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Why studying bacterial pathogenesis? 
The presence of microorganisms that live in the human body has been acknowledged since 

the end of the 19th century. Nonetheless, it has been only from the beginning of the 21st 

century that efforts to expand our knowledge about the microbiota have gained higher 

priority, a development that has been enabled by technological advances in genome 

sequencing. The communities of microorganisms inhabiting our bodies, as well as the 

bodies of other multicellular organisms, comprise a multitude bacterial species, fungi, 

parasites, and viruses which, importantly, have evolved together with us. Consequently, 

the resulting commensal and symbiotic relationships have had an influence on the 

development and functioning of host systems, like the gastro-intestinal tract or the immune 

system. However, even though most of these microorganisms are commensals, or have 

mutualistic relationships with the host, some of them can cause disease under certain 

conditions.  

Disease-causing microorganisms are often transmittable and therefore do not only have an 

impact on one individual but can potentially affect whole communities. Therefore, 

diminishing the impact and prevalence of such pathogens is of utmost importance. In this 

regard, understanding the molecular mechanisms that allow microorganisms to adapt to 

and harm the host would shed light on potential opportunities to develop treatments.  

In particular, opportunistic bacterial pathogens like Staphylococcus aureus have evolved 

features that increase their chances of survival and spreading, while being challenged by 

the host immune system or antibiotic therapies. These bacterial adaptations are not only 

geared towards the production of molecules that have a negative impact on the host, but 

also to hiding from our immune defenses, granting access to scarce resources or optimizing 

their use. Consequently, S. aureus evolved into a pathogen that is renowned for its virulence 

and high capacity to develop resistance to physical and chemical insults. For this reason, 

most research on S. aureus has been focused on the mechanisms this bacterium employs for 

infection and antibiotic resistance. In contrast, relatively little is known about its role as a 

commensal (1). Gaps of knowledge in this area are mainly related to the great flexibility of 

S. aureus to adapt, genetically or metabolically, to the many distinct niches in the human 
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body. Of note, although the adaptations that S. aureus displays under limiting conditions 

have been widely studied in vitro, its adaptive behavior in vivo received relatively little 

attention. This relates to the fact that the conditions to which the bacteria need to respond 

in vivo are complex and frequently changing. This makes the pathogen’s responses equally 

complex and dynamic, reflecting the continuous communication between host and 

pathogen. Understanding and perhaps being able to predict the course of these dynamic 

interactions is not only an intriguing scientific challenge, but also a necessity for the 

development of new and more sustainable antimicrobial therapies. 

Staphylococcus aureus 
S. aureus is a Gram-positive and facultative anaerobic bacterium commonly found as a 

human commensal in the anterior nares, throat, and on the skin (2). Although this 

bacterium is part of our microbiota, it is better known for being the causative agent of 

several diseases ranging from mild skin infections or food poisoning, to life-threatening 

conditions, like sepsis or necrotizing pneumonia. More importantly, its capability to swiftly 

develop resistances to antibiotics makes this bacterium a public health threat in the 

community, as well as in hospitals (3).  

The first report on S. aureus dates back to 1880, when the surgeon Sir Alexander Ogston 

observed the presence of spherical microorganisms while studying purulent infections. His 

illustrations depict cocci that grew in clusters, looking like “roe of fish”. This observation 

led him to subsequently coin the name Staphylococcus for this microorganism (4). However, 

it was not until 1884 that Friedrich Julius Rosenbach distinguished S. aureus from the closely 

related Staphylococcus epidermidis, based on the golden color of its colonies (hence the term 

aureus). S. epidermidis, on the other hand, was temporarily called albus, due to the white 

color of its colonies (5).  

The outstanding capability of S. aureus to develop resistances against antibiotics was 

noticed promptly after their introduction as a common treatment of infections. During the 

first half of the 20th century, in fact, S. aureus infections were still considered highly fatal. It 

was only around 1940 that these infections started to be treated with penicillin, reducing 

the mortality rates. However, S. aureus isolates that developed resistance to this antibiotic 
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were noticed shortly after the discovery of penicillin (6), and within a few years, penicillin 

resistant lineages had emerged in the clinic (7). Later on, methicillin was introduced as 

treatment for staphylococcal infection, but resistant strains (all defined as methicillin 

resistant Staphylococcus aureus, or MRSA) emerged already in 1961, only one year after its 

introduction (8). During the 1970s and 1980s there were several MRSA outbreaks 

worldwide, but these were limited to hospital settings (9). In response to the increasing 

incidence of MRSA infections, vancomycin started to become more frequently used, leading 

to the appearance of strains that were tolerant to this antibiotic in 1997 (10).  

Nowadays, as penicillin resistance is commonly found in S. aureus strains, methicillin and 

related β-lactam antibiotics have been used as the recommended treatment for infections 

caused by this bacterium. Consequently, the worldwide incidence of MRSA has increased 

over time and many countries have reported a prevalence of methicillin resistance in 50% 

or more of the clinical S. aureus isolates (11, 12). Of note, the high capability to develop 

resistance to antibiotics is common among Staphylococcus species, but none of these is 

equally aggressive as S. aureus, which makes MRSA a major concern for our health and 

wellbeing (13). Congruently, infections caused by resistant S. aureus lead to higher 

morbidity and mortality rates (3, 14).  

S. aureus is capable of acquiring resistance to antibiotics through several processes, which 

include mutations in the core genome, as well as the acquisition of exogenous resistance 

genes carried by plasmids and other mobile genetic elements. These mechanisms started to 

become better understood after publication of the first whole genome sequences of two 

isolates of this bacterium in 2001 (15). Specifically, the latter study was carried out using 

two MRSA isolates, N315 and Mu50, thereby unveiling the genetic background of 

staphylococcal resistance, as well as the major role of horizontal gene transfer in spreading 

resistance between staphylococci. Importantly, this study also represents the first report on 

the presence of multiple virulence genes in this bacterium.  

Although S. aureus is generally acknowledged for its role as a pathogen, carriage of this 

bacterium is generally asymptomatic. The ‘harmless’ commensal state of S. aureus was 

acknowledged in the mid-1940’s, when the nose was identified as its most common niche 
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(16). In fact, approximately 20% of the human population can be classified as recurrent 

carriers, while another 30% are regarded as temporal carriers of S. aureus in the anterior 

nares (17, 18). The carriers were shown to be more prone to develop nosocomial infections 

caused by S. aureus, and it has actually been reported that 80% of bacteremia cases are 

caused by the endogenous strain of the patient (19, 20). Of note, carriers not only have a 

higher risk of S. aureus infection, but they also transmit S. aureus to other individuals in the 

population (21). In the last 20 years, MRSA strains have adapted to spread among the 

community, causing infections in healthy individuals and displaying a more virulent 

behavior. Since S. aureus represents a general and serious threat for the human population, 

efforts have been undertaken to develop vaccines against this pathogen but, unfortunately, 

none of the tested candidates has so far passed the stage of clinical trials (22, 23).  

Epidemiology 
The aforementioned capability of S. aureus to develop resistance to antibiotics has enabled 

this bacterium to prevail in the population and to spread around the world in the ‘antibiotic 

era’, turning this bacterium into one of the major public-health threats. One of the first 

documented drug-resistant lineages that have rapidly spread to different countries was the 

strain 80/81. The pandemic caused by this clone lasted from 1954 to 1957, starting in 

Australia and expanding to several countries, including the USA and the UK, where this 

clone was responsible for several outbreaks (24). At that time, the incidence of S. aureus-

caused infections was 3 per 100.000 person-years but increased to approximately 20 per 

100.000 person-years during the next 30 years. This rise has been attributed to nosocomial 

infections, acquired after invasive medical interventions. Nowadays, the rate of S. aureus 

infections appears to be stable, but the actual incidence varies over time and is dependent 

on geographical location. Of note, less affluent regions of the world exhibit higher rates of 

the infections caused by S. aureus than the wealthier regions (25). 

Today, MRSA is one of the most commonly identified pathogens around the globe 

including America, Europe, North Africa, and the Middle east (24). Infections caused by 

MRSA strains are no longer restricted to hospital settings and even healthy individuals are 

at risk of developing an infection. Of note, some individuals within the human population 

are particularly susceptible to develop S. aureus bacteremia, including babies within the 
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first year of life, adults over 70 years old, HIV- infected individuals, intravenous drug users, 

and hemodialysis patients (25).  

Especially since the emergence of community-associated (CA) MRSA strains, the burden of 

S. aureus infections has risen in many countries (21, 26). The first report on CA S. aureus 

came from Australia in the early 1990’s, concerning patients from a remote population who 

had limited access to large hospitals (27). By the end of the same decade, the first CA strain 

from the US was isolated from healthy children that did not exhibit the commonly known 

risk factors (28). Subsequently, CA-MRSA has been reported to spread in very diverse 

communities including native Americans, islanders in the Pacific, athletes, prisoners, 

military personnel and individuals in day care centers (21).  

Since their very first discovery, CA-MRSA isolates displayed a more virulent behavior than 

the HA-MRSA isolates (29, 30). In particular, CA S. aureus has a high capacity to produce 

sepsis and fatal infections like necrotizing pneumonia, purpura fulminans and post-viral 

Toxic Shock Syndrome (TSS). HA-MRSA is more commonly associated with respiratory 

infections, while CA-MRSA, on the other hand, is more often associated with skin and soft 

tissue infections. Enhanced virulence has been linked to the capacity of CA-MRSA lineages 

to kill neutrophils more rapidly and, therefore, neutralize this first line of immune defense 

(31–33). This also explains the more pronounced inflammation and tissue damage that are 

usually associated with infections caused by CA strains (34).  

Identification of the virulence factors that are most representative for each group and the 

differences in their virulence potential is still a matter of debate. It has been suggested, 

however, that toxins like the Phenol-soluble Modulins (PSMs) or LukSF (produced by the 

Panton-Valentine leukocidin [PVL] genes) are responsible for the increased virulence of 

CA-MRSA (31, 35, 36). One of the strongest arguments for this hypothesis is the higher 

prevalence of the PVL genes in most of the CA isolates compared to HA isolates (29, 37). 

Nevertheless, conflicting results regarding the real contribution of PVL to either the fitness 

or virulence of CA-MRSA isolates have led to the hypothesis that additional factors may 

contribute to the CA phenotype.  
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The discrimination between HA- and CA-MRSA infections has conventionally been based 

on the time span between admission of a patient into a healthcare institution and the 

detection of a MRSA-positive culture. In general, a pathogen is considered CA if it is 

detected within the first 48 h after a patient’s admission to a healthcare institution and if 

this patient has not been hospitalized within the two years prior to the detection of this 

patient’s MRSA carriage. If it is detected after 48 h of hospitalization, the pathogen is labeled 

as HA. In special cases, where a patient presents particular risk factors associated to health 

care centers, the causative infectious agent is considered HA community onset, even if the 

infection is detected during the first 48 h after admission. Nonetheless, molecular 

characterization of HA- and CA-MRSA isolates has shown that the two groups are no 

longer restricted to their original locations, but rather they are migrating from the hospital 

into the community and vice versa. In consequence, the preferred characterization of clinical 

isolates should not only take into account clinical data, but also a molecular characterization 

(38). 

Molecular typing 
In order to grasp the genetic variability of S. aureus, different methods for classification of 

strains have been implemented over time. These methodologies have expanded our 

understanding of the evolution of S. aureus, the spreading of this bacterium worldwide and 

the association of different pathologies with different genetic backgrounds. There are 

several classical methods to classify the different strains of S. aureus: two gel-based 

methods: Pulsed-Field Gel Electrophoresis (PFGE) and Multiple-Locus Variable Number 

Tandem Repeat Fingerprinting (MLVF), and three sequence-based: spa typing, Multilocus 

Sequence Typing (MLST), and multiple-locus variable-number tandem-repeat analysis 

(MLVA; 39). Another method, SCCmec typing, is utilized only for classification of MRSA 

strains (12, 40). However, advancements in sequencing technologies have increased their 

availability in hospital settings, and currently whole-genome sequencing emerges as an 

efficient method for epidemiological identification of S. aureus isolates (41, 42). 

PFGE has been one of the most frequently used methods for characterization of isolates 

during outbreaks. This gel-based typing method compares isolates based on their banding 

pattern after digestion of genomic DNA with the restriction enzyme SmaI and separation 
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of the resulting fragments on agarose gels with alternating current directions (43). Although 

commonly used, this method is labor-intensive and achieving good reproducibility 

between laboratories is challenging (44). Strains classified by this method are clustered by 

80% of similarity and the resulting clusters are designated “USA” according to the Centers 

for Disease Control and Prevention guidelines (45). The second gel-based typing method, 

MLVF, is particularly useful in a local setting but, like PFGE, it doesn’t produce data that 

are portable among laboratories. The MLVF technique is based on the gel banding pattern 

of PCR fragments derived from five staphylococcal variable number tandem repeat loci 

(sdrCDE, clfA, clfB, sspA, and spa). Unfortunately, it is not possible to relate the respective 

DNA banding patterns to the number of repeats per locus (46).  

MLST is a sequence-based technique where single nucleotide variations in seven 

housekeeping genes (pta, tpi, yqiL, acrC, aroE, glpF, gmk) are examined. The allelic variation 

in each locus is used to designate a sequence type (ST) to the investigated strains (47). 

Although this method is relatively expensive and labor-intensive, its main advantage lies 

in its good reproducibility and the portability of data between laboratories using an online 

database for comparisons (48). Up until very recently, MLST has been the most commonly 

used method to assess evolutionary relationships between S. aureus linages. In particular, 

isolates that show identity in 5 out of the 7 sequenced genes are clustered in so-called clonal 

complexes (49). MLST classification is often paired with SCCmec typing for a more refined 

identification of MRSA isolates (48). Spa typing is also based on sequence analysis of 

variable number tandem repeats, but in this case only the spa gene is targeted. Spa typing 

is widely used due to its low cost and higher discriminatory power compared to MLST (48). 

Moreover, this typing technique does not only take into account the number of repeat 

variations, but also point mutations found within the spa gene (50). MLVA was developed 

to overcome limitations of PFGE, MLST, and spa typing. It is as discriminatory as PFGE and 

produces portable data that can be readily interpreted, similar to data obtained by MLST 

and spa typing.  

SCCmec typing is a technique used to differentiate MRSA isolates based on the 

Staphylococcal Cassette Chromosome mec, which carries the mecA gene, its regulator genes, 

and the so-called ccr recombinase genes. Importantly, the mecA gene is responsible for the 
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methicillin resistance by encoding an additional penicillin-binding protein (PBP2A) that 

does not bind β-lactam antibiotics (Katayama et al., 2000). Currently, at least 7 types of 

SCCmec (I to VII) can be differentiated by the respective combinations of mec and ccr genes 

and additional resistance genes (24, 51).  

All the afore-mentioned typing methods have proven to be useful for the identification and 

distinction of S. aureus isolates. However, most clinically relevant isolates of S. aureus 

belong to a limited number of lineages, and often the classical typing methods are not 

sufficient for detailed differentiation (52). Moreover, these techniques are laborious and 

time-consuming. Consequently, whole-genome sequencing is becoming increasingly 

popular for rapid identification and characterization of pathogens in clinical settings. 

Although sequencing of 16S rRNA genes has been widely used for the assignment of 

bacterial isolates to pathogen species, it does not provide further details on the specific 

nature of the investigated microorganism. Therefore, the characterization of clinical isolates 

of S. aureus nowadays involves whole-genome sequencing. In recent years, the availability 

of this method in clinical microbiology laboratories has rapidly increased. Nonetheless, so 

far there is no standard methodology for sample preparation and sequence data analysis, 

which poses a great challenge for the implementation of this method in routine clinical 

diagnostics (53, 54).   

The ‘toolbox’ of S. aureus for infection 

Virulence factors 

The virulence potential of S. aureus is mostly determined by its capability to produce 

proteinaceous and non-proteinaceous molecules that help this pathogen to colonize and 

invade host tissues, get access to the host's resources, or hide from the immune response of 

the host. These virulence factors disturb the normal function of host cells and may severely 

affect the host organism. Additionally, some virulence factors are responsible for triggering 

specific and sometimes excessive immune responses. In general, virulence factors can be 

distinguished by their subcellular or extracellular localization. Proteins that are linked to 

the surface of the pathogen are mostly involved in adhesion to extracellular matrixes or 
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binding to other host molecules, while secreted proteins target the host's primary barriers, 

disrupt cell membranes and neutralize, modulate or allow to evade immune cells (55, 56).  

Surface virulence factors 
Proteins that are anchored to the cell wall of S. aureus can be classified into 4 classes of 

proteins based on their structure, namely: i, the microbial surface components recognizing 

adhesive matrix molecules (MSCRAMMs); ii, the near iron transporter (NEAT) motif 

family; iii, the G5-E bundle family; and iv, the three-helical bundle family. Regardless of 

their classification, all these proteins have a secretory signal peptide at the N-terminus and 

a sorting signal peptide at their C-terminus (57). These proteins can be regarded as genuine 

virulence factors, since mutant strains defective in any of these cell wall-associated proteins 

were shown to be attenuated in infection models, or cause decreased bacterial loads (58–

61). Alternatively, they were shown to promote nasal colonization (62–64). 

The MSCRAMMs form the largest group of surface proteins in S. aureus. They are 

characterized by the presence of two IgG-fold domains close to their N-terminus. In general, 

these proteins help the bacteria to colonize host tissues by attaching them to molecules from 

the host’s extracellular matrix, like collagen, fibronectin, or fibrinogen (65). The 

MSCRAMMs thus include fibronectin-binding proteins A and B (FnbpAB), clumping 

factors A and B (ClfAB), a collagen-binding protein (Cna), and the Serine-aspartate repeat-

containing proteins C, D, and E (SdrC, SdrD and SdrE). Moreover, some MSCRAMMs have 

secondary functions as exemplified by Fnbps which supports biofilm formation in some S. 

aureus strains (McCourt et al., 2014), or ClfA and Cna which can bind to complement factors 

thereby interfering with the complement system (66, 67). Importantly, the Fnbps are key for 

the internalization process into non-professional phagocytic cells, as they bind to the 

fibronectin located on the host cell membranes and trigger the signal for endocytic uptake 

(68).  

The iron-regulated surface determinant proteins (IsdA, IsdB, IsdC, and IsdH) are part of 

the NEAT motif family. These proteins are renowned for their role in iron acquisition. 

Similar to other surface-associated proteins, they also bind to fibronectin and fibrinogen 

and, therefore, they participate in the internalization process by non-professional 
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phagocytes (69). Nevertheless, being key components of the iron uptake pathway, they play 

a pivotal role in intracellular survival (70, 71). Lastly, the IsdABCH proteins are involved 

in immune evasion, but the molecular mechanisms to achieve this are still unclear (63, 72). 

In S. aureus, the G5-E repeat ‘family’ consists only of the surface protein G (SasG), which is 

present only in a subset of S. aureus isolates. This protein plays a main role in adhesion to 

the nasal epithelium and has been associated with biofilm formation. Nevertheless, neither 

the respective molecular mechanisms, nor the ligands of this protein have been identified 

so far (57, 73). 

Lastly, the Staphylococcal protein A (Spa) has three helical bundles in its N-terminal region 

that have affinity for the Fc part of immunoglobulins, especially IgG. Thus, Spa protects S. 

aureus from opsonization and, consequently, limits phagocytosis by cells of the host’s 

immune system (74, 75). In addition to its role in immune evasion, Spa also shows affinity 

to the tumor necrosis factor receptor 1 (TNFR1). This leads to increased production and 

release of cytokines and recruitment of polymorphonuclear leukocytes (PMNs). Therefore, 

Spa also acts as a pro-inflammatory molecule that increases tissue damage during the 

infection process (76, 77).  

In addition to the proteins that are anchored to the surface of the bacterium the capsule of 

S. aureus is also a potent virulence factor, due to its role as a bacterial defense mechanism 

against the host immune responses. In particular, the capsule inhibits recognition of the 

bacteria by phagocytic cells and therefore prevents phagocytosis and killing by the immune 

system. The gene clusters involved in production of capsule polysaccharides are prevalent 

in 90% of the S. aureus isolates with types 5 and 8 being present in most of the clinical 

isolates (78).   

Secreted virulence factors 
S. aureus produces several virulence factors that are released into the extracellular milieu. 

In general, these factors are involved in the evasion of and interference with the host 

immune system or cause direct damage to host cells and tissues. Secreted proteins that play 

a role in adhesion or immune evasion apply similar modes of action as the afore-mentioned 

surface proteins. In particular, the fibrinogen-binding protein (Efb) and staphylococcal 
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coagulase (Coa) bind to fibrinogen to protect the bacteria from phagocytosis and to start 

the coagulation cascade, respectively (79). Other secreted S. aureus proteins like the 

immunoglobulin G (IgG)-binding protein (Sbi), the staphylococcal complement inhibitor 

(SCIN), the chemotaxis inhibitory protein of staphylococci (CHIPS), and a variety of 

superantigens (SAg) modulate immune responses. Sbi is a protein that works similar to Spa 

and, accordingly, it prevents opsonization and has a proinflammatory effect (80). The SCIN 

and CHIPS proteins are encoded by the same gene cluster and both have a major impact on 

the activity of the complement system, which is part of the host's innate immune system. 

While SCIN binds to the C3 convertase and prevents activation of the complement system, 

CHIPS binds to the neutrophil receptors that are related to chemotaxis (81–83).  

Contrary to the secreted proteins that serve to evade or attenuate the host's immune system, 

the main function of SAgs is to trigger stronger immune reactions. These proteins, including 

the toxic shock syndrome toxin-1 (TSST-1), activate and stimulate T-cells leading to their 

proliferation, excessive cytokine production and ultimately to host cell death (84). The SAgs 

were initially mostly linked to food poisoning (85), but subsequent research demonstrated 

their role in the development of infectious endocarditis, dermatitis, necrotizing pneumonia 

and kidney abscesses (86–88).  

Besides proteins that manipulate the immune system, other secreted proteins from S. aureus 

induce lysis of host cells, enable the destruction of tissue and spreading of the bacteria to 

other tissues. Many of these secreted toxins are known as pore-forming toxins.  

α-Hemolysin (Hla) is one of the major virulence factors of S. aureus. This pore-forming and 

pro-inflammatory protein is mainly regulated by the accessory gene regulator (Agr) 

quorum-sensing system, and contributes to abscess formation during skin infection in 

animal models (31, 89). Hla interacts with A Disintegrin and Metalloprotease 10 (ADAM10), 

which is indispensable for the structural modifications of Hla that lead to the formation of 

a cytolytic pore in the host cell's membrane (90). In addition to this mechanism of host cell 

lysis, Hla also potentiates the natural cleavage function of ADAM10 towards membrane 

proteins like e-cadherin, thereby promoting the disruption of tight junctions (89). 



 
14 

Other relevant staphylococcal pore forming proteins are the bicomponent leukotoxins, 

namely gamma hemolysin (Hlg), leukocidins (Luk)AB (or LukGH), LukED, and the afore-

mentioned leukocidin PVL (LukSF). The lysis process caused by these toxins is host-

receptor dependent, specifically involving integrin, C5aR1 or CD45 receptors (91–93). 

Studies have shown that LukAB and LukED play a major role in murine sepsis and renal 

abscess models (94, 95). Importantly, LukAB contributes to the lysis of PMNs after the 

pathogen has been phagocytized (91). LukSF, on the other hand, has been proposed to 

influence other host processes, like mitochondrial functions, leading to the induction of 

apoptosis (96). Nonetheless, the precise roles of this protein remain to be clarified.  

Several studies that compared the impact of PVL proteins, using wild-type S. aureus strains 

and isogenic mutants, showed no significant differences in virulence, neutrophil survival 

or cytotoxicity in human epithelial cells (Summarized by David and Daum, 2010). 

Nevertheless, recent studies have highlighted some variables that have not been considered 

previously and that could explain the mixed results obtained while studying the impact of 

PVL on virulence. Although all lukSF genes are very similar, there is a distinctive 

substitution at the nucleotide 527 that distinguishes two variants of the PVL protein termed 

R and H. These two variants show different geographical distribution and are distinctively 

associated to CA- or HA-MRSA (97–99). Moreover, the effects of PVL vary in a host-specific 

manner, and they have different affinity for particular targets depending on the infected 

organ. In this regard, it is noteworthy that PVL displays high specificity to human and 

rabbit neutrophils, while their affinity for the respective receptors in murine and monkey 

neutrophils is low. Therefore, mice are not an appropriate model to measure the impact of 

PVL on virulence (100). In this regard, there may actually be more variables to consider, 

such as the diversity in expression rates in different staphylococcal isolates and host 

systems (101).  

The PSM proteins represent another class of cytolytic toxins produced by bacteria of the 

Staphyloccocus genus, including S. aureus and S. epidermidis (102). Although these proteins 

are not exclusive to these species, only strains capable of colonizing epithelial surfaces 

produce them, indicating an evolutionary connection to the colonization site. In particular, 

S. aureus produces seven PSMs: four PSMα, two PSMβ and one PSMδ (delta hemolysin). 
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All these peptides have a similar structure and amphiphilic nature, but not all are as 

effective as virulence factors. In this respect, virulent strains commonly produce higher 

amounts of PSMα peptides and lower amounts of PSMβ peptides (36). Of note, PSMs have 

potent surfactant properties and, accordingly, they have been implicated in staphylococcal 

spreading over wet surfaces (103).  

The importance of PSMs in virulence is linked to their different roles in the host-pathogen 

interaction. First, they are capable of disrupting host cells by membrane perturbation in a 

receptor-independent manner. This independence of host receptor proteins makes them 

relevant in a broad spectrum of diseases (104). Secondly, they trigger inflammatory 

responses like chemotaxis and priming of neutrophils, and they induce cytokine expression 

by interaction with the formyl peptide receptor 2 (FPR2; 105). Interestingly, this interaction 

is inhibited by the S. aureus-protein FPR2/ALS-inhibitory protein (FLIPr), thereby 

modulating the host’s immune response (106). Thirdly, PSMs take part in shaping the 

biofilm structure and bacterial detachment from the biofilm, resulting in dissemination and 

bacterial spreading during infection. Due to their amphiphilic nature, these proteins are 

capable of opening channels, which allows the diffusion of nutrients into deeper layers of 

the biofilm. Since excess production of PSMs leads to detachment of the biofilm structure, 

their production is tightly regulated and varies within a biofilm (107, 108). Lastly, the 

production of PSMα has been recently linked to excretion of cytoplasmic proteins by 

inducing damage of the bacterial membrane. This disruption event is not specific for 

trafficking of proteins, but also prompts the release of other molecules as lipids and ATP 

into the extracellular milieu (109). Importantly, secretion of cytoplasmic proteins has been 

proposed as a potential virulence mechanism employed by numerous bacterial species, 

including S. aureus (110, 111). 

In summary, S. aureus produces a wide range of proteins that are actively involved in the 

interactions between the pathogen and its host, and that are required for growth, 

propagation and survival of the pathogen during infection. These different virulence factors 

that are located at the cell surface or are secreted, modulate the environmental cues in an 

infection setting to favor different outcomes. Since these proteins affect directly the 

responses of the host, they are tightly regulated by the pathogen. 
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Regulators 

The adaptability of S. aureus to different environments is not only a consequence of its 

genetic variability and capability to acquire exogenous DNA, but its ability to respond 

appropriately to chemical and physical stimuli is also highly relevant for the management 

of available resources. When it comes to the adaptation to different niches, the bacteria must 

optimize the consumption of the available nutrients, balancing the production of proteins 

that are required for survival and fitness (112). During an infection setting, these 

adaptations will include the production of virulence factors to access the limiting amounts 

of nutrients, but also activation of pathways to optimally use them. These changes in gene 

expression are coordinated by a network of regulators that is tightly interconnected (113). 

Some of the respective regulators directly control the production of virulence factors, while 

others are indirectly related to virulence by controlling central metabolic pathways. 

One of the key challenges that S. aureus has to face during infection or colonization is the 

variable abundance of resources, like carbon and oxygen, which affects the central carbon 

metabolism and therefore the provision of energy and metabolic precursors (114). The main 

regulators that are involved in adaptation to conditions with restrictive resources are the 

catabolite control protein A (CcpA), catabolite control protein E (CcpE) and the GTP-

sensing pleiotropic repressor CodY. All of these regulators control the transcription of 

genes that encode proteins to optimize energy production from alternative sources. In 

resource-rich environments, these regulators will prevent excessive energy consumption 

for unnecessary tasks (112).  

The activity of CcpA is modulated by the availability of diverse compounds including 

simple sugars, disaccharides or alcoholic derivatives of them (115). CcpA binds to DNA 

sequences denominated catalytic responsive elements (CRE), which are located upstream 

of its target genes. Although it has been determined that CcpA has a low intrinsic affinity 

to CRE, its affinity is enhanced by the corepressor histidine-containing protein (HPr) in the 

phosphorylated state (116, 117). This corepressor is an indicator of the availability of carbon 

sources, because its phosphorylation state depends on the abundance of glycolytic 

intermediates (115). Besides its regulatory role in the expression of genes involved in the 
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catabolism of alternative carbon sources, CcpA also has a direct effect on virulence by 

controlling the expression of Hla, Spa, and TSST-1 (118, 119). Another direct regulator of 

central carbon metabolism is CcpE, whose activity is modulated by the presence of citrate. 

CcpE is a positive regulator of the expression of genes encoding proteins involved in the 

TCA cycle, and it also has been shown that its inactivation enhances bacterial virulence 

(120, 121). 

A third metabolic regulator, CodY, is mainly required for the activation of the TCA cycle, 

but it also regulates the expression of genes for proteins involved in amino acid biosynthesis 

(112). The cofactors of this regulator are guanosine-5'-triphosphate (GTP) and the branched-

chain amino acids (BCAAs), which increase the affinity of CodY for its target sequences. A 

low abundance of GTP signals stress conditions or nutrient deprivation (112, 122), while 

the abundance of BCAAs in the extracellular milieu serves as an indicator for the 

availability of carbon, nitrogen and sulfur. Diminished quantities of these cofactors trigger 

the derepression of CodY-regulated genes involved in alternative energy-generating 

pathways (123, 124). Interestingly, CodY mutants do not only increase the production of 

enzymes related to biosynthesis and transport of amino acids and other nutrients, but also 

lead to increased production of virulence factors or proteins used to adequately respond to 

stress conditions. In this regard, some genes encoding virulence factors, like hla or capA, 

have been found to be directly regulated by CodY, but this regulator indirectly affects the 

expression of more virulence factors by repressing Agr (125, 126).  

The afore-mentioned regulators mainly respond to the availability of carbon or nitrogen 

sources. However, basic cellular functions are also affected by the availability of oxygen. 

This molecule is, in fact, the main electron acceptor during aerobic respiration, and without 

it, S. aureus is forced to use alternative metabolic pathways like fermentation. One of the 

first effects of a lack of oxygen is a disbalance in the redox state of the cell which, in turn, 

triggers the major regulator redox-dependent transcriptional repressor (Rex) (112). This 

protein senses the NADH/NAD+ ratio by binding either of these two molecules and 

regulating the expression of several proteins that play a role in maintaining the redox state. 

Rex-NADH derepresses the synthesis of proteins from the fermentative pathway, electron 

transport chain, anaerobic metabolism and regulators of nitrogen metabolism, including 
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the two-component regulatory system SrrAB (127). Additional to the regulation by Rex, the 

SrrAB system also responds to the levels of oxygen and nitric oxide in the environment, 

sensing the reduction of menaquinone (128). The genes regulated by this system are related 

to cytochrome assembly, anaerobic metabolism, iron-sulfur cluster repair and NO 

detoxification (129). 

As described above, the metabolic changes caused by nutrient scarcity lead to changes in 

the expression of virulence factors. This is mainly connected to the regulation of the Agr 

system, which has been by far the most studied regulatory system involved in 

staphylococcal virulence (112, 125). This quorum-sensing system is simultaneously 

regulated by at least 15 other proteins, among them the afore-mentioned CcpA, CodY and 

SrrAB regulators (126). The Agr system comprises two loci that are transcribed from two 

divergent promoters. The P2 promoter is located upstream of the agrA, agrB, agrC and agrD 

genes encoding the Agr system. AgrA is a transcriptional regulator that binds to cognate 

promotor regions and modulates their activity. This binding is dependent on AgrA 

phosphorylation, which is carried out by AgrC, a membrane protein stimulated by the 

abundance of the auto-inducing peptide (AIP) in the extracellular environment. AgrD is the 

precursor of the AIP, which is processed by the membrane protein AgrB. On the other hand, 

the P3 promotor regulates the expression of Hld, a virulence factor, and RNAIII, a small 

regulatory RNA molecule that serves as one of the major regulators of S. aureus (130, 131). 

Currently, more than 174 genes are known to be regulated by Agr, and expression of at 

least 60 of them is modulated by RNAIII. Upregulation of the Agr system leads to high-

level production of toxins like PSMs, Hla, LukSF and LukDE, and reductions in the level of 

surface proteins like Spa (128). Since Agr regulates most of the known virulence factor 

genes, it is essential for virulence. This has been corroborated by the generation of mutants 

of this system and verified in different infection models (132–136). Through the regulation 

of Agr by metabolic regulators like CcpA, CodY and SrrAB, the production of virulence 

factors is connected to the environment of S. aureus. On top of this, Agr expression is also 

modulated by additional transcriptional regulatory systems, such as the staphylococcal 

accessory regulator SarA and alternative sigma factor SigB.  
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SarA belongs to the SarA family of regulatory proteins, comprising 11 proteins that, 

notably, are also related to the regulation of the Agr system. In particular, the SarA protein 

plays an important role in its activation during early stages of bacterial growth (137). 

Nonetheless, the connection of SarA to the production of virulence factors is not only due 

to its positive effect on Agr, but it also serves to activate the expression of fibronectin-

binding proteins, all hemolysins, and TSST-1 (128, 138–140). Interestingly, SarA also 

negatively influences the levels of other proteins related to virulence and fitness, like Spa, 

IsaB, proteases, and the superoxide dismutases (141–143). Thus, SarA is also a principal 

regulator of virulence, as was demonstrated through the use of mutants in infection models 

(144–146). The sarA gene is controlled by three promotors that are recognized by the sigma 

factors SigA and SigB (139), and negatively regulated by SarA and SarR, another protein 

belonging to the same family (147, 148). 

Sigma factors are the initiation factors that define the specific binding of RNA polymerase 

to particular promoters. SigB is an alternative sigma factor which responds to 

environmental cues. Its relevance for virulence is underpinned by its influence on the Agr 

and SarA regulatory systems. Further, the sigB gene is part of an operon that also encodes 

several Rsb proteins responsible for the regulation of SigB activity (Rsb, regulation of sigma 

B). In brief, the RsbW protein binds SigB under non-stress conditions, thereby preventing 

its association with target promoters. At the same time RsbW is a kinase that 

phosphorylates and thereby inactivates its antagonist protein RsbV. Under appropriate 

stress conditions, the phosphatase RsbU dephosphorylates RsbV, which then binds RsbW, 

concomitantly releasing SigB from its inhibition by RsbW. The liberated SigB is then able to 

bind to RNA polymerase and stimulate transcription of SigB-dependent genes (149). 

Stressful conditions that activate this regulator in shake flask cultures in vitro are heat shock 

and alkaline stress, but also the transition of S. aureus into the stationary phase. SigB 

influences expression of around 200 genes that encode proteins involved in membrane 

transport, biofilm formation, cell internalization, persistence and virulence (150). 

Importantly, SigB is also required for intracellular replication and the intracellular 

persistence of so-called small colony variants of S. aureus (SCVs; 151,152).  
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So far, the complex regulatory network of S. aureus has mostly been studied in parts, 

elucidating the target genes of each known regulator and the influence of different 

environmental conditions on their expression. Many genes are not regulated by a single 

regulator but, instead, they are influenced by several of them. Importantly, the specific 

combination of conditions encountered during the infectious process could promote 

different interactions between the different nodes of the regulatory network, giving rise to 

specific S. aureus phenotypes that are advantageous to this bacterium. Therefore, it is 

imperative to study the expression level of bacterial proteins during colonization or 

infection in a comprehensive manner, taking into account the different regulatory events, 

in order to expand our understanding of the contribution of these systems to human health 

and disease. 

S. aureus and the host epithelium 

During the course of an infection, S. aureus encounters several challenges posed by the 

host’s primary defenses. This network of pathways, cells, and effector molecules may 

protect the host from reinfection by invasive pathogens and prevent the development of 

diseases. One of the first lines in the host defense consists of a tight membrane of cells that 

acts as a physical barrier, preventing the invasion of the pathogen into deeper-seated 

tissues, and triggering the recruitment of components of the second line of defense, the 

innate immune system. Although the innate immune system comprises several types of 

cells, each with a specific function, altogether they adopt a few key strategies to deal with 

an invasive pathogen. These strategies include phagocytosis, production of antimicrobial 

peptides, and production or induction of the complement system. The interactions between 

the pathogen and different cells of the human body are dependent on the nature of the 

respective host cells and they are highly dynamic. In fact, the continuous communication 

between a host cell and an infective agent will determine the outcome of an infection.  

One immune evasion mechanism of S. aureus consists of using the interior compartments 

of host cells as temporary hideouts that will prevent direct encounters with immune system 

effectors. Initially, it was thought that S. aureus was only capable of internalizing into 

phagocytic cells, like neutrophils (153). Nonetheless, recent evidence shows that S. aureus 
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can be internalized also by non-professional phagocytic cells, where it can persist for long 

periods of time (152, 154, 155). After S. aureus engages non-phagocytic cells through the 

binding of Fnbp to fibronectin on the host cell surface, the pathogen will activate, through 

different mechanisms, the phagocytic pathway. Initially the bacterium will reside inside an 

endosome, which needs to fuse with a lysosome to kill and degrade the internalized 

bacterium thanks to the presence of antimicrobial peptides, acidification of the 

compartment, production of reactive oxygen species, and the presence of highly potent 

degradative enzymes. Nonetheless, S. aureus is capable of manipulating this process, 

thereby avoiding clearance. In this regard, this pathogen can initiate the autophagocytic 

pathway, in which it will be encapsulated by a secondary membrane, or it may escape into 

the cytosol. Regardless of these optional escape routes, S. aureus will aim for growth and 

survival either by consuming the host's resources intracellularly, or by inducing host cell 

lysis to spread to and propagate in other tissues of the host (156).  

Scope and outline of the thesis 
The goal of the PhD research described in this dissertation was to expand the 

understanding of the adaptive mechanisms employed by S. aureus to adjust to and survive 

the diverse conditions encountered in infection-relevant niches of the human body. 

Particular adaptations of S. aureus may consist of changes in the production of virulence 

factors that allow the bacteria to colonize and spread into host tissues, as well as metabolic 

adaptations that determine the fitness of the pathogen. Such adaptations are mostly studied 

separately in the invading bacteria and the respective host cell system. By contrast, this 

thesis describes a series of investigations where a combined approach was followed. In 

particular, adaptive responses in infecting bacteria and their host cells were monitored 

through proteomics, and subsequently the correlations of these responses and their 

physiological consequences were evaluated. The first two experimental chapters of this 

thesis focus on the adaptations of S. aureus upon a successful infection of bronchial 

epithelial cells, while the two subsequent experimental chapters describe the differences in 

the exo- and cytosolic proteomes of closely related MRSA isolates with a different 

epidemiological history, linking the outcomes to their predominant modes of infection. 
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Chapter 1 of this thesis presents a general introduction on the genetic and epidemiological 

diversity of S. aureus, emphasizing this pathogen's virulence factors and regulators that 

define the infection process. In addition, a general overview on the molecular interactions 

of S. aureus with cells of the human host is provided. Chapter 2 covers the interaction 

between S. aureus and bronchial epithelial cells over four days post-infection. This extended 

period of observation allowed a comparative investigation of the metabolic pathways 

employed by S. aureus in the two subpopulations that it presents during infection and the 

occupation of different intracellular compartments. Importantly, the detected changes in 

the expression of metabolic pathways were simultaneously studied and correlated to the 

changes in the host cell proteome, offering a comprehensive picture of the dynamic 

interactions that occur between host and pathogen during infection. In this respect it should 

be noticed that pulmonary infections by S. aureus are highly prominent in patients with 

lung-related illnesses causing lesions in the epithelial lining. Therefore, in the studies 

described in chapter 3, proteomics was employed to study the adaptations of S. aureus 

during internalization within epithelial cell layers displaying two subsequent regenerative 

stages that occur after injury. In particular, this chapter is focused on those changes in the 

bacterial cytosolic proteome that occur during the first hours after internalization.  

Taking into account the diversity of S. aureus lineages and strains, the lung epithelial model 

of infection employed for the studies described in chapter 2 was used to study interactions 

with clinical isolates of MRSA. The differences in the proteome of certain closely related S. 

aureus strains isolated in Denmark were, therefore, evaluated in experiments described in 

chapters 4 and 5. These studies include twelve isolates from two distinctive epidemiological 

groups, namely community- (CA) and hospital-associated (HA) MRSA isolates. 

Specifically, chapter 4 reports on the exoproteomes of these isolates and correlates the 

outcomes with their behavior upon infection of lung epithelial cells. Since the behavior of 

the investigated MRSA strains upon infection is also determined by their fitness, the 

cytosolic proteomes of a selection of these isolates were also investigated as described in 

chapter 5.  
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Altogether, the studies described in this thesis emphasize critical metabolic adaptations as 

drivers of the course of infection. The specific results of the present PhD research that have 

led to this important conclusion are summarized and discussed in chapter 6.  
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ABSTRACT 

The primary barrier that protects our lungs against infection by pathogens is a tightly sealed 

layer of epithelial cells. When the integrity of this barrier is disrupted as a consequence of 

chronic pulmonary diseases or viral insults, bacterial pathogens will gain access to 

underlying tissues. A major pathogen that can take advantage of such conditions is 

Staphylococcus aureus, thereby causing severe pneumonia. In this study, we investigated 

how S. aureus responds to different conditions of the human epithelium, especially non-

polarization and fibrogenesis during regeneration using an in vitro infection model. The 

infective process was monitored by quantification of the epithelial cell- and bacterial 

populations, fluorescence microscopy and mass spectrometry. The results uncover 

differences in bacterial internalization and population dynamics that dictate the outcome of 

infection. Protein profiling reveals that, irrespective of the polarization state of the epithelial 

cells, the invading bacteria mount similar responses to adapt to the intracellular milieu. 

Remarkably, a bacterial adaptation that did depend on the regeneration state of the 

epithelial cells was enhanced production of nitric oxide and early upregulation of proteins 

for redox homeostasis when bacteria were confronted with a polarized cell layer. This is 

indicative of nitric oxide-dependent modulation of the cytoplasmic redox state to maintain 

homeostasis early during infection even before internalization. Our present observations 

provide a deeper insight into how S. aureus takes advantage of a breached epithelial 

barrier, and show that infected epithelial cells have limited ability to respond adequately to 

staphylococcal insults.  
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INTRODUCTION  

Staphylococcus aureus is an opportunistic pathogen (1) that is renowned for its ability to 

colonize several sites in the human body (2, 3). One of the most frequent sites of 

colonization is the respiratory tract, where it is commonly found as a commensal bacterium 

residing in the nose and throat (4, 5). However, S. aureus also has the potential to infect 

the upper and lower parts of the respiratory tract, causing severe infections, including 

necrotizing pneumonia (6, 7). Although these infections can occur in community or hospital 

settings, the development of a chronic lung infection is commonly associated with pre-

existing infections by other organisms or with lung-associated diseases, like chronic 

obstructive pulmonary disease (COPD), cystic fibrosis (CF) or bronchiectasis (8–14).  

The epithelial cell layer of the lungs is our first barrier of defense against airborne pathogenic 

bacteria. Nevertheless, in the aforementioned conditions, the outermost layer of the lungs 

gets damaged, leading to wounded patches in the epithelial membrane. After damage, the 

epithelial cells will pass through a process of healing that starts with migration of the 

epithelial cells to repopulate the created gap, followed by activation of the polarization 

machinery and fibrogenesis (15–17). The latter involves regulatory pathways like sonic 

hedgehog signaling (Shh), transforming growth factor beta (TGFB), and 

Wingless/Integrated (Wnt) pathways, which are commonly deregulated in chronic lung 

diseases and could lead to permanent fibrosis (18–20). These pathological conditions affect 

several functions of the membrane, including correct localization of proteins in the cellular 

membrane, homogeneity of the membrane, transport gradients, direction of cell division, 

and the permeability of the membrane (21, 22). Consequently, the affected sites are 

regarded as portals for invasion of underlying tissues by S. aureus or other pathogens (15, 

22).  

To date, most studies on the mechanisms employed by S. aureus to breach epithelial 

barriers focused on model systems that mimic one particular state of the epithelial cells. On 
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this basis, it is known that S. aureus weakens the epithelial layer by secreting toxins that 

disrupt the polarized cells, enabling the pathogen to cross the barrier and enter host cells 

(23, 24). Upon entry, the bacteria adapt to the intracellular milieu where they have to face 

nutrient scarcity and defensive host mechanisms. To do so, the bacteria activate pathways 

related to energy generation from the most readily available sources and balance the 

expression of virulence factors to take optimal advantage of their host (25–28). However, 

an important knowledge gap relates to the question how S. aureus responds to different 

states of the human epithelium, such as non-polarization or fibrogenesis during 

regeneration. Therefore, the aim of this study was to define possible differential responses 

of S. aureus to such pre-infection conditions with a focus on changes at the proteome level. 

To this end, we devised an in vitro model that simulates staphylococcal infection at two 

different stages of epithelial regeneration. The first stage involves a layer of non-polarized 

cells, which mimics the earliest stage of regeneration where the bacteria have ‘easy access’ 

to the epithelium. The second involves a polarized host cell membrane at the stage of 

fibrogenesis, where the bacteria can only gain access to the cells by disruption of the tight 

junctions connecting the regenerating epithelial cells. The results obtained with this model 

reveal distinct bacterial internalization rates depending on the stage of epithelial 

regeneration. While the internalized bacteria displayed similar adaptations at the proteome 

level, the timing of these adaptations differed. Remarkably, differences are most clearly 

evident for proteins under control of the redox regulator Rex, where induction of Rex-

regulated proteins is observed at an earlier time point when the bacteria are confronting 

polarized epithelial cells. Our observations show that bacteria approaching the polarized 

epithelial cells adapt to a physiological state that involves production and resistance to nitric 

oxide (NO).  

     

MATERIALS AND METHODS 
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Bacterial strains and culture conditions  

S. aureus strain HG001 (29) carrying plasmid pJL76 with an codon optimized GFP (30) was 

used for internalization experiments into epithelial cells followed by mass spectrometry (MS) 

analyses. For immunofluorescence microscopy, a ∆spa mutant was used to avoid 

unspecific binding of the antibodies.  

Cultivation of bacteria was carried out in prokaryotic minimal essential medium (pMEM): 1x 

MEM without sodium bicarbonate (Invitrogen, Karlsruhe, Germany) supplemented with 1x 

non-essential amino acids (PAN-Biotech GmbH, Aidenbach, Germany), 4 mM L-glutamine 

(PAN-Biotech GmbH, Germany), 10 mM HEPES (PAN-Biotech GmbH), 2 mM L-alanine, 2 

mM L-leucine, 2 mM L-isoleucine, 2 mM L-valine, 2 mM L-aspartate, 2 mM L-glutamate, 2 

mM L-serine, 2 mM L-threonine, 2 mM L-cysteine, 2 mM L-proline, 2 mM L-histidine, 2 mM 

L-phenyl alanine, and 2 mM L-tryptophan (All from Sigma-Aldrich, Schnelldorf, Germany), 

adjusted to pH 7.4 and sterilized through filtration.  

The cultivation of the samples was performed as described previously (31). In brief, 

overnight cultures were done as serial dilutions in media enriched with 0.01% yeast extract. 

Additionally, all overnight cultures contained 10 μg/ml erythromycin (Sigma-Aldrich) to 

maintain pJL76. In addition, 10 μg/ml tetracycline (Sigma-Aldrich) was added to cultures of 

the ∆spa mutant. Cultures were incubated for 16 h in an orbital shaking incubator at 37°C 

and 220 rpm. All main cultures for infection experiments were prepared in pMEM without 

yeast extract or antibiotics and inoculated with bacteria from overnight cultures in the mid-

exponential phase. Incubation of the main cultures was carried out in a shaking water bath 

at 37°C and 150 rpm.  

Cell lines and culture conditions 

The immortalized 16HBE14o- epithelial cell line is derived from transformed bronchial 

epithelial cells of a 1-year-old heart-lung transplant patient (32). Cultivation of the cells was 
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carried out in eukaryotic minimal essential medium (eMEM): 1x MEM with Earle's salts with 

2.2 g/l NaHCO3 (Biochrom AG, Berlin, Germany) supplemented with 10% (v/v) fetal calf 

serum (FCS; Biochrom AG), 2% (v/v) L-glutamine 200mM (PAN-Biotech GmbH) and 1% 

(v/v) non-essential amino acids 100x (PAN-Biotech GmbH). The cells were cultured in 10 

cm plates at 37°C and 5% CO2 in a humid atmosphere and were kept for no more than 15 

passages. 

The seeding of the cells was done at a density of 1x105 cells/cm2 over a 12 mm Transwell® 

polyester membrane with 0.4 μm pore size (Corning, Schnelldorf, Germany) to promote the 

polarization of the cell membrane. Cells were cultured for 3 or 11 days depending on the 

desired condition for infection. The volume of medium on the apical side was 400 μl and 

1300 μl on the basal side. The medium was exchanged every second day until day eight 

after which the exchange was done daily.  

Measurement of transepithelial electrical resistance 

Bioelectric measurements were performed with an EVOMX Volt-ohmmeter equipped with 

STX2 chopstick electrodes (WPI, Berlin, Germany). To measure the resistance of the cell 

layer, the medium of every cultured Transwell® was replaced with pre-warmed eMEM 

medium (500 μl and 1500 μl on the apical and basal sides, respectively) and equilibrated 

for 10 min at room temperature. The TEER was calculated by subtracting the blank 

measurement and subsequently multiplying it by the area of the Transwell®. After 

measurement, the medium was exchanged with pre-warmed fresh medium.  

Internalization procedure 

The protocol for infection was based on the methods described by Pförtner et al. (2013) 

with some adaptations for infection in Transwells®. The bacterial main cultures were 

inoculated at a starting OD600 of 0.05, grown until mid-exponential phase and collected at 

OD600 of ~0.4. Prior to infection, the number of bacterial cells was determined by flow 
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cytometry with a Guava easyCyteTM flow cytometer (Merck Millipore, Darmstadt, Germany), 

using a blue 50 mW laser to excite bacterial GFP that allowed quantification of the bacteria. 

The same day of infection, epithelial cells were counted after detachment from the porous 

membrane by 5 min incubation at 37°C with 0.25% trypsin-EDTA (Gibco®, Grand Island, 

NY). Then, the cell solution was mixed in equal quantities with trypan blue dye, and the cell 

number was quantified with a Countess® (Invitrogen).  

Infection of host epithelial cells with S. aureus was carried out by exchange of the apical 

medium with the infection mix. This solution contained S. aureus diluted in eMEM to a 

multiplicity of infection of 25 and buffered with 2.9 μl sodium hydrogen carbonate (7.5%, 

PAN-Biotech GmbH) per ml of bacterial culture. Epithelial cells were exposed to the bacteria 

for 1 h at 37°C and 5% CO2. Afterwards, the media on the apical and basal sides were 

exchanged with fresh eMEM medium containing 10 μg/ml lysostaphin (AMBI Products LLC, 

Lawrence, NY). 

Sampling for counting of 16HBE14o- cells at every time point was performed as described 

above and, additionally, the number of infected cells was counted in the Guava easyCyteTM 

flow cytometer. The collection of internalized bacteria was done by incubation with 0.05% 

sodium dodecyl sulfate (SDS; Carl Roth, Karlsruhe, Germany) for 5 min at 37°C, and 

quantification of bacteria was performed using a Guava easyCyteTM. 

Immunofluorescence staining 

16HBE14o- cells were cultured over Transwell® supports for 3 or 11 days. The medium of 

the wells was removed, and the cells were washed with phosphate-buffered saline (PBS). 

Fixation of cells was done with 5% acetic acid in absolute ethanol for 10 min at room 

temperature. To avoid autofluorescence the supports were incubated for 15 min at room 

temperature with 50 mM NH4Cl. Subsequently, permeabilization of the cells and blocking of 

non-specific binding were carried out. To this end, cells were incubated for 30 min at room 
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temperature with 0.2% bovine serum albumin (BSA) and 0.1% saponin in PBS, followed by 

overnight incubation at 4°C with 2% BSA, 0.1% saponin and 5% Neutral Goat Serum in 

PBS. Additional blocking was performed with 12 μg/ml of a human monoclonal antibody 

(1D9; 33) diluted in the same blocking solution for 2 h at room temperature in a humidifier 

chamber. Thereafter, immunofluorescence staining was carried out using a rabbit polyclonal 

antibody against ZO-1 (40-2200; Invitrogen) in a 1:100 dilution and a goat polyclonal 

secondary antibody against rabbit conjugated with alexa fluor® 647 (A-21244; Thermo 

Fisher Scientific, Landsmeer, the Netherlands) in a 1:2000 dilution. The incubation of 

antibodies was done separately, each for 1 h at room temperature in a humidifier chamber. 

The cells were washed with blocking solution between incubations. Finally, the DNA was 

stained with 4′,6-diamidino-2-phenylindole (DAPI) by incubation for 15 min at room 

temperature and the slides were mounted with Mowiol® 4-88 (EMD 208 Chemical, Inc., 

Temecula, CA). Visualization of the samples was done using a Leica SP8 microscope at 

the UMCG Microscopy and Imaging Center.  

Nitric oxide and reactive oxygen species measurements 

NO concentrations in the media and within epithelial cells were measured by the Griess 

method. In brief, the assay determines the nitrite concentrations in collected samples. 

Medium fractions were collected at different time points and mixed 1:1 with the Griess 

reagent (G4410, Sigma Aldrich). Then, 100 μL samples were passed to a 96-well plate and 

shaken for 15 min. The absorbance of the samples was measured at 540 nm. To measure 

intracellular NO concentrations, epithelial cells were disrupted with 1% SDS, and the 

measurements were done as described above. The NO concentration was determined by 

correlation with a standard curve of sodium nitrite on the same day of the infection.  

The quantification of intracellular reactive oxygen species (ROS) was carried out with 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) as an indicator. At each time point, 

epithelial cells were washed with PBS and then incubated with a solution of 5 μM H2DCFDA 
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for 1 h at 37°C in a 5% CO2 incubator. Then, the epithelial cells were disrupted with 1% 

SDS and aliquots of 150 μL were transferred to a 96-well plate. The fluorescence was 

measured using a 485/20 excitation filter and a 590/35 emission filter (BioTek Instruments, 

Inc., Winooski, VT). Measurements were corrected for the total protein quantity per sample, 

as determined with a BCA Protein Assay Kit (Thermo Fisher Scientific).  

All measurements of NO and ROS were carried out in dark 96-well plates using a Synergy™ 

2 multi-mode microplate reader (BioTek Instruments, Inc.). All measurements were done 

from the bottom. 

Sample preparation for mass spectrometry  

The sample preparation of human lung epithelial and bacterial samples was performed as 

described before in detail (26, 27). 

Briefly, the collection of epithelial cell samples was carried out at the beginning of the 

infection, and 1 h, 2.5 h, and 6.5 h p.i. by disruption with UT buffer (8 M urea, 2M thiourea 

in MS-grade water, Sigma-Aldrich) and immediate freezing in liquid nitrogen. Further 

disruption of the cells was done by 5 cycles of freeze-thawing using liquid nitrogen and 

shaking at 30°C, followed by ultrasonication with a Sonopuls homogenizer (Bandelin 

electronic, Berlin, Germany) in 3 cycles of 3 s at 50% power and 1 min cooling on ice. The 

samples were centrifuged at maximal speed (~20000 x g) for 1 h at 4°C, the supernatant 

was collected, and the protein concentration of the samples was quantified using a Bradford 

assay (Biorad, Hercules, CA). Samples containing four μg of protein were prepared for MS 

by reduction with 2.5 mmol/L dithiothreitol (Thermo Fisher Scientific) for 1 h at 60°C and 

alkylation with 10mmol/L iodoacetamide for 30 min at 37°C. Lastly, samples were digested 

with trypsin (1:25 trypsin:protein; Promega, Madison, WI) at 37°C overnight and purified 

using C18 columns (Merck Millipore). 
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S. aureus HG001 sampling for MS involved one sample of the main culture in mid-

exponential phase, collection of the non-adherent bacteria after 1 h of infection, and 

samples of internalized bacteria collected at 2.5 h and 6.5 h p.i. The last two samples were 

obtained by disruption of the host cells with 0.05% SDS for 5 min at 37°C. All samples were 

concentrated by centrifugation for 10 min at 10000 x g and 4°C, the supernatant was 

removed, and the pellet was diluted in 2 ml of PBS. Subsequently, 2 million bacteria were 

sorted for each time point by flow cytometry using a FACSAria IIIu cell sorter (Becton 

Dickinson Biosciences, Franklin Lakes, NJ). Excitation of GFP was done with a 488 nm 

laser and the emission signal was detected in a 515-545 nm range. Afterward, the bacteria 

were collected on low protein binding filter membranes with a pore size of 0.22 μm (Merck 

Millipore). The bacterial cells were lysed on the filter by incubation with 7.4 μg/ml lysostaphin 

in 50 mM ammonium bicarbonate for 30 min at 37°C. Finally, digestion of the liberated 

proteins was performed with 0.3 μg of trypsin at 37°C overnight and tryptic peptides were 

purified using C18 ZipTip columns (Merck Millipore, Germany). 

All purified peptides were resuspended in a buffer containing 2% acetronitile and 0.1% 

acetic acid in MS-grade water. Indexed Retention Time (iRT) peptides (Biognosys AG, 

Schlieren, Switzerland) were added to all samples of epithelial cells and bacteria for peak 

detection, mass calibration, noise reduction and signal quantification. Samples were spiked 

according to manufacturer’s instructions, adding one IE (injection equivalent) of iRT peptide 

mix per injected volume. Bacterial samples had a final volume of 12 μl, of which 10 μl where 

injected, while 16HBE14o- samples were resuspended in 20 μl, with an infection volume of 

5 μl.  

Mass spectrometry measurements and analysis 

Separation of tryptic peptides was accomplished with a Dionex Ultimate 3000 nano-LC 

system (Dionex/Thermo Fischer Scientific) using an Accucore 150-C18 analytical column 

(25 cm x 75 μm, 2.6 μm C18 particles, 150 Å pore size, Thermo Fischer Scientific). Elution 
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of peptides was carried out at constant temperature (40°C) with a flow rate of 300 nL/min 

and a linear gradient of acetronitrile (2% to 25%) in 0.1% acetic acid. MS/MS measurements 

were performed on a QExactive (Thermo Fischer Scientific) in data-independent acquisition 

mode (DIA) following the method described by Bruderer et al. (34). Supplemental Table 1 

details the instrumental set-up and parameters used for the measurements. In general, 19 

isolation windows with a 2 m/z overlap were set to cover a mass range of 400-1220 m/z 

with a resolution of 35.000 for MS and MS/MS, AGC target of 5x106 for MS, and 3x106 for 

MS/MS.  

Proteins were identified and quantified using SpectronautTM V11.0.18108.11.30271 

software (Biognosys AG) against MS databases generated from data-dependent 

acquisition (DDA) measurements of either S. aureus (35) or epithelial cells (27), under 

different culture conditions. The bacterial ion library was constructed based on the fasta file 

from AureoWiki (36) with 2.852 S. aureus protein entries, from which the final target-decoy 

version was generated adding all reverse entries to a total of 5.944 entries. The human 

epithelium peptide library was constructed based on DDA measurements from 16HBE14o- 

and S9 cells searched against a target-decoy database with 40.640 entries and that was 

built based on 20.217 Uniprot entries (February 2018). Both databases include 102 cRAP 

common contaminants (https://www.thegpm.org/crap/) and a concadenated iRT peptide 

entry. The peptide spectral matching was performed with a parent mass error of 30 ppm 

and 20 ppm, for bacterial and human libraries, respectively. Both searches allowed full-

tryptic peptides (trypsin/P cleavage rule) with up to two missed internal cleavage sites, a 

fragment mass error of 0.01 Da, variable modification of +15.9949 for oxidized methionine, 

and fixed modification of +57.021464 for carbamidomethylated cysteine.  

The settings for the SpectronautTM analyses were a dynamic mass tolerance at MS1 and 

MS2, dynamic XIC retention time extraction window, automatic calibration, dynamic decoy 

strategy (library size factor of 0.1, minimum limit of 5000). The search included fixed 
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modifications of +57.021464 by carbamidomethylation of cysteine and variable modification 

of +15.9949 due to oxidation of methionine. The Q-value cut-offs were set to 0.01 for 

proteins and 0.001 for precursors. Complete profiles with a Q-value <0.001 were used to 

perform a local cross-run normalization and the reported quantifications refer to the MS2 

peak area. Missing ion values were parsed when at least 25% of all samples had high 

quality quantifications. The parsing was performed using iRT profiling with carry-over of 

exact peak boundaries (minimum Q-value row selection = 0.001) and only for precursors 

with a Q-value > 0.0001. To prevent false positives, the parsed values were filtered out if 

their values were more than two-fold higher than the measured values. Supplemental Table 

2 summarizes all the settings used for the SpectronautTM analyses. 

Statistical testing of changes in protein abundances over time  

Further analysis considered only proteins with at least two peptides. Normalization of each 

peptide was performed based on the mean value of all time points. The final protein 

dynamics was calculated as the median of all corresponding normalized peptides. A linear 

model was fitted for every protein using the LIMMA package version 3.34.9 (37) in R version 

3.4.4 (38). An empirical Bayes moderated t-test was conducted for each protein to detect 

significant differences between polarized and non-polarized cells. Moreover, every protein 

was tested individually in both conditions for changes over time by an empirical Bayes 

moderated F-test. All moderated p-values were corrected for multiple testing using 

Benjamini and Hochberg’s multiple testing correction. Protein changes were assumed 

significant when their adjusted p-value was lower than 0.05 for the S. aureus proteome, or 

lower than 0.01 for the epithelial cell proteome. The cut-off was more stringent for the host 

proteome due to the higher amount of proteins with different levels between the two 

epithelial conditions.  

The annotation of identified proteins was based on the Uniprot data base. For S. aureus the 

annotation was complemented with the AureoWiki data base (36), and the regulons as 
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described by Nagel et al. (35). The latter was used as a database to draw Voronoi tree 

maps using the Paver 2.1 software (DECODON GmbH, Greifswald, Germany).  

Experimental Design and Statistical Rationale 

The MS measurements of host and pathogen were carried out on samples collected from 

four independent biological replicates of the infection experiments in both conditions of the 

epithelium. During these experiments sample collection for quantification of both 

populations and TEER measurements were performed as well. This number of replicates 

ensured that every protein was measurements consistently at least three times. For each 

experiment 4 samples were collected over the first 6.5 h p.i. resulting in 16 samples of 

bacterial cytosolic proteome and 16 samples of intracellular host cell proteome per 

epithelium condition. Samples from bacteria and host were measured in two different 

batches and to avoid consecutive measurements of samples of the same condition, the 

running order was randomized by assigning a number between 1 and 32 generated by 

function sample in R version 3.4.4 (38). Additionally, three independent infection 

experiments were performed for collection of samples for imaging and measurement of NO 

and ROS levels.  

Two statistical tests were used to evalute the differences between conditions: the Bayes 

moderated t-test was applied to determine the differences in the protein levels between the 

two epithelial conditions, while the Bayes moderated F-test was used to determine changes 

in protein abundance over time. All moderated p-values were corrected for multiple testing 

using Benjamini and Hochberg’s multiple testing correction.  

Data and Software availability  

The raw files from the MS analyses have been deposited in MassIVE 

(https://massive.ucsd.edu) under MSV000083271 (16HBE14o-) and MSV000083269 (S. 

aureus). During the review process these data can be accessed using the passwords 
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“HBE_TW_palma” and “Saureus_TW_palma”, respectively. After acceptance of the 

manuscript the data will be made freely available. The raw output files from SpectronautTM, 

including peptide ions and Q-values, are included in Supplemental Tables 3 and 4. All 

protein annotations and median abundances are included in Supplemental Tables 5 and 6. 

 

RESULTS 

Distinctive protein abundances define regenerative stages of bronchial epithelial cells  

The epithelial cell line 16HBE14o- is known for its capacity to form tight junctions, polarize 

and differentiate (32, 39), which makes it suitable for the development of membranes with 

regenerating phenotypes. To obtain two cell membranes with distinctive characteristics, the 

cells were cultured over a porous Transwell support under the same conditions for different 

time periods. The first distinctive characteristic between the membranes after three or 

eleven days of culturing was their polarization state (Figure 1), which was shown by 

measurement of trans-epithelial electrical resistance (TEER) and immunofluorescence of 

the tight junction protein Zonula Occludens-1 (ZO-1). A layer of 16HBE14o- cells reaches 

its highest resistance after fourteen days of culture (Supplemental Figure 1). To represent 

different regenerative states, the cell layer should display imperfect polarization and, 

accordingly, we decided to culture the cells for three and eleven days. Importantly, the 

epithelial cell layer cultured for three days reached a state of confluency, but it did not 

develop polarity as evidenced by a marginal increase in resistance and the absence of ZO-

1 localization at the lateral sites of the cell membranes. In contrast, the cell layers cultured 

over eleven days displayed an at least three-fold increased electrical resistance consistent 

with a more organized localization of ZO-1 (Figure 1).  

To further characterize the 16HBE14o- cells at different stages of polarization, their 

cytosolic proteome was profiled by MS. In total, the levels of 3498 proteins were quantified. 
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Of these, 1633 proteins presented significantly different levels at the two investigated time 

points (Supplemental Table 5). More than half of the latter proteins related to the production 

of the extracellular matrix (ECM), as well as pathways related to healing, like TGFB, Shh, 

and Wnt (Figure 2). Of note, several proteins of the core matrisome (i.e. the ensemble of all 

ECM proteins and ECM-associated proteins) were detected at differing levels, despite the 

fact that most of them are secreted during ECM production (Figure 2B). Considering the 

observed differences in protein abundance, we conclude that the cells represent distinctive 

regenerative stages after three or eleven days of culturing. 

The polarization state of the host membrane determines the rate of internalization of S. 

aureus 

After three or eleven days of culturing, the developed epithelial cell layers were infected 

with S. aureus for one hour. Subsequently, non-internalized bacteria were killed by the 

addition of lysostaphin, and the course of infection was followed by immunofluorescent 

confocal microscopy (Figure 3A; Supplemental Figures 2 and 3) and quantification of host 

and bacterial populations (Figure 3B-D). Imaging of the infection at 2.5 h post infection (p.i.) 

showed that the bacterial internalization in cells of a non-polarized membrane is highly 

effective and that the bacterial clusters distributed homogeneously over the cell layer. In 

contrast, the infection of cells in a polarized membrane occurred at specific sites of the cell 

layer where disruption of the tight junctions is evident.  

Also, the progression of infection was different depending on the polarization state of the 

cultured cells. In non-polarized cells, the S. aureus population increased during the first 

hours of infection, leading to lysis of the host cells which became clearly evident from 24 h 

p.i. onwards (Figure 3B), when the bacterial population had doubled (Figure 3C). At 48 h 

p.i., the host cell membrane was completely disrupted as evidenced by a decrease of the 

TEER (Figure 3D). The bacteria internalized by polarized cells also multiplied during the 

first hours of infection, causing a slight decrease in the TEER at 24 h p.i.. However, in this 
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case, the epithelial cell layer was able to overcome any damage caused by the infection 

and by 48 h p.i. merely 3% of the host cell population harbored bacteria. 

Bacterial proteome profiles mirror adaptations to epithelial cell layer integrity 

Quantitative proteome profiling was applied to visualize the adaptations of host cells and 

infecting bacteria during the first 6.5 h p.i.. Although the epithelial cell layers differed 

drastically in the initial protein abundances as mentioned above, no major changes in host 

cell protein dynamics were detectable upon infection with S. aureus (Supplemental Table 

5). In contrast, the bacterial proteome was highly dynamic; of the 1108 proteins monitored, 

more than 50% presented significant changes during the first 6.5 h p.i. (p < 0.05; 

Supplemental Table 6). Interestingly, most of these proteins displayed similar behavior in 

both settings of infection indicating that, by and large, the bacteria went through similar 

adaptive processes. However, the timing of the adaptive changes was markedly different 

for 67 staphylococcal proteins depending on the stage of regeneration of the infected 

epithelial cell layer (Supplemental Figure 4).  

In order to appreciate the differences in S. aureus adaptation to epithelial cells at different 

stages of regeneration, the proteins displaying changes in level prior and during 

internalization were grouped according to their known regulators as described by Nagel et 

al. (35). Proteins of which the level is subject to the control by CodY, Agr, Sae, Fur, Rex 

and SigB displayed infection-related changes in level (Figure 4). However, most clusters of 

proteins controlled by particular regulators did not show changes that could be related to 

the host cell regeneration state. This was different for proteins controlled by the redox 

regulator Rex, where ~50% of these proteins displayed differential behavior (Figure 4), 

namely an earlier increase in level when the bacteria were confronted with polarized host 

cells. This difference in regulation became also clearly evident in a clustering of identified 

proteins based on metabolic pathways, where proteins related to fermentation were found 

to be upregulated at earlier time points (Figure 5A). On the contrary, such a different time 
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dependency in regulation between S. aureus challenged by polarized vs. non-polarized host 

cells was not observed for other pathways related to energy acquisition, like the TCA cycle 

and oxidative phosphorylation, and for the majority of proteins involved in oxidative stress 

management (Figures 5A and 5B).  

The activation of the Rex-regulated proteins is an indicator of changes in the redox state of 

the bacteria, which may be influenced by the concentration of NO in the environment (40). 

Therefore, the concentration of instable diatomic free radical NO in the medium was 

assessed over time by quantification of nitrite using the Griess reaction method (Figure 5C). 

The initial concentration of NO (t=0 h) was comparable to the control (eMEM medium), 

showing that the epithelial cells produced very low amounts of NO, if any. However, in 

samples collected at 1 h p.i., where living bacteria were still abundantly present in the 

medium, significant amounts of NO were detectable. Of note, significant but lower nitrite 

concentrations were also measured in the bacterial master mixes incubated independently 

for 1 h (Figure 5C). Nonetheless, this increment was most clearly evident in the infection 

setting with polarized cells. In contrast, no nitric oxide was detectable once the non-

internalized bacteria had been killed with lysostaphin, showing that living bacteria in the 

medium were responsible for NO production. This view was corroborated by an observed 

increase of the bacterial nitric oxide synthase (Nos) during infection of polarized cells 

(Figure 5A), and of the flavohaemoglobin Hmp, which has NO-reductase and NO-

dioxygenase activity (Figure 5B). In addition, no changes in the NO concentration were 

observed in basal culture medium or within the epithelial cells over the course of this 

experiment (Supplemental Figure 5).  

To rule out the possibility that the observed changes in the bacterial metabolic pathways 

related to the production of ROS inside the epithelial cells, we also measured the 

intracellular ROS concentrations upon infection. Due to the regenerative state of the 

polarized and non-polarized epithelial cells, both of them displayed high amounts of ROS 
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which slightly increased over time p.i. (Figure 5D). However, unlike the NO levels, the ROS 

levels did not correlate with the observed activation of Rex-regulated proteins, showing that 

this activation must be attributed to NO production, particularly by the bacteria approaching 

a polarized epithelial cell barrier.  

 

DISCUSSION 

The epithelial cell layer in the human lung forms an important primary barrier against 

infection. Breaches of this barrier are dangerous as they provide easy access to pathogens 

that can then not only invade underlying tissues, but also cause additional damage to the 

epithelium by entering the respective cells from the basolateral side. Ultimately, this may 

lead to pneumonia, severe damage of the lungs and, in the worst case, death of the patient. 

Consequently, effective repair of a damaged lung epithelium is believed to be critical to 

avoid potentially life-threatening pulmonary infections. Despite this, it has so far not been 

studied in detail how different stages of regeneration of the epithelial layer determine the 

outcome of a bacterial infection and how these stages are reflected in the adaptive 

responses that take place in infecting bacteria. In the present study, we sought to improve 

our understanding of these interactions by establishing an infection model where epithelial 

cell layers were exposed to S. aureus at two distinct early stages of regeneration. In this 

respect, it should be noted that upon lung injury, the epithelial cells will go through different 

stages of recovery that include inflammation and fibrogenesis phenotypes (15, 22). As 

shown by Schiller et al. (2015), protein expression post injury is highly dynamic, and 

particular proteins play different roles in recovery over time. These regenerative stages 

were reflected in the proteins we identified in lung epithelial cells cultured for three or eleven 

days in our experimental set-up. In particular, the high levels of the SERPINH1, ST14, 

PLOD1, LGALS3, PLXB2, PLOD3, CTSZ, LGALS1, CTSA, P4HA2, CTSD, PLOD2, 

TINAGL1, P4HA1, CTSB, and FN1 proteins as detected in polarized 16HBE14o- cells can 
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be regarded as a signature for fibrogenesis. Likewise, the detected low abundance of the 

TIMP3, THBS1, LAMA3, FGF2, LAMA5, and LAMB3 proteins is also a clear indicator for 

fibrinogenesis during polarization. On this basis, the non-polarized epithelial cell layer 

obtained after three days of culturing seems to resemble the initial migratory state of a 

damaged lung epithelium. In contrast, the polarized epithelial cell layer obtained after eleven 

days of culturing serves as a model for a subsequent early stage of fibrogenesis.  

The dynamics of S. aureus infection in the two model stages of lung epithelial regeneration 

reflect the in vivo course of an infection remarkably well. As documented by microscopy, 

the infecting staphylococci clearly impacted on the epithelial cells during the first 6.5 h p.i., 

where the bacteria first broke the tight junctions in case of a polarized cell layer, and 

subsequently started to replicate intracellularly in both polarized and non-polarized cells. Of 

note, bacterial replication was substantially stronger in the non-polarized cells. 

Unexpectedly, this difference had no distinctive effect on the epithelial cells’ proteome. Of 

course, in case of the polarized cells the rate of bacterial internalization is relatively low, so 

it is intuitive that changes in the host’s proteome may have passed unnoticed. On the 

contrary, one might expect more severe changes in the proteome of non-polarized epithelial 

cells that are virtually defenseless to the invading staphylococci. In particular, only two and 

nine proteins showed significantly different changes in the polarized and non-polarized 

epithelial set-ups, respectively, after challenge with S. aureus (Supplemental Table 5). 

Presumably, changes in the epithelial cell proteome will be more severe during later time 

points p.i. when the infection will probably elicit severe apoptotic reactions, but this can 

unfortunately not be assessed in our present experimental set-up. However, the latter view 

seems realistic based on the findings from our previous study, where the effects of 

staphylococcal internalization on submerged 16HBE14o- lung epithelial cells was studied 

over a period of 96 h (27).  
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The differential rates of S. aureus internalization by polarized and non-polarized epithelial 

cells probably reflect the fact that fibronectin, one of the major host cell anchors for S. 

aureus, is exposed exclusively at the basolateral side of polarized epithelial cells (41, 42). 

The fact that this protein is essentially absent from the apical cell surface severely restricts 

the bacterial internalization (43). S. aureus overcomes this challenge by disruption of tight 

junctions between the epithelial cells with aid of the pore-forming toxin Hla (23, 44, 45). 

Although, the production of Hla was not detectable in the cytosolic proteome fraction of the 

investigated bacteria, its presence can be inferred from the observed regulation of other 

proteins that are also controlled by the Agr quorum sensing system, such as ClfA and Spa 

(45).  

While the polarized epithelial cell layer is capable of overcoming the imposed 

staphylococcal infection, the infected non-polarized epithelium is heading for disaster. In 

particular, strongly replicating internalized bacteria will almost inevitably induce massive 

lysis of these cells during the first day of infection (26, 27). Bacteria thus liberated from the 

epithelial enclosure will be released into the external milieu where, in principle, they can 

engage in another round of host cell infection. However, under our present experimental 

conditions the latter will not be observed as the released bacteria are eliminated by 

lysostaphin that was added to the culture medium at 1 h p.i. Interestingly, when non-

polarized epithelial cells were challenged with S. aureus, the percentage of infected cells 

increased over time as a result of lysis of non-infected cells. Possibly, this is a consequence 

of the release of epithelial or bacterial debris into the medium that will induce apoptosis.  

Despite the observed differences in infection dynamics, the adaptations of S. aureus p.i. 

were largely similar in polarized and non-polarized epithelial cells, showing that the initial 

adaptations to the infection conditions do not depend on the polarization state of the host 

cells. Such adaptations include elevated production of proteins related to the catabolism of 

alternative carbon sources, the degradation of amino acids and the TCA cycle. Moreover, 
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also the levels of proteins regulated by SaeRS and Agr, which have been linked to virulence, 

changed upon internalization (Supplemental Table 6). Remarkably, there were no 

differences in the dynamics of bacterial proteins responsive to oxidative-, heat- or cold-

stress conditions between the two infection settings. The latter is consistent with the fact 

that no significant changes in ROS production by polarized and non-polarized cells were 

detectable, even though the rates of infection in both settings were strikingly different.  

Remarkably, the earlier upregulation of Rex-regulated proteins in bacteria facing a polarized 

epithelial barrier implies a critical difference in the local conditions with potential implications 

for the course of infection. The Rex regulon is known to respond to changes in the 

NAD+/NADH ratio of the bacterial cytoplasm, which may relate to limited availability of 

oxygen, excessive TCA cycle activity, or increased levels of NO (40, 46). As a consequence, 

the bacteria will upregulate pathways for anaerobic metabolism. This behavior could have 

been anticipated based on the fact that NO is a signaling molecule employed in wound 

repair (47) and, therefore, produced in higher quantities during illnesses that compromise 

the lung epithelium like asthma and COPD (48–51). In addition, NO production is a known 

anti-infective defense mechanism employed by human host cells (52–54). Nevertheless, a 

difference in NO production by the epithelial cells at different stages of regeneration was 

not detectable in our experimental set-up. On the contrary, we detected significant NO 

production by the infecting bacterial cells prior to internalization, especially when confronted 

with an intact epithelial cell barrier. Accordingly, the differential timing in the detection of 

Rex-regulated proteins must be a consequence of the bacterial NO production at 1 h p.i. Of 

note, once internalized, the fermentative pathways will be further upregulated as a 

consequence of the microaerobic environment that the bacteria are exposed to 

intracellularly (26–28). Importantly, the increased production of NO can be attributed to the 

observed upregulation of Nos production in the bacteria. The latter might be beneficial for 

bacterial homeostasis as it allows a modulation of membrane bioenergetics during infection. 

It has been shown that this is advantageous for S. aureus when facing an intact epithelial 
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barrier by experiments in a murine model, where bacterial Nos-deficiency precluded long-

term nasal colonization (55).  

In conclusion, we explored the adaptive behavior of S. aureus upon close encounters with 

polarized and non-polarized lung epithelial cells that mimic the clinical situation of a 

wounded epithelium at different early regenerative stages. In the clinical context, such 

scenarios will be encountered in particular when the lung epithelial cell layer is damaged by 

common pathogens, such as influenza (12, 56). Our present observations provide a deeper 

insight into how the S. aureus bacterium can take advantage of such a breach of barrier, 

and how infected epithelial cells have a limited ability of responding to the staphylococcal 

insult especially during the very early stages of tissue regeneration. Our study also 

highlights the importance of early adaptations of S. aureus, where the production of NO is 

employed in the confrontation with polarized epithelial cells to maintain bacterial 

homeostasis and to stay fit for infection.  
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Figure 1. Epithelial cell layers with distinctive polarization states. The cell line 

16HBE14o- was cultured for 3 and 11 days in order to obtain confluent cell layers with two 

different polarization states. The polarization states were monitored by measurements of 

the TEER and by immunostaining with an antibody specific for Zonula-Occludens 1. The 

micrographs present the maximum pixel value of the Z-stacks of the epithelial cell layers. 

Scale bar: 100 μm. 
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Figure 2. The epithelial cell layer models represent two different stages of wound 
regeneration. (A, B) Levels of proteins related to the matrisome. (C) Levels of proteins 

related to major signaling pathways involved in tissue regeneration after injury. The 

indicated levels of expression are ratios to the mean value quantification for the respective 

protein in both conditions at every time point of the experiment. Significant differences (p-

value < 0.01) are marked with a star. σ = 0.26; Shh, sonic hedgehog signaling pathway; 

TGFB, transforming growth factor beta signaling pathway; Wnt, Wingless/Integrated 

pathway. 
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Figure 3. Dynamics of bacterial and host populations p.i. (A) Development of the S. 

aureus infection and integrity of the cell layer were tracked by immunofluorescence 

microscopy. The presented micrographs are the maximum pixel values of the Z-stacks of 

the infected membranes. ZO-1 is depicted in magenta and S. aureus in green. The 

individual representations of each channel are available in Supplemental Figures 2 and 3. 

Scale bar: 100 μm. (B, C) Counting of the host and bacterial cell populations by flow 

cytometry. The complemented bars with dots and the percentages refer to the proportion of 

epithelial cells that contain intracellular S. aureus. (D) The polarity of the cell membrane 

was tracked during infection by TEER measurements. 
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Figure 4. Voronoi tree map representation of S. aureus protein levels grouped by 
major regulators. (A) Proteins that displayed significantly (p-value<0.05) different 

dynamics during the first 6.5 h p.i. between the two infection models are highlighted in 

maroon. (B) Names of the proteins represented in each polygon of the other panels. (C) 

Changes in protein amounts are presented at every time point relative to the respective 

protein quantities in the exponential phase. Increased levels are presented in dark red and 

decreased levels in blue. The 1 h sample represents the fraction of bacteria in the medium 

that was neither internalized into, nor attached to host cells after addition of the master mix. 
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Figure 5. Central carbon and nitrogen metabolism of S. aureus during infection-
related stress conditions. The levels of a selection of proteins related to (A) carbon and 

nitrogen metabolism, and (B) stress conditions are represented in relation to the mean 

values measured for proteins extracted from the bacteria in the exponential growth phase 

at OD600=0.4. Significant changes (p-value < 0.05) are marked with stars in the last tree 

columns, which relate to changes over time during non-polarized conditions (N-P), polarized 

conditions (P) and the comparison of both trends (T). S. aureus proteins without an assigned 

gene symbol are labeled according to their locus tag without the “SAOUHSC_” identifier. 

Additionally, (C) the concentration of nitrite in the apical media and (D) intracellular ROS 
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were measured. The nitrate concentration in fresh eMEM media and the master mix (i.e. a 

solution of the S. aureus culture in eMEM used for infection) after 1 h incubation at 37°C 

were measured as controls. The measurements of NO in the basal media and intracellularly 

are included in Supplemental Figure 5. Measurements with significantly different levels are 

marked with an asterisk (p<0.05).   
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Staphylococcus aureus is one of the commonly encountered bacteria of the human 

microbiome. Although mostly a seemingly harmless commensal microbe, S. aureus can act 

as an invasive pathogen with seriously devastating effects on its host’s health and 

wellbeing. A wide range of infections caused by this bacterium has been reported to affect 

diverse parts of the human body, including the skin, soft tissues and bones, as well as 

important organs like the heart, kidneys and lungs. Particularly, S. aureus is infamous for 

being a major causative agent of respiratory tract infections that may escalate up to 

necrotizing pneumonia. Due to its clinical relevance, this pathogen has been intensively 

studied for many years. Nonetheless, further research in this field is still needed, because 

of the high capacity of S. aureus to evolve drug resistance, its high genomic plasticity and 

adaptability and, not in the last place, the plethora of niches within the human body where 

it can thrive and survive. In this regard, there are still many uncertainties concerning the 

specific adaptations carried out by S. aureus during colonization and infection of the human 

body, the transition between both stages, and upon the invasion of different types of host 

cells. To shed more light on some of these adaptations, the research described in this thesis 

has employed in vitro models of infection that mimic particular conditions during the 

infectious process with special focus on the lung epithelium. The adaptations displayed by 

S. aureus were monitored using advanced proteomics. Furthermore, the analyses 

documented in this thesis included S. aureus strains with diverse backgrounds and 

epidemiology to take into account the genetic diversity encountered in this species.  

A general introduction to the current status of the field is presented in chapter 1, which 

highlights the genomic plasticity of S. aureus and its capability to optimally regulate its gene 

expression for propagation and survival in the challenging ecological niches of the human 

body. Of note, the genomic variability of S. aureus is based on its capability to acquire 

mobile genetic elements, which often carry genes granting antibiotic resistances and 

encoding virulence factors. In particular, chapter 1 showcases the virulence factors and 

regulatory mechanisms employed by S. aureus to conquer and corrupt the cells, tissues and 

immune defenses of the human host. Additionally, the distinction between community- 

and hospital-acquired Methicillin resistant S. aureus (CA- and HA-MRSA) is introduced. 
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The adaptive behavior of S. aureus during infection in specific niches of the human body is 

still not completely understood, and this applies particularly to its intracellular residence 

over extended periods of time. For this reason, the research described in chapter 2 was 

undertaken with a focus on the dynamic relationship between S. aureus and lung epithelial 

cells. Over 4 days post internalization the proteomes of host cells and the invading 

pathogen were monitored, revealing a continuous bidirectional interaction. Of note, during 

the infection, two subpopulations of S. aureus displaying differential rates of replication and 

intracellular localization were observed. A replicating subpopulation was more abundant 

during the first 24 h of infection, remained enclosed in vesicles, and displayed a rapid 

increase in numbers, which culminated in the lysis of the host cells. The proteomics analyses 

illustrated that this lytic event was an apoptotic reaction, most likely caused by the presence 

of the pathogen intracellularly. The other subpopulation of internalized S. aureus, which 

displayed a dormant phenotype, was found to reside predominantly in the host cytosol. By 

the end of the experimental time window of four days, the presence of this dormant S. 

aureus population correlated with the expression of inflammatory host proteins. 

Furthermore, the simultaneous proteomic inspection of host and pathogen revealed a 

continuous interplay at the metabolic level, which potentially determines the outcome of 

the infection. In this regard, the pathogen was found to regulate expression of proteins 

related to an exposure to nutrient- and oxygen-deprived environments. For example, the 

presumably microaerobic intracellular conditions triggered an increase in the production 

of proteins related to fermentation. Further significant changes involved the central carbon 

metabolism, where an increase in proteins related to the TCA cycle and amino acid 

degradation was observed. These proteomic changes relating to metabolic pathways reflect 

the pathogen’s efforts to optimize energy production from alternative carbon and nitrogen 

sources. Moreover, the presumptive depletion of amino acids by the pathogen will have an 

impact on the host metabolism, in particular the arginine and asparagine biosynthetic 

pathways, as previously reported (1). Importantly, the investigations detailed in chapter 2 

show that also other amino acid metabolic pathways may have an impact on host-pathogen 

interactions, especially those for proline, glutamate and alanine. Taken together, the 

documented results highlight the interplay between host and pathogen at the metabolic 

level and their reciprocal adaptations. Ultimately, the host cells that survived the infection 
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carried a non-replicating persistent population of S. aureus in their cytoplasm. These 

findings show that the final outcome of an intracellular S. aureus infection is not only 

determined by the production of virulence factors, but also by the usage of intracellular 

resources, and the subsequent metabolic adaptations by the host and its intracellular 

bacteria.  

The analyses described in chapter 2 do not consider the potential variations occurring when 

there is an underlying disease condition. For this reason, the implemented lung epithelial 

model was adapted to represent two regenerative stages of the lung epithelium, namely the 

initial stage of migration and repair, and the subsequent stage of fibrogenesis. As described 

in chapter 3, the results from this study demonstrated that initial stages in the regeneration 

of the host epithelium have a significant impact on the infection dynamics. The low 

polarization level observed during the migratory state of the epithelial cells permitted 

higher internalization and intracellular replication rates of S. aureus, which led to reduced 

host cell survival. In contrast, the fibrogenesis stage displayed a strengthening of the tight 

junctions, thereby reducing internalization of the pathogen and leading to low bacterial 

replication rates upon internalization. Regardless of the differences observed for these two 

infection settings, the adaptations of the bacterial proteomes to the intracellular conditions 

were found to be very similar. Nevertheless, differences were detected for S. aureus proteins 

regulated by the Rex regulon. Rex senses imbalances in the redox state of the bacteria, which 

could be caused by the levels of available oxygen, activation of the TCA cycle, or an 

abundance of NO. Further analyses showed that only the NO levels were different between 

the two infection settings, and that this was a consequence of the overproduction of the NO 

synthetase of S. aureus, a phenotype that can be correlated with high colonization rates (2). 

These observations imply a NO-dependent modulation of the bacterial cytoplasmic redox 

state to maintain homeostasis prior to internalization. Altogether, the studies described in 

chapter 3 provide a deeper insight into how S. aureus takes advantage of a breached 

epithelial barrier, and how infected epithelial cells have a limited ability to respond 

adequately to staphylococcal insults.  

To expand the analysis of S. aureus adaptability to the host environment, the last two 

experimental chapters of this thesis address MRSA isolates from different epidemiological 
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backgrounds. Chapter 4 documents genomics and proteomics analyses to characterize and 

differentiate two groups of 6 isolates each, representing CA- and HA-MRSA variants of the 

S. aureus USA300 lineage collected in Denmark (DK). Additionally, this study included 

three S. aureus HA isolates from the Dutch-German border region (NL-DE) as benchmark. 

At the genetic level, the core genome of CADK-isolates presented more similarity to HANL-

DE-isolates, while the accessory genome presented more similarities between the HADK and 

HANL-DE-isolates. At the exoproteome level, however, most identified proteins were shared 

among all groups. Nonetheless, differences were found in the amounts of proteins 

expressed by the different groups and in group-specific proteins. The vast majority of such 

differences was found to involve secreted proteins with a predicted cytoplasmic 

localization, now referred to as extracellular cytoplasmic proteins or ECP (3). Most likely, 

at least some of these proteins have a moonlighting nature, serving not only their well-

defined functions in the bacterial cytoplasm, but also extracellular functions in the 

colonization and infection of the host. Interestingly, a higher abundance of such proteins 

was observed for CA-isolates during the exponential growth phase and for HA-isolates 

during the stationary phase. This difference might be related to differential timing of ECP 

secretion events in the two epidemiologically distinct groups. Lastly, a comparison of 

exoproteome abundance signatures showed that, regardless of the distinct geographical 

origin of the investigated isolates, the two HA-groups cluster together. Subsequent 

internalization experiments using lung epithelial cells mirrored the clustering based on the 

exoproteome analyses. These findings focus special attention on possible roles of 'liberated' 

ECPs in the epidemiology and intracellular survival of CA- and HA-MRSA isolates. ECPs 

were already invoked in the virulence of S. aureus, but a possible role in the epidemiology 

of MRSA is new. Further, this study implies that proteomics could become a useful tool for 

characterizing S. aureus isolates and predicting their epidemiological behavior.  

As concluded in chapter 2, metabolic adaptations of isolates play an important role as 

drivers of virulence. Accordingly, chapter 5 presents an extended analysis of a subset of the 

clinical HA- and CA-MRSA isolates from Denmark investigated in the studies described in 

chapter 4. The cytosolic proteomes of this subset displayed significant differences between 

the two groups of isolates. The CA-MRSA group presented higher amounts of proteins 
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related to the TCA cycle, amino acid metabolism and gluconeogenesis. This disposition of 

the CA-isolates towards these pathways underlines their preparedness to encounter 

nutrient-deficient environments, consistent with their clinical presentation in skin and soft 

tissue infections. Conversely, the HA-isolates displayed higher levels of proteins related to 

glycolysis, and the pentose phosphate pathway and lower levels of proteins belonging to 

the purine biosynthetic pathway. This indicates that the HA-isolates may prefer niches with 

abundant resources, such as blood. Altogether, these observations support the view that 

adaptations in central carbon metabolism are key drivers that streamline the investigated 

MRSA isolates for infection of healthy individuals in the community or frail patients in the 

hospital. 

In conclusion, the studies detailed in this dissertation highlight the importance of 

staphylococcal metabolism and fitness as pertinent drivers of virulence. Although 

metabolic pathways are frequently ignored in infection research, in fact, they influence the 

capability of S. aureus isolates to thrive and survive in a plethora of different host 

environments. Moreover, across the different studies presented in the current thesis, 

proteomics proved to be an invaluable tool to explore the adaptions of both S. aureus and 

its host during infection conditions, and to deepen our understanding of the differences 

among CA- and HA-MRSA isolates. The primary characterization of the investigated CA- 

and HA-MRSA isolates on a proteome level was based on cultures in RPMI medium, which 

represents a condition that mimics nutrient supply during blood stream infections (4). 

Nonetheless, this setting lacks the presence of human host cells, and it will therefore be of 

interest to continue the characterization of MRSA isolates with different epidemiological 

backgrounds by using infection models that are even more realistic representations of 

infection, such as the lung epithelial cell model used for the studies described in chapters 2 

and 3 of this dissertation. Moreover, the human immune system comprises several types of 

cells and defense mechanisms that S. aureus must evade or eliminate in the course of an 

infection. Therefore, further studies should also consider models that include a more 

complex representation of the host, for example by the inclusion of both epithelial and 

immune cells in the infection model. Such multi-cell type infection models are likely to play 

increasingly prominent roles in infection research in the years to come, and they will 
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provide us with a deeper understanding of the complex networks of interactions between 

the human host and commensal pathogens like S. aureus. 
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Staphylococcus aureus ist eines der am häufigsten vorkommenden Bakterien im 

menschlichen Mikrobiom. Auch wenn sich S.aureus meist eher harmlos verhält, kann diese 

Mikrobe als invasiver Krankheitserreger bedrohliche Auswirkungen auf die Gesundheit 

und das Wohlbefinden von Patienten haben. Ein breites Spektrum an Infektionen, die 

durch dieses Bakterium ausgelöst werden, kann verschiedenste Körperteile des Menschens 

wie Haut, Weichteile und Knochen, sowie Lebenswichtige Organe wie das Herz, die Nieren 

und die Lunge betreffen. S. aureus ist insbesondere als ein Haupterreger von 

Atemwegsinfekten bekannt, welche sich bis zu einer nekrotisierenden Lungenentzündung 

entwickeln können. Aufgrund seiner klinischen Bedeutung wird dieser Kranksheitserrger 

bereits seit Jahren intensiv untersucht. Dennoch ist eine Erforschung von S. aureus wegen 

dessen Fähigkeiten Antibiotikaresistenzen zu entwickeln, der hohen genomischen 

Plastizität und Anpassungsfähigkeit und nicht zuletzt, der Vielzahl an Nischen im 

menschlichen Körper, wo es gedeihen und überleben kann, weiter notwendig. 

Die spezifischen Anpassungen von S. aureus während der Besiedlung und Kolonisierung 

des menschlichen Körpers, während des Übergangs zwischen diesen beiden Phasen sowie 

nach Eindringen in verschiedene Wirtszelltypen sind bisher nur unvollständig aufgeklärt. 

Um im Rahmen dieser Doktorabeit einige Einblicke in diese Anpassungen zu erhalten, 

wurden in vitro Infektionsmodelle eingesetzt, die bestimmte Bedingungen des 

Infektionsprozesses speziell im Lungenepithel widerspiegeln. Diese Anpassungen von S. 

aureus wurden mittels moderner Proteomanalysen untersucht. Weiterhin wurden im 

Rahmen dieser Arbeit S. aureus Stämme verschiedenen Ursprungs in die Analysen 

einbezogen, um auch die genetische Vielfalt dieser Spezies zu berücksichtigen. 

Das Kapitel 1 stellt eine generelle Einführung in die aktuellen Erkenntnisse dieses 

Forschungsgebiets dar. Wesentliche, in diesem Kapitel aufgegriffene Aspekte sind die 

genomische Plastizität von S. aureus und die Fähigkeit des Bakteriums seine Genexpression 

optimal für die Vermehrung und das Überleben in anspruchsvollen ökologischen Nichen 

des menschlichen Körpers anzupassen. Bemerkenswerterweise basiert die genomische 

Vielfalt von S. aureus auf dessen Fähigkeit mobile genetische Elemente aufzunehmen, die 

oftmals Antibiotikaresistenzen vermittelnde oder für Virulenzfaktoren kodierende Gene 

tragen. In Kapitel 1 werden besonders die Virulenzfaktoren und Regulationsmechanismen 
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aufgeführt, die S. aureus verwendet, um Zellen, Gewebe und Immunabwehr des 

menschlichen Wirts zu überwinden und zu zerstören. Zusätzlich werden 

Unterscheidungsmerkmale von Gesellschafts- und Krankenhaus-erworbenen Methicillin-

resistenten S. aureus Isolaten (CA- und HA-MRSA) vorgestellt.  

Das Anpassungsverhalten von S. aureus während einer Infektion in speziellen Nischen des 

menschlichen Körpers ist immer noch nicht vollständig verstanden. Dies betrifft 

insbesondere das intrazelluläre Überdauern des Bakteriums über einen längeren Zeitraum. 

Aus diesem Grund wurde die in Kapitel 2 beschriebene Studie durchgeführt. Dabei wurde 

die dynamische Beziehung zwischen S. aureus und Lungenepithelzellen analysiert. Bis zu 

vier Tage nach Internalisierung wurden die Proteome der Wirtszellen und des 

internalisierten Pathogens betrachtet und dabei kontinuierliche und beidseitige 

Wechselwirkungen festgestellt. Bemerkenswerterweise traten während der Infektion zwei 

Subpopulationen von S. aureus auf, die unterschiedliche Replikationsraten sowie eine 

unterschiedliche intrazelluläre Lokalisation aufwiesen. Eine sich vermehrende 

Teilpopulation trat überwiegend in den ersten 24 Stunden nach der Infektion auf. Diese 

verblieb eingeschlossen in Vesikeln und zeigte eine schnelle Zunahme der Bakterienzahl, 

welche zur Lyse der Wirtszellen führte. Die Proteomanalysen zeigten, dass diese Lyse eine 

Apoptosereaktion war, die vermutlich durch die intrazelluläre Anwesenheit des 

Krankheitserregers hervorgerufen wurde. Die andere Teilpopulation von internalisierten 

S. aureus Bakterien wies einen latenten Phänotyp auf und befand sich hauptsächlich im 

Wirtszellzytosol. Am Versuchsende nach vier Tagen korrelierte die Anwesenheit der 

latenten S. aureus Population mit der Expression inflammatorischer Wirtsproteine. 

Weiterhin zeigte die simultane Proteomanalyse von Wirt und Pathogen eine beständige 

Wechselwirkung auf Stoffwechselebene, welche möglicherweise den Verlauf der Infektion 

bestimmt. So wurde beobachtet, dass der Krankheitserreger sein Proteinmuster an den 

Mangel von Nährstoffen und Sauerstoff in der Umgebung anpasst. Beispielsweise 

bewirkten die vorwiegend mikroaeroben intrazellulären Bedingungen die Produktion von 

Proteinen des Fermentationsstoffwechsels. Weitere signifikante Änderungen betrafen den 

zentralen Kohlenstoffmetabolismus, wo ein Anstieg an Proteinen, die Funktionen im 

Citratzyklus und im Aminosäureabbau erfüllen, beobachtet wurde. Diese 
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Proteomanpassungen in Stoffwechselwegen spiegeln den Versuch der Bakterien wider, die 

Energiegewinnung aus alternativen Kohlenstoff- und Stickstoffquellen zu optimieren. 

Darüber hinaus hat, wie bereits bekannt (1), der mutmaßliche Verbrauch von Aminosäuren 

durch das Pathogen einen Einfluss auf den Wirtsstoffwechsel, besonders auf die 

Biosynthesewege von Arginin und Asparagin. Hervorzuheben ist, dass die genaueren 

Untersuchungen in Kapitel 2 zeigen, dass auch andere Aminosäurestoffwechselwege, 

speziell die von Prolin, Glutamat und Alanin, einen Einfluss auf die Wirt-Erreger 

Interaktionen haben könnten. Zusammengefasst heben die dargestellten Ergebnisse die 

Wechselwirkungen zwischen Wirt und Pathogen auf Stoffwechselebene und die 

wechselseitigen Anpassungen hervor. Schließlich trugen die überlebenden infizierten 

Wirtszellen eine nicht-replizierende überdauernde S. aureus Population in ihrem Zytosol. 

Diese Ergebnisse zeigen, dass das finale Ergebnis einer intrazellulären S. aureus Infektion 

nicht nur durch die Produktion von Virulenzfaktoren, sondern auch durch die 

Verwendung der intrazellulären Resourcen und die folgenden metabolischen 

Anpassungen durch den Wirt und die internalisierten Bakterien bestimmt wird. 

Bei den in Kapitel 2 beschriebenen Analysen wurden potentielle Veränderungen im Fall 

einer vorliegenden Erkrankung nicht betrachtet. Aus diesem Grund wurde das verwendete 

Lungenepithelmodel angepasst um zwei Regenerationsstufen des Lungenepithels, nämlich 

den Anfangsstatus von Migration und Reparatur sowie den Folgestatus der Fibrinogenese, 

darzustellen. Wie in Kapitel 3 beschrieben, demonstrierten die Ergebnisse dieser Studie, 

dass frühe Stadien der Regeneration des Wirtsepithels einen signifikanten Einfluss auf den 

Infektionsverlauf haben. Das niedrigere Polarisierungsniveau während der 

Migrationsphase der Epithelzellen erlaubte eine höhere Internalisierungsrate und eine 

verstärkte intrazelluläre Vermehrung von S. aureus, wodurch das Überleben der 

Wirtszellen verringert wurde. Im Gegensatz dazu wurde in der Fibrinogenesephase eine 

Verstärkung der sogenannten Tight Junctions beobachtet, was zu einer geringeren 

Internalisierung des Pathogens und reduzierter intrazellulärer Vermehrung führte. Trotz 

der beobachteten Unterschiede in diesen zwei Infektionsstadien waren die Anpassungen 

des bakteriellen Proteoms an die intrazellulären Bedingungen sehr ähnlich. Es gab aber 

Unterschiede in den Proteinen, die durch das Rex-Regulon reguliert werden. Rex registriert 



 
138 

den Redoxzustand der Bakterien, der durch die Mengen an verfügbarem Sauerstoff, durch 

eine Aktivierung des Citratzyklus oder einen Anstieg an NO beeinflusst wird. 

Weitergehende Analysen zeigten, dass sich nur die NO Mengen zwischen den zwei 

Infektionsmodellen unterschieden. Dieses geschah infolge der Überproduktion der NO 

Synthase von S. aureus, ein Phänotyp, der mit hohen Kolonisierungsraten in Verbindung 

gebracht werden kann (2). Diese Beobachtungen implizieren eine NO-abhängige 

Modulation des bakteriellen zytoplasmatischen Redoxzustandes, um die Homeostase vor 

der Internalisierung aufrecht zu erhalten. Insgesamt vermitteln die in Kapitel 3 

beschriebenen Studien Einblicke wie S. aureus eine geschädigte Epithelschicht infiziert 

sowie über die begrenzten Fähigkeiten infizierter Zellen adequat auf ein Eindringen von S. 

aureus zu reagieren.  

Um die Untersuchungen zur Anpassung von S. aureus an die Wirtsumgebung zu erweitern, 

beschäftigen sich die letzten zwei experimentellen Kapitel dieser Doktorarbeit mit MRSA-

Isolaten mit unterschiedlichem epidemiologischen Hintergrund. Kapitel 4 beschreibt 

genomische und proteomische Analysen um zwei Gruppen aus jeweils sechs Isolaten, die 

CA- und HA-MRSA Varianten der S. aureus USA300 Linie (Isolation in Dänemark, DK) zu 

charakterisieren und zu unterscheiden. Zusätzlich wurden in diese Studie drei S. aureus HA 

Isolate aus der niederländisch-deutschen Grenzregion (NL-DE) zum Vergleich einbezogen. 

Auf Genebene zeigten die sogenannten Core-Genome der CADK-Isolate eine stärkere 

Ähnlichkeit zu den HANL-DE-Isolaten, während die akzessorischen Genome mehr 

Ähnlichkeiten zwischen den HADK und HANL-DE-Isolaten aufwiesen. Auf Ebene des 

Exoproteoms kamen die meisten identifizierten Proteine in allen Gruppen vor. Dennoch 

wurden Unterschiede in den Proteinmengen der unterschiedlichen Gruppen sowie 

gruppenspezifische Proteine gefunden. Die Mehrheit dieser Unterschiede betraf sekretierte 

Proteine mit vorhergesagter zytoplasmatischer Lokalisierung, die im Folgenden als 

extrazelluläre zytoplasmatische Proteine (ECP) bezeichnet werden (3). Wahrscheinlich sind 

zumindest einige dieser Proteine sogenannte Moonlighting Proteine, die nicht nur ihre gut 

untersuchten Funktionen im bakteriellen Zytoplasma erfüllen, sondern die auch 

extrazelluläre Funktionen bei der Kolonisierung und Infektion des Wirts besitzen. 

Interessanterweise wurde ein erhöhtes Vorkommen solcher Proteine für CA-Isolate 
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während der exponentiellen Wachstumsphase und für HA-Isolate während der stationären 

Wachstumsphase beobachtet. Dieser Unterschied könnte mit einer unterschiedlich 

zeitlichen Koordinierung der ECP Sekretion zusammenhängen. Schließlich zeigte ein 

Vergleich der Exoproteomabundanzsignaturen, dass unabhängig von der geografischen 

Herkunft die zwei HA-Gruppen zusammen gruppierten. Darauffolgende 

Internalisierungsexperimente mit Lungenepithelzellen bestätigten die Gruppierung 

anhand der Exoproteomanalysen. Diese Ergebnisse legen ein besonderes Augenmerk auf 

die mögliche Rolle freigesetzter ECPs in der epidemiologischen Entwicklung und dem 

intrazellulären Überleben von CA- und HA-MRSA Isolaten. ECPs wurden bereits mit der 

Virulenz von S. aureus in Verbindung gebracht, aber eine mögliche Rolle in der 

epidemiologischen Entwicklung von MRSA ist neu. Weiterhin zeigt diese Studie, dass 

Proteomanalysen sehr hilfreich sind, um S. aureus Isolate zu charakterisieren und ihr 

epidemiologisches Verhalten vorhersagen zu können.  

Wie aus Kapitel 2 hervorging, spielen metabolische Anpassungen eine wichtige Rolle in der 

Pathogenität. Daher wird in Kapitel 5 eine erweiterte Analyse ausgewählter klinischer HA- 

und CA-MRSA Isolate aus Dänemark (bereits in Kapitel 4 eingeführt) vorgestellt. Die 

zytosolischen Proteome dieser Auswahl an Isolaten zeigten signifikante Unterschiede 

zwischen den zwei Isolatgruppen. Die CA-MRSA Gruppe wies höhere Mengen an 

Proteinen des Citratzyklus, des Aminosäurestoffwechsels und der Gluconeogenese auf. Die 

Bevorzugung dieser Stoffwechselwege durch die CA-Isolate unterstreicht deren 

Anpassung an nährstoffarme Umgebungen in Übereinstimmung mit ihrem klinischen 

Auftreten in Haut- und Weichgewebeinfektionen. Im Gegensatz dazu zeigten HA-Isolate 

höhere Level von Proteinen aus Glykolyse und Pentose-Phosphat-Weg sowie niedrigere 

Level von Proteinen der Purinbiosynthese. Dies deutet darauf hin, dass HA-Isolate eher 

Nischen mit reichhaltigen Resourcen wie das Blut bevorzugen. Zusammengefasst 

unterstützen diese Beobachtungen die Erkenntnis, dass Anpassungen im zentralen 

Kohlenstoffwechsel eine Schlüsselrolle dabei spielen, ob die untersuchten MRSA-Isolate 

gesunde Individuen in der Gesellschaft oder geschwächte Patienten im Krankenhaus 

infizieren.  
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Schlussendlich betonen die in dieser Doktorarbeit detailiert beschriebenen Studien die 

Bedeutung des Stoffwechsels und der Fitness der Staphylokokken als relevante 

Einflussfaktoren für die Pathogenitätsausprägung. Obwohl metabolische 

Stoffwechselwege oft in der Infektionsforschung ignoriert werden, beeinflussen sie 

tatsächlich die Fähigkeit von S. aureus Isolaten in einer Vielzahl unterschiedlicher 

Wirtskompartimente zu gedeihen und zu überleben. Darüberhinaus wurden in den 

verschiedenen Studien der vorliegenden Doktorarbeit die Proteomanalysen als ein 

wertvolles Mittel zur Untersuchung von sowohl S. aureus als auch von dessen Wirt 

während in Infektionssettings bestätigt sowie unser Verständnis von Unterschieden 

zwischen CA- und HA-MRSA Isolaten vertieft. Die primäre Charakterisierung der 

untersuchten CA- und HA-MRSA Isolate auf Proteomebene basierte auf Kultivierungen in 

RPMI-Medium, welches eine Bedingung darstellt, die das Nährstoffangebot während einer 

Blutstrominfektionen simuliert (4). Dennoch fehlt in diesem Versuchsansatz die 

Anwesenheit humaner Wirtszellen. Daher ist es von hohem Interesse die Analyse der 

MRSA-Isolate verschiedenen epidemiologischen Ursprungs fortzuführen, indem 

Infektionsmodelle zum Einsatz kommen, welche eine Infektion noch realistischer 

darstellen, als das in Kapitel 2 und 3 dieser Arbeit beschriebene Lungenepithelzellmodell. 

Darüber hinaus besteht das menschliche Immunsystem aus verschiedenen Zelltypen und 

Abwehrmechanismen, welche S. aureus im Verlauf einer Infektion umgehen oder 

eliminieren muss. Daher sollten in weiterführenden Studien auch Modelle in Betracht 

gezogen werden, die den Wirt in einer komplexeren Form repräsentieren. Beispielsweise 

könnten sowohl Epithel- als auch Immunzellen in das Infektionsmodell eingebunden 

werden. Solche Infektionsmodelle mit mehreren Zelltypen könnten eine immer wichtigere 

Rolle in der Infektionsforschung in den kommenden Jahren spielen und sie werden ein 

tieferes Verständnis des komplexen Netzwerks von Interaktionen zwischen dem 

menschlichen Wirt und kommensalen Pathogenen wie S. aureus ermöglichen. 
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