an effective analysis 

pipeline has been established, which was grounded on previously performed DNA-based 

typing and whole-genome sequencing analyses. The pipeline involved high-throughput 

proteomics analyses and two facile infection models, allowing the identification of several 

critical virulence determinants of two highly transmissible S. aureus lineages with spa-type 

t437 and ST398, respectively. Importantly, certain extracellular proteins, such as IsaA, PVL, 

SpA and Sbi, were implicated in the killing of Galleria larvae or HeLa cells. These proteins could 

thus represent relevant targets for novel preventive or therapeutic anti-staphylococcal 
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therapies. Possibly, these proteins may also serve as biomarkers for infection prevention, 

especially to contain the spread of high-risk transmissible clones. In fact, one of these proteins, 

PVL, has already for a long time been considered as an important biomarker for CA-MRSA, not 

only in the context of academic research but also in routine clinical microbiological diagnostics 

[25]. Considering its implication in potentially lethal infections, such as necrotizing 

pneumonia, it could also be of interest to develop passive or active immunization approaches 

that target PVL. The observation that PVL could be involved in the killing of HeLa cells is 

particularly noteworthy in this respect, as it suggests that a PVL receptor is present on HeLa 

cells. This raises the question which other cell types and tissues are targeted by this toxin, 

apart from leukocytes. Likewise, SpA could be an attractive target for active and passive 

immunization [26, 27]. For future research, the role of the IsaA protein in host colonization 

and virulence is worth investigating in more depth. This could involve the previously 

developed human IgG1-type monoclonal antibody 1D9 [28]. The 1D9 antibody is highly 

specific for S. aureus, both in vitro and in vivo [29], and its use is already explored in the in vivo 

detection of infection by near-infrared imaging and positron emission tomography [30, 31]. 

Lastly, the interactions between S. aureus and other bacteria in a chronic wound environment 

need to be addressed in more detail, as they focus attention on very different behaviors of S. 

aureus when acting in isolation or within a polymicrobial community. Such studies will 

pinpoint new targets for anti-staphylococcal therapy and they will provide us with a deeper 

understanding of the stimuli that trigger the transition from an apparently harmless colonizer 

into a potentially deadly pathogen. Such studies will lead to a better understanding of the 

fitness of S. aureus in the human host and its interactions with other microbes, which may 

either result in serious co-infection scenarios, like the septic arthritis caused by S. aureus and 

group B Streptococcus [32], peaceful co-existence as probably is the case in most S. aureus-

colonized humans, or even suppressed staphylococcal virulence.  
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