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Aims and outline of the thesis 

Humans are exposed to a plethora of microorganisms that reside on outer and inner body 

surfaces. These are collectively referred to as the human microbiome. The evolutionary 

relationship between humans and their microbiome is very complex. It is now widely 

accepted that these microorganisms are not just passive spectators but play an important role 

in health. The presence or absence of certain microbes is also linked to various diseases, 

including inflammatory bowel disease, cardiovascular disease, obesity, cancer, and allergies.  

Allergies are several conditions caused by a misguided immune response to foreign antigens 

that are typically harmless. Common allergic diseases include atopic dermatitis (AD), allergic 

asthma, hay fever, and anaphylaxis. The incidences of allergic diseases are continuously 

rising, with up to 40% of the human population thought to be sensitised to environmental 

antigens. This increased incidence is not simply the result of societies becoming more aware 

and better at diagnosing these diseases. It is believed that the increases in allergies and 

sensitisation have environmental causes and are related to Western lifestyles. It is known that 

the rate of allergies is less frequent in developing countries. They are also more likely to 

occur in urban than rural areas. The prevailing view of the involvement of bacteria in 

allergies is described by the hygiene hypothesis. The hypothesis claims that decreased 

exposure to diverse microbial communities early in life increases the risk of developing 

allergic diseases. There are numerous examples to support this claim. For example, children 

born and raised in close contact to farm animals or in the presence of pets, and who are thus 

in direct and constant contact with a complex microbial environment, are protected from 

allergic diseases [1,2]. On the other hand, colonisation or infection with certain bacteria 

increases allergic disease risks. This seems to contradict the hygiene hypothesis.  

It appears that the members of the microbiome have different effects on allergy, and the 

hygiene hypothesis may not apply to every player in the complex microbial diversity that 

humans are in contact with. Therefore, a better understanding of the host-bacterial interaction 

is required on the level of bacterial species.  

This work studies the interplay between bacteria and the immune system to identify and 

characterise bacterial components with allergenic properties. In this quest, Staphylococcus 

aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis) were investigated for 

their allergenic properties and involvement in different allergic diseases. In the case of 



OUTLINE 
 

2  

S. aureus, evidence is presented on allergic implications for two different components; serine 

protease-like proteins (Spls) and superantigens (SAg). Furthermore, experimental support is 

provided on the allergenic properties of the extracellular serine protease (Esp) from 

S. epidermidis. We argue that stimulating allergic reactions by staphylococci is an immune 

evasion mechanism that increases the survival chances of the bacteria within the host. 

In chapter 1, an introduction is given to both S. aureus and S. epidermidis and their 

interactions with the immune system. Also, the bacterial components with allergenic 

properties and allergic diseases with known bacterial involvement are presented. Finally, the 

question of why bacteria cause allergy is discussed.  

Chapter 2 describes allergic reactions to the Spls of S. aureus in a cohort of cystic fibrosis 

patients. Chapter 3 focuses on the SAgs of S. aureus. SAgs were discovered more than 30 

years ago, but their physiological function is still under discussion. In this chapter, the 

allergenic properties of SAgs and their possible immunological mechanisms are reviewed, 

and a possible link between SAgs and allergic diseases is discussed. In chapter 4, the focus 

shifts to S. epidermidis and its involvement in AD. The human immune response to the Esp 

from S. epidermidis is characterised in healthy and AD individuals. The allergenic properties 

of Esp imply a detrimental role of S. epidermidis in AD. Finally, chapter 5 summarises and 

discusses the results of this thesis. In this section, the pieces are put together, and attention is 

brought back to the question of why bacteria cause allergies. 
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1. The Immune system 
The human body is in contact with a wealth of pathogens that, given the right circumstances, 

can cause infections. The human immune system has evolved to protect the body from 

damage caused by these invading pathogens [3].   

The immune response against an invading pathogen is orchestrated through two main 

components, the innate and adaptive immune systems. The innate immune system's main 

purpose is to prevent the spread of pathogens throughout the body immediately. Physical 

barriers, such as skin, are the first obstacles that pathogens come in contact with when 

encountering the human body [4,5]. If these barriers are disrupted, the invading pathogens are 

recognised by the immune system and are usually repelled. Cells of the innate immune 

system play an important role here. They recognise conserved microbial structures [6], induce 

inflammatory responses, and activate innate host defense mechanisms [7]. In most cases, 

these processes lead to phagocytosis and the removal of pathogens. 

In addition to the rapid sensing and elimination of pathogens, another function of the innate 

immune system is the activation of the adaptive immune system. Adaptive immunity 

comprises a tightly controlled interplay between antigen-presenting cells (APCs), T and B 

lymphocytes, facilitating pathogen-specific immunologic effector pathways and the 

generation of immunological memory. APCs recognise pathogens, take them up, process 

them and present peptide fragments on major histocompatibility complex (MHC) molecules 

on their surface. If T cells can bind to these MHC-peptide complexes through their T cell 

receptor (TCR), they are activated by cell-cell contact, cytokine signaling, and other 

costimulatory signals [7], as shown in (Fig. 1) and described below. 

1.1 T cell activation 
Two important signals drive the activation of naïve T cells, which are the binding of TCR to 

the antigenic MHC-peptide complex [8] and the co-stimulation signal (Fig. 1) [9]. APCs of 

the innate immune system play an important role as they process and present pathogen-

derived peptide fragments to T cells. The peptides can be presented to T cells on MHCI- or 

MHCII-molecules and activate CD8+ and CD4+ T cells, respectively. The T cell receptor 

(TCR) on each T cell binds only a particular MHC-peptide combination and is, hence, 

antigen-specific. The ability of the adaptive immune system to respond to a wide variety of 

pathogens depends on a large repertoire of unique TCRs. The diversity of the TCR repertoire 

is estimated to be 108, which is generated by the random and imprecise rearrangements of the 

TCR genes in the thymus [10]. A T cell's fate is mostly controlled by the surrounding 
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cytokine milieu. These cytokines induce different transcription factors that are important in 

determining the fate of a T cell [8,11]. For instance, the presence of interleukin- (IL-)12 and 

induction of the transcription factors T-bet and STAT4 [12] favour the differentiation of the 

activated CD4+ T cell into type 1 T helper (Th1) cells. They are capable of secreting 

interferon (IFN-)γ, which results in type 1 immune response [13,14]. On the other hand, the 

presence of IL-4 and stimulation of STAT6 and GATA3 favour differentiation into Th2 cells, 

which can secrete IL-4, IL-5, and IL-13 [15]. Th2 cytokines have a role in allergy by driving 

an immune response against environmental antigens that is dominated by IgE antibodies, 

eosinophil granulocytes, and mast cells, collectively referred to as type 2 immune response 

[16]. The type 3 immune response is mounted by another subset of T cells, Th17 cells, which 

are characterised by secreting IL-17 and IL-22 cytokines [17]. These cells orchestrate an 

effective inflammatory response against extracellular bacteria [18]. Of note, regulatory T 

cells (Tregs) serve as a vital mechanism of maintenance and restitution of immune 

homeostasis. These cells are marked by the presence of the Foxp3 transcription factor and 

often by the secretion of IL-10 and TGFβ [19].  

 

Figure 1: Antigen presentation, T cell activation, and CD4+ T cell subsets.  
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Antigen-presenting cells (APC) take up an antigen. After processing, peptides from the antigen are 

presented to CD4+ T helper cells on MHC-II molecules. Antigen-specific naïve T cells are stimulated 

to expand upon interaction with APCs expressing MHC class II/peptide complexes. Depending on the 

type of APC and the fate-specifying cytokines (arrows) at the site of antigen encounter, naïve T cells 

can be driven down one of several differentiation pathways. The differentiated T cells retain the TCR 

specificity of the parent naïve T cell but secrete different profiles of cytokines that mediate distinct 

effector functions, including activation for the killing of intracellular pathogens (Th1), the expulsion 

of helminths, or allergic responses (Th2), induction of inflammatory responses against extracellular 

bacteria and fungi (Th17), and dampening of inflammation (regulatory T (reg) cells). Specific 

transcription factors (indicated in the nuclei) stabilise the lineage commitment and dictate the 

specific cytokine secretion profiles. Abbreviations: APC, antigen-presenting cell;  Foxp3, Forkhead 

box protein 3; MHC, major histocompatibility complex;  RORγt, (retinoic acid receptor-related orphan 

receptor γt); T-bet, T-box expressed in T cells; TCR, T cell receptor; Th, T helper cell; Treg, 

regulatory T cell. Adapted from [15,20]. 

1.2 B cell activation and antibody production 
B cells bind antigens with their B cell receptor (BCR). Each B cell, like in the case of T cells, 

has only one BCR specificity. The BCR repertoire is highly diverse. Repertoire diversity is 

achieved centrally by somatic recombination of immunoglobulin (Ig) genes and peripherally 

by somatic hypermutation and Ig heavy chain class-switching [21]. In a naïve B cell, the 

BCRs are membrane-bound IgM antibodies [22]. B cells are APCs (although less effective at 

activating naïve T cells than other professional APCs); they can take up the BCR-bound 

antigens, process them, and present peptide fragments on MHC-II molecules together with 

costimulatory signals [23]. Thus, on the one hand, they can activate, although poorly, 

antigen-specific T cells, and on the other hand, they can receive help from T helper cells. 

Activated B cells then differentiate into plasma cells that secrete the affinity-matured and 

class-switched BCR in the form of antibodies. There are five antibody classes (isotypes): 

IgM, IgA, IgG, IgD, and IgE. A naïve B cell can switch from IgM to one of the other Ig 

classes depending on the surrounding cytokine environment that is co-determined by T helper 

cells [24].  

The current work's focus is on the IgG and IgE classes; a short description of each type with 

its biological relevance is given below.  

1.2.1 IgG antibodies  

IgG antibodies are the most abundant Ig in serum, accounting for 10–20% of total plasma 

proteins [25,26]. They are divided into IgG subclasses IgG1, IgG2, IgG3, and IgG4, 

numbered in descending order according to their contribution to the total IgG [27]. 
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The IgG1 subclass comprises 43% to 75% of the total serum IgG [27]. IgG1 antibodies are 

induced by proinflammatory cytokines such as IL-17, IL-21, and IFN-γ that are released by 

Th1 and Th17 cells [28]. The binding of IgG1 to an antigen leads to opsonisation. Also, IgG1 

antibodies can activate the complement system. IgG2 and IgG3 have similar properties [26]. 

IgG4 is the least abundant IgG subclass, accounting for 0.8%-11.7% of the total serum IgG in 

healthy individuals [27,29]. Physiological IgG4 responses can be induced by prolonged or 

recurrent antigen exposure [30]. IgG4 production, like IgE production, is controlled primarily 

by Th2 cells [27,30]. IgG4 antibodies have a very low affinity to Fcγ receptors, making them 

weakly opsonising [27,29], and they do not activate complement [29]. Therefore, IgG4 

antibodies function as neutralising antibodies and do not elicit inflammation. They can 

therefore counteract inflammation in allergies and other forms of chronic inflammatory 

dysregulation [27,30].  

1.2.2 IgE antibodies  

IgE antibodies are the least abundant class of immunoglobulins present in healthy individuals' 

serum [31]. Th2 cytokines, IL-4, IL-5, and IL-13, are crucial for IgE production by B cells 

[30,32]. With their Fc region, IgE antibodies can bind to a specific receptor (Fcε) on different 

immune cell types, including mast cells, basophils, and eosinophils. When these cells have 

bound specific IgE at high density and come into contact with the corresponding antigens, 

crosslinking of adjacent Fcε receptors occurs. Then, these cells are activated and release 

preformed inflammatory mediators by degranulation, including histamine, leukotrienes, and 

prostaglandins. These mediators cause vasodilation, bronchoconstriction, and inflammation. 

Under physiological conditions, the type 2 immune response protects against parasitic worm 

infections. However, when a type 2 immune response is generated against innocuous 

environmental antigens, allergy may develop [3]. Antigens with a propensity to induce type 2 

immunity are called allergens. 

1.3 Allergic inflammation 
Allergies are complex diseases presenting with local tissue inflammation that is characterised 

by an exaggerated type 2 immune response to environmental compounds known as allergens. 

Pollens, fungi, and house dust mites are examples of common allergens. Type 2 inflammation 

is a central feature of allergies, characterised by IgE production and increased numbers of 

Th2 cells, which release IL-4, IL-5, and IL-13 upon allergen exposure. These ultimately lead 

to mast cell activation and tissue infiltration by eosinophils [33,34]. Epithelia are thought to 

be the first cells to respond to allergen exposure. They produce potent mediators such as IL-
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25 and IL-33, known as alarmins. The alarmins promote the recruitment and activation of 

specialised immune cells and affect their differentiation towards a type 2 immune response 

profile [35]. IL-33 further amplifies the allergic inflammation by inducing other pro-

allergenic cytokines and chemokines, such as IL-4, IL-5, and IL-13 [36].  

Allergic diseases are diverse, complex and represent one of the most common types of 

disease globally. They incur a substantial global health burden. Major chronic allergic 

diseases include asthma, rhinitis, AD, gastrointestinal diseases, and diseases induced by food, 

drug, and insect allergies [37,38]. 

Allergologists and immunologists have been puzzled by the question of what makes an 

antigen an allergen, i.e., why certain substances are prone to induce a Th2 response and elicit 

specific IgE. Although this question cannot be fully answered at the moment, studies into the 

molecular features of allergens have revealed some interesting features. For example, many 

common allergens (such as those from Aspergillus spp., house dust mites, and cockroaches) 

are proteases. They cause barrier disruption of the epithelial barrier (tight junctions), induce 

the release of the alarmin cytokine IL-33, and activate protease-activated receptors (PARs) on 

several cells types. This leads to the production of Th2 cytokines [39–41].  

1.4 The hygiene hypothesis and the role of bacteria in allergy 
It is unclear why the incidence of allergic disorders has strongly increased since the second 

half of the last century. In 1989, Strachan proposed the hygiene hypothesis [42]. He showed 

that children growing up in larger families have a lower risk of developing allergic diseases 

than children in small families. He suggested that "allergic diseases are prevented by 

infection in early childhood, transmitted by unhygienic contact with older siblings, or 

acquired prenatally from a mother infected by contact with her older children" [42]. There is 

evidence in support of this hypothesis. For instance, infection or vaccination with 

microorganisms such as mycobacteria can reduce allergy prevalence [43–48]. Mycobacteria 

are potent inducers of Th1 responses; these are characterised by the release of IFN-γ, which 

counteracts type 2 inflammation [43]. A role in allergy prevention has also been documented 

for other members of the human microbiome, especially lactic acid-producing bacteria, 

including Lactobacillus or Bifidobacteria species [49–51]. 

To explain the mechanisms underlying this protection, the original hygiene hypothesis has 

been adapted. The modified hygiene hypothesis states that decreased microbial exposure 

early in life impairs the development of immune tolerance. Therefore, an immune response 
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can be elicited even against harmless antigens [42,52–54]. Here, regulatory T cells (Tregs) 

(Fig 1) are of special importance as they counteract inflammatory T cell effector responses 

and dampen the immune system after activation. Exposure to diverse antigenic stimuli early 

in life favours a "healthy" development of these regulatory mechanisms that can limit 

unwanted or excessive immune reactions against harmless environmental antigens [55].  

Contrary to the protection provided by some bacteria against allergy development, other 

bacterial species favour the development and exacerbation of allergic inflammation. IgE 

antibodies that can bind to bacterial antigens have been found in the sera of many allergic 

individuals [56–59]. This suggests that some bacterial components are allergens, eliciting a 

specific type 2 immune response. To date, only a few of these bacterial allergens are 

molecularly defined [60]. Some of these are produced by S. aureus. 

2. Staphylococcus aureus 
S. aureus is a Gram-positive bacterium that can persist in nature under hostile environmental 

conditions and interacts with humans as both commensal and pathogen. It is responsible for a 

multitude of the hospital- and community-acquired infections. These infections range from 

minor skin and soft tissue infections such as pimples, boils, cellulitis, scalded skin syndrome, 

and abscesses to life-threatening diseases including bacteremia, infective endocarditis, and 

pneumonia [61]. The capability of S. aureus to cause such a broad range of clinical outcomes 

is based on an abundance of adhesins, exoenzymes, immune evasion factors, and virulence 

factors, which facilitate attachment, colonisation, tissue invasion, toxinosis, and immune 

escape [20].  

2.1 Colonisation and intracellular persistence 
S. aureus is often found on the skin of the axilla, chest/abdomen, groin, and perineum, as well 

as on the mucosa of the pharynx and intestine [62,63], but the main site of colonisation in 

humans is the vestibulum nasi (anterior nares) [64,65]. Concerning S. aureus colonisation, 

humans are grouped into three categories: non-carriers, intermittent carriers, and persistent 

carriers [63]. Around 20% of the human population is persistently colonised with S. aureus 

[66]. The process of S. aureus colonisation is the result of a complex interplay between a 

multitude of host and bacterial factors that ends up in a tight and, sometimes, long-lasting 

relationship between the two parties [67]. Persistent colonisation requires the bacterium to 

establish a stable interaction with the epithelium through various cell surface components and 

the release of virulence factors.  
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S. aureus can also survive intracellularly in different cell types, including epithelial cells, 

endothelial cells, inflammatory cells, and mast cells [63]. The bacterium invades these cells, 

adapts to the intracellular environment, and exerts its toxic effects while hiding from immune 

recognition [68] and antibiotic killing [63,69].  

The different rates of colonisation among individuals are linked to their immune status, gene 

polymorphisms, and competition of S. aureus with other microorganisms [63]. In patients 

with underlying allergic diseases, S. aureus colonisation rates are significantly higher than in 

healthy adults [60]. It has long been recognised that nasal carriage of S. aureus is a major risk 

factor for infections, which are mostly caused by the colonising strain [71]. There is 

increasing evidence that colonisation by S. aureus is associated with the development of 

allergic inflammation. The bacteria can release some components with documented allergenic 

properties [58,59,72,73], these include serine protease-like proteins [56,74] and superantigens 

[20].  

2.2 S. aureus virulence and immune evasion factors 
Successful colonisation or infection requires S. aureus to overcome the challenges imposed 

by the host's immune system. With regard to this, the bacterium has evolved a broad range of 

mechanisms to escape the immune system, such as avoiding, inhibiting, and misdirecting the 

host's immune system [75]. A plethora of virulence factors is crucial for the success of 

S. aureus as a commensal bacterium and as a pathogen. S. aureus has been shown to secrete 

numerous proteins when establishing infection/or colonisation. For instance, in the upper 

airway mucosa of patients with chronic rhinosinusitis (CRS), more than 600 proteins released 

by S. aureus were identified with high-resolution mass spectrometry; among these were 

staphylococcal enterotoxins and serine protease-like proteins [70] (Fig. 2). Some of the S. 

aureus virulence factors are summarised below. 

2.2.1 Cell wall anchored proteins  

S. aureus expresses a range of cell wall-anchored (CWA) proteins. The most predominant 

group of the CWA is the family of microbial surface components recognising adhesive 

matrix molecules (MSCRAMMs). These surface proteins are defined by the presence of two 

adjacent IgG-like folded subdomains that mediate the binding to their ligands on host cells. 

Examples of MSCRAMMs include, but are not limited to, clumping factor A (ClfA), ClfB, 

fibronectin-binding protein A (FnBPA), FnBPB, serine-aspartate repeat proteins C-E (Sdr C-

E), and collagen adhesin (Cna) [76]. These MSCRAMMs have many functions, including 
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adhesion to and invasion of host cells and tissues, evasion of the immune response, and 

biofilm formation [68].  

The anterior nares of humans, where S. aureus mostly colonises, are lined by skin. Its 

uppermost layer is keratinised squamous epithelium that contains proteins such as loricrin, 

cytokeratin 10, involucrin, and filaggrin (Fig. 2) [77]. The bacterium efficiently adheres to 

these proteins through surface factors, including ClfB [67,78] and iron-regulated surface 

determinant A (IsdA) [78]. Other S. aureus surface proteins, such as surface protein G 

(SasG), SasX [63] as well as SdrC and SdrD [79], may also serve as ligands for host proteins 

on the epithelial cells. Additionally, staphylococcal cell wall teichoic acids (WTAs), non-

protein adhesins, are vital for the colonisation process [80]. The bacterium can bind to the 

ciliated epithelium in the posterior nasal cavity through WTAs [81] (Fig. 2). Once 

colonisation is established, S. aureus grows exponentially in the nasal cavity to avoid 

elimination by epithelial cell shedding and mucus release [68].  
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Figure 2: S. aureus colonisation, invasion, and induction of an adaptive immune 

response. 

S. aureus uses MSCRAMMs to bind to loricrin, cytokeratin 10, involucrin, and filaggrin, which are 

abundant in the keratinised epithelium in the anterior nares (left panel). However, in the posterior 

nares (right panel), the bacterium binds to the ciliated cells through its WTAs. Proteases and α-toxin 

can disrupt the epithelial barrier, facilitating the entry of S. aureus and its components. Moreover, 

secreted allergens, namely Spls and SAgs, trigger allergic inflammation and elicit an IgE-biased 

specific antibody response. As a result of this concerted action, S. aureus can shift the host immune 

response away from a Th1/Th17 profile, which would be required for efficient clearance of the 

bacteria towards type 2 inflammation, which is less harmful to this microorganism. Abbreviations: 

DC, dendritic cell; MSCRAMM, microbial surface components recognising adhesive matrix 

molecule; SAg, superantigen; Spls, staphylococcal serine protease–like proteins; Th, T helper cell; 

WTA, wall-teichoic acid [82]. 

 

2.2.2 Pore-forming toxins 

S. aureus secretes a number of pore-forming beta-barrel toxins. Bicomponent leukocidins and 

α-toxin have gained much attention for their ability to lyse cells at low concentrations and 

modulate disease severity. Although many of these toxins were discovered nearly a century 

ago, their host cell specificity has only been elucidated recently [83]. The most prominent 

member of these toxins is alpha (α)-toxin. The toxin was initially named α-hemolysin due to 

its ability to cause red blood cell lysis. However, based on its broad range of virulence 

functions, α-toxin is an important cause of injury in the skin and soft tissue necrosis, as well 

as necrotising pneumonia, which is often lethal [84]. 

2.2.3 Complement and phagocyte evasion factors 

S. aureus can interfere with the host's immune system through factors that block complement 

activation, phagocyte chemotaxis, phagocytic uptake, and oxidative killing [85–87]. For 

instance, extracellular fibrinogen-binding protein and its homologue extracellular 

complement-binding protein (Ecb) are identified as potent complement evasion molecules 

that can inhibit the activation of different components of the complement cascade. 

Conversely, the bacterium can exploit host defense mechanisms such as neutrophil 

extracellular traps (NET) or fibrin formation to favour its replication and survival. S. aureus 

is also known for manipulating the adaptive immune response, such as dysregulation of the 

proliferative response of B- and T cells, which prevents these cells from mounting a 

protective immune response [88]. 



INTRODUCTION 
 

13  

2.2.4 Superantigens  

Superantigens (SAgs) are a family of potent toxins that have very strong immunomodulatory 

effects. SAgs are mitogens for T cells and cause aberrant activation of large proportions of 

this cell population that is usually subject to stringent regulation. The toxins crosslink MHC-

II on an APC with the TCR, independent of its antigen specificity. Thus they bypass the 

conventional antigen processing and presentation and activate a large proportion of T cells. 

The massive synchronous T cell activation results in releasing high amounts of cytokines, a 

cytokine storm. The staphylococcal SAg family is composed of at least 26 different toxins 

with a protein size ranging between 19 to 27 kDa [89]. It encompasses staphylococcal 

enterotoxins (SEs), staphylococcal enterotoxin-like molecules (SEls), and the toxic shock 

syndrome toxin-1 (TSST-1). Two SAgs, SElX and the putative SElW [89], are universally 

present, and around 80% of clinical S. aureus isolates harbor additional SAg genes [90] that 

are encoded on mobile genetic elements [89]. 

After more than 30 years of research, the advantage gained by S. aureus from SAgs is still 

under discussion. SAgs are thought to create an immunological "smokescreen" [91] in which 

S. aureus hides from specific immune recognition through stimulating the release of a storm 

of cytokines that makes T cells refractory to specific activation [92–94]. Also, T cells 

exposed to the cytokine storm become anergic, and many of them ultimately die [92,93]. 

Another concept suggests that SAgs aid S. aureus in the process of colonising the host. 

Antibodies directed against SAgs have been found in persistent carriers [95,96]. Also, SAg 

transcripts have been detected in the nose of carriers [95]. These indicate that SAgs are 

expressed during colonisation. In a mouse infection model, deletion of seb increased the 

bacterial burden. The authors propose that SAgs act as a checkpoint by promoting an 

inflammatory response that keeps the bacterial number below pathogenic densities, therefore, 

fostering asymptomatic carriage while preventing complete elimination by the immune 

system. [89]  

However, SAgs are also known to cause diseases ranging from self-limiting food poisoning 

episodes to multi-organ dysfunction. First and foremost, SEs are potent gastrointestinal toxins 

causing vomiting and diarrhea. A rare but well-known condition triggered by SAgs is the 

toxic shock syndrome (TSS), which is caused by the storm of proinflammatory cytokines 

released by non-specifically-activated T cells. TSS is a life-threatening condition manifested 

by sudden fever, hypotension, and potential progression to multi-organ failure [97]. 

Moreover, SAgs are associated with pneumonia, endocarditis, and autoimmune disorders 
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[89,98]. Being dangerous virulence factors, SAgs are interesting vaccine targets. Vaccination 

protocols using genetically modified inactive SAg toxoids of TSST-1 and SEB, respectively, 

have been successful in phase I clinical trials, proving safety and immunogenicity [99–102].  

There is increasing evidence that S. aureus SAgs are involved in the severity, exacerbation, 

and recurrence of allergic diseases such as asthma and CRS [57,58,103]. The allergenic 

properties of the SAgs are evident because they induce specific IgE formation in susceptible 

individuals. SAg-specific IgE (SE-IgE) has been detected in the sera of patients with different 

allergic disorders [103,104]. 

In allergic diseases, these toxins may have multiple pathophysiologic functions: (i) 

Superantigen: stimulation of local T cells independent of their antigen specificity and 

function; (ii) "superallergen": stimulation of Th2 cells independent of their antigen 

specificity; (iii) superantigen: stimulation of local B cells by recruiting T cell help, 

independent of the immune cells' antigen specificity and function; (iv) "superallergen" 

stimulation of IgE-positive B cells by recruiting help from Th2 cells, independent of the 

immune cells' antigen specificity; (v) conventional antigen: SAgs are dominant 

staphylococcal antigens; to date, this was shown only for the B cell and antibody response; 

(vi) conventional allergen: SAgs elicit a specific IgE response (SE-IgE). The frequently 

observed anti-SAg IgG- and IgE responses (v, vi) point to a large pool of SAg-specific T 

cells, including Th2 cells. These T cells, however, have not yet been demonstrated. 

In line with the higher rate of colonisation by S. aureus, the formation of serum SE-IgE is 

also increased in patients with chronic airway diseases compared with healthy individuals. It 

has been demonstrated that SE-IgE levels in allergic diseases, such as CRS, correlate with 

disease severity and asthma comorbidity, suggesting a role as an important cofactor in 

chronic inflammatory airway diseases [73,105]. In another study screening more than 2900 

individuals in 19 different centers in Europe, it was found that SE-IgE was significantly 

associated with asthma severity. It was shown that 59.6% of patients with severe asthma have 

SE-IgE, whereas only 13% of healthy control subjects were SE-IgE positive [106]. Currently, 

there is a commercial kit available to measure IgE against five different SEs (SE A-E) and 

TSST-1; the question of whether there is also an IgE response against the other 21 SAgs 

cannot be answered at the moment. The specific IgE antibodies against SAgs are functional; 

they bind to the surfaces of mast cells and basophils via Fcε receptors and trigger 
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degranulation upon ligation by their antigen, i.e., SAgs of S. aureus [107–109], thereby 

promoting an allergic inflammation.  

2.2.5 Extracellular proteases  

Proteases are enzymes that break down polypeptides or proteins by cleaving peptide bonds 

[110]. In bacteria, proteases are involved in proliferation and virulence and can serve the 

microorganisms in several ways, including nutrient acquisition and penetration of host 

barriers. Moreover, these enzymes may directly affect a broad range of host immune 

functions, including the inhibition of immune cell activation, the prevention of 

opsonophagocytosis, and the blockade of the classical and alternative complement pathways. 

Last but not least, recent reports show that some of these proteases can deviate the immune 

response in the direction of a type 2 profile, promoting an allergic inflammation.  

To date, 10 major extracellular proteases are known in S. aureus, including the serine 

protease V8, 6 serine protease-like proteins (Spl) A-F, the metalloprotease aurerolysin, and 

two cysteine proteases, the staphopains A and B [111].  

The serine protease-like proteins (Spls), a group of six proteins, Spls A-F, encoded on a 

single operon, can be released by the majority of S. aureus clinical isolates. Spls have 

recently been identified as triggering allergens stimulating allergic airway inflammation in 

mice [56]. Interestingly, human T cells exposed to Spls in vitro released typical Th2 

cytokines, including IL-4, IL-5, and IL-13. Meanwhile, IFN-γ- and IL-17 production was 

shown to be very low. This tends to be the opposite in the case of other S. aureus antigens, 

which typically stimulate a Th1/Th17 profile with increased IFN-γ- and IL-17 production. 

The nasal polyp tissues from patients colonised with S. aureus contain detectable amounts of 

IgG binding to SplA, SplB, and SplD/F. Moreover, specific IgE against different Spls has 

been detected in the sera of asthmatic and cystic fibrosis (CF) patients at higher 

concentrations than in control subjects [56,74].  

In a mouse model, repeated endotracheal applications of SplD induced typical features of 

allergic asthma such as SplD-specific IgE formation, Th2 cytokine production in the local 

draining lymph nodes, and eosinophilic infiltration of the airways [112]. This allergic 

inflammation was dependent on IL-33 as the administration of a soluble IL-33 receptor as a 

decoy resulted in a significant reduction of symptoms. IL-33 is an alarmin that activates 

type 2 innate lymphoid cells (ILC2), which in return secrete IL-4. The IL-4 released by 

ILC2s acts on B cells non-specifically and leads to antibody class switching and polyclonal 
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IgE formation [113]. ILC2s can be found in significantly increased numbers in the nasal 

polyps from CRS patients with comorbid asthma [114]. The IL-33 released upon exposure to 

SplD in mice mediated characteristic features of allergic asthma and even broke the immune 

tolerance to other antigens/allergens [111]. Of note, Spls have been detected in nasal polyp 

tissues [115], confirming their presence in the local tissue where they may trigger a type 2 

immune response. 

At the molecular level, little is known about the pathophysiological functions of the Spls. 

However, recent work has identified some biological substrates. Chandrabalan and colleagues 

have shown that SplB selectively cleaves and activates the human proteinase-activated 

receptor-2 (PAR2). Also, SplB disrupted the endothelial barrier both in vitro and in vivo, and 

this effect was halted when SplB's activity was neutralised with an anti-SplB monoclonal 

antibody [116]. In another study, SplA was shown to cleave the mucin 16 glycoprotein from 

the surface of the CalU-3 lung cell line. The authors suggest that this helps S. aureus spread 

in the lungs during pneumonia infections [117]. In an infection experiment in the rabbit 

pneumonia model, it was shown that Spls were produced in vivo during infection but did not 

have a major influence on the virulence of S. aureus [117]. 

3. Staphylococcus epidermidis  
 S. epidermidis is a gram-positive commensal bacterium that colonises the human skin and 

mucous membranes. Given favourable circumstances, the bacterium can turn into an 

important pathogen [118]. Together with its more virulent close relative, S. aureus, S. 

epidermidis ranks first among the causative agents of nosocomial infections. The infections 

caused by S. epidermidis are mostly associated with indwelling medical devices. This is 

mainly because the bacterium is abundantly available on the human skin and can adhere to 

catheter surfaces and form biofilms [119].  

The role of S. epidermidis in allergic diseases is controversial. The bacterium has been 

praised for its innocuous character as a skin commensal. On the other hand, S. epidermidis is 

frequently isolated from AD patients' skin lesions, and its presence is linked to AD 

exacerbation [120,121]. 
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3.1 Virulence and immune escape 

3.1.1 Biofilms 

Biofilm formation represents a protected mode of growth that allows S. epidermidis not only 

to survive in hostile environments but also to colonise new niches by dispersal of 

microorganisms from the microbial clusters [122]. Biofilms can also help S. epidermidis to 

orchestrate a low level of inflammation, escaping from immune recognition and interfering 

with humoral immunity [123]. S. epidermidis shows extensive genome-wide adaptation to the 

biofilm mode of growth, which involves the downregulation of fundamental cellular 

processes such as nucleic acid, protein, and cell wall biosynthesis [124]. Biofilm formation 

begins by the initial adhesion of cells to a surface, such as indwelling medical devices, and 

their subsequent aggregation into multicellular structures. The bacterium has a vast array of 

MSCRAMM proteins that mediate adherence and communication with the bacterial 

community within the biofilm. After initial adhesion, biofilms develop through intercellular 

aggregation mediated by extracellular matrix components produced by the bacteria and by 

many bacterial surface molecules [119].  

3.1.2 Immune evasion  

The species S. epidermidis has been shown to produce exopolymer, namely poly-γ-glutamic 

acid. In addition to its role as part of the extracellular biofilm matrix, these exopolymers have 

been found to protect S. epidermidis from neutrophil killing, complement deposition, 

immunoglobulins, and AMPs [125,126].  

This bacterium also secretes a class of toxins known as phenol-soluble modulins (PSMs). 

One of these, PSMδ, possesses strong cytolytic properties toward leukocytes. Through 

selective production of non-cytolytic subtypes of PSMs, S. epidermidis can maintain a low 

inflammatory infection profile and avoid eradication by the host immune system [123].  

S. epidermidis has the ability to sense the antimicrobial peptides produced by human cells 

and subsequently develop defence mechanisms against them. The human immune system can 

sense the presence of S. epidermidis and secrete antimicrobial peptides (AMP). S. 

epidermidis has evolved mechanisms to notice these harmful molecules. An AMP-sensing 

system termed aps has been identified [127] that is activated in response to a range of AMPs 

and elicits upregulation of AMP-defensive mechanisms. These machinery include the D-

alanylation of teichoic acids [128] and the lysylation of phospholipids [129], both of which 

decrease the anionic charge of the bacterial surface, thereby preventing the efficient attraction 

of cationic AMPs [119].  
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3.1.3 The extracellular serine protease 

S. epidermidis secrets various proteins with roles in bacterial fitness and virulence [130–132]. 

The extracellular serine protease (Esp) is a secreted serine protease that exclusively exists in 

S. epidermidis but not in other staphylococcal species [133]. The pro-Esp, also previously 

known as GluSE [134], comprises a 66-residue pro-peptide at the N-terminal end and a 

mature 216-residue polypeptide in the C-terminal region (Fig. 3). Esp is involved in bacterial 

interference. The protease destroyed S. aureus biofilms [135] and selectively degrades 

several human proteins that are used as receptors by S. aureus (e.g., fibronectin, fibrinogen, 

and vitronectin) in colonisation or infection  [135–137]. Moreover, Esp degrades complement 

C5 protein and human keratin [138]. Furthermore, when S. epidermidis cells were introduced 

into the nasal cavities of volunteers who were S. aureus carriers, the wild-type S. epidermidis 

eliminated S. aureus colonisation while its isogenic esp mutant did not [136].  

 

Figure 3: Structure of Esp 

The full-length S. epidermidis serine protease (Esp) is a 282 amino acid protein. The protease is 

secreted as a proenzyme which is composed of a 66-residue pro-peptide at the N-terminal end and a 

mature 216-residue polypeptide in the C-terminal region. The pro-peptide residue can be cleaved off 

by the enzymatic activity of the bacterial protease thermolysin and by yet unknown proteases.  

4. Atopic dermatitis 
AD is a common chronic relapsing allergic skin disease caused by skin barrier defects and 

misdirected immune responses against harmless antigens [139,140]. AD affects up to 20% of 

children and 5-10% of adults worldwide [141,142]. AD development is a multifactorial 

process that involves genetic and environmental factors. In most cases, AD's pathogenesis 

starts with the genetic predisposition for skin barrier defects such as dry skin. This defect 

leads to overexpression of proinflammatory cytokines and subsequent activation of innate 

lymphocyte subsets and APCs. Transcutaneous sensitisation to environmental allergens and 

bacterial infections further adds to barrier disruption and skin inflammation [140]. An 

important feature of AD is dysbiosis, with an increased presence of certain microorganisms, 
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including staphylococci [143,144]. There is a consensus about the detrimental involvement of 

S. aureus in AD. S. aureus expresses several molecules that contribute to the intensity of 

symptoms, including δ-toxin, which stimulates mast cells, and α-toxin, which damages 

keratinocytes. Moreover, SAgs cause cytokine release and trigger B cell expansion. Also, 

proteases produced by S. aureus contribute to the disruption of the epidermal barrier [145]. 

However, there is a controversy concerning the involvement of S. epidermidis in AD. While 

some researchers describe the bacterium as a mutualist [146–149], others point to S. 

epidermidis as a foe [120,150]. On the one hand, S. epidermidis can release and activate the 

production of AMPs by the host epithelial keratinocytes. These antimicrobial agents can 

directly kill or inhibit the pathogenic microorganisms [148,149,151]. Furthermore, S. 

epidermidis transplanted onto the AD skin decreased colonisation by S. aureus [148]. 

Moreover, S. epidermidis can be detected by dermal dendritic cells that respond by enhancing 

IL-1 production and expansion of T cells producing IL-17 [146,147,152].  

On the other hand, there is increasing evidence for an implication of S. epidermidis in AD. 

After S. aureus, S. epidermidis is the most frequently isolated pathogen of skin lesions in AD 

[120,153]. In some studies, colonisation with S. epidermidis was linked to more severe AD 

[120]. Also, a cysteine protease from S. epidermidis, EcpA, has recently been shown to injure 

the epidermal barrier and promote skin damage in AD [150]. The presence of S. epidermidis 

and expression of ecpA mRNA were augmented in the skin of some AD patients, and this 

correlated with disease severity. [150]. Another study corroborated that this bacterium can 

promote skin inflammation due to excess proteolytic activity promoted by EcpA [154]. 

5. Cystic fibrosis 
CF is an autosomal recessive hereditary disorder. It is caused by a mutation in the gene 

affecting the cAMP-regulated transmembrane chlorine channel (CFTR), resulting in 

abnormal respiratory secretions. As a result, CF patients produce viscous mucus, especially in 

the lungs [155,156]. Moreover, there is the dysfunction of secretory glands such as the 

pancreas and accessory sex glands. The bile composition is also affected [157]. CF patients 

mainly suffer from chronic and recurrent bacterial infections of the lungs. S. aureus is usually 

found early in the respiratory tract of infants and children with CF [158]. In fact, persistent 

colonisation with S. aureus occurs early in the disease course in up to 70% of CF patients, a 

much higher percentage than in the general population [159,160]. CF is characterised by 
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severe bronchopulmonary infections and inflammation of the airways with S. aureus and 

Pseudomonas aeruginosa, contributing to progressive and fatal lung disease [161].  

Besides infections, allergic immune responses play a crucial role in the disease progression of 

CF. These are frequently associated with sensitisation to Aspergillus fumigatus, with 1-15% 

of patients suffering from allergic bronchopulmonary aspergillosis, accelerating the decline 

of respiratory function [162,163]. S. aureus is also associated with allergic airway 

inflammation [59,164]. In this thesis, I show that many CF patients react with a biased type 2 

immune response to the Spls of S. aureus.  

6. Why do bacteria cause allergies? 
The results obtained by numerous research groups agree that staphylococci contribute to the 

development of type 2 immune responses. Commonly, the adaptive immune response against 

extracellular bacteria is dominated by Th1/Th17 profiles, which effectively control bacterial 

infections [17,18,94,165–168]. Deviation of the immune response towards a Th2 profile and 

developing an allergic response in the host counteracts Th1/Th17 profile. This probably 

benefits bacteria during colonisation and infection. Therefore, it is plausible that the type 2 

modulation of the immune system functions as a staphylococcal immune evasion mechanism 

[60]. This idea is supported by the high colonisation rates of staphylococci among allergic 

patients, which are significantly higher than in healthy individuals. Also, in certain allergic 

subjects, specific IgE antibodies against some bacterial components, such as SAgs, correlate 

with disease severity [58,104]. As type 2 inflammation is less effective than type 1/3 

responses in the clearance of bacteria, it not only facilitates colonization but also increases 

the risk of life-threatening infections [169,170].  
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Allergic sensitisation or atopy is manifested by the presence of allergen-specific IgE in the 

serum. In sensitised individuals, exposure to the allergens can cause diseases such as asthma, 

hay fever, eczema, AD, and systemic anaphylaxis [1]. Allergies have existed since antiquity; 

they have been mentioned in Chinese and Greek literature [2]. However, they became a major 

health problem of modern societies. This is due to the strong increase in the prevalence of 

allergic diseases in the past decades [1]. To date, around 40% of the human population is 

thought to be sensitised against proteins in the environment [3]. This sharp increase in allergic 

diseases is concurrent with a strong decline in infectious diseases. This inverse correlation has 

inspired the hygiene hypothesis: decreased exposure to microbial diversity facilitates allergy 

development [4,5]. Supporting this hypothesis, experimental data show that exposure to 

various bacteria can protect against allergies.  

However, conversely, there is evidence that certain microorganisms not only are unable to 

protect against allergies but are major contributors to allergic exacerbations. S. aureus is 

known for its harmful involvement in different allergic diseases such as CRS, asthma, and AD 

[5–8]. Allergenic properties have been documented for S. aureus SAgs and Spls. Sensitisation 

to S. aureus enterotoxins is well documented in allergic diseases such as CRS, where it is an 

independent risk factor for comorbid asthma. In these patients, the level of SE-IgE frequently 

correlates with disease severity [6,7,9]. Besides SE IgE, many asthmatic and CF patients have 

elevated serum IgE against Spls [10,11]. It is possible that sensitisation to persistent 

colonising and infecting S. aureus significantly contributes to disease progression in allergic 

patients.  

There is a controversy around the involvement of S. epidermidis in allergy. This bacterium 

has been traditionally considered as a beneficial colonizer of the skin. This notion has mainly 

originated from S. epidermidis' ability to kill the more pathogenic S. aureus [12–14]. 

However, in recent years, reports revealed adverse effects of S. epidermidis on the human skin 

in AD. The intact skin is a tough barrier for pathogens and commensals alike, but disruption 

of this barrier, through either genetic defects or physical injury, can dramatically alter S. 

epidermidis' behavior from commensal to pathogenic [15]. For instance, it was shown that 

mouse skin pretreated with S. epidermidis was resilient to S. aureus challenge only when the 

barrier was undamaged, but not when it was physically disrupted by tape stripping before 

bacterial transplantation [16]. AD patients are often densely colonised with S. aureus at 

lesional sites, which correlates with disease severity [17]. Metagenomic studies have shown 

that in some AD patients, the skin lesions are colonised by S. epidermidis rather than S. 
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aureus [15]. It is assumed that this may similarly exacerbate the disease; nevertheless, there 

are only a few reports about the mechanistic basis of S. epidermidis-facilitated skin barrier 

disruption [18–20].  

The work described in this thesis supports the growing insight that S. epidermidis can 

adversely affect AD. The secreted protease Esp from S. epiermidis has allergenic properties 

similar to those of the Spls of S. aureus. Esp stimulated type 2 immune responses in AD 

patients on both cellular and humoral levels. As an exaggerated type 2 immune response is a 

central feature of AD [21], it is reasonable to conclude that Esp from S. epidermidis can 

contribute to the worsening of AD by fuelling the type 2 immune response.  

The classical understanding of a type 2 immune response is that it provides resistance against 

worm infections but, when dysregulated, may cause atopic diseases that result in conditions 

such as asthma, rhinitis, dermatitis, and anaphylaxis [22]. Another function of the type 2 

immune response has been proposed by Profet in1991. The idea became known as the toxin 

hypothesis: the allergic immune response is a line of immune defense that has evolved to 

protect organisms against toxic substances such as venoms [23]. Experimental evidence for 

this hypothesis has been provided in which IgE-mediated local anaphylaxis limited snake and 

honeybee venom toxicity [24,25]. Starkl and colleagues [26] sought to extend the 'toxin 

hypothesis' to S. aureus as a particularly prominent toxin-producing pathogen. They showed 

that IgE antibodies in concert with mast cells increase the resistance against S. aureus 

infection in mice [26]. 

In contrast, I argue in this thesis that type 2 immune response is not an efficient bacterial 

clearance mechanism in humans. Starkl and co-workers reported the beneficial IgE response 

against S. aureus solely in mice, a species that never spontaneously suffers from allergic and 

most other mast-cell-associated human diseases [27,28]. Apart from many similarities 

between humans and mice regarding the immunological mechanisms of sensitisation and 

clinical symptoms of allergies, several differences exist that should be taken into account. 

Firstly, the initiation of sensitization and allergic reactions in mice is an artificial process as 

there is no naturally occurring allergic mouse. Secondly, induction of anaphylaxis (as an 

extreme allergic reaction) in mice, but not in humans, can also occur through IgG and its 

receptor, Fcγ, which is independent of IgE [29]. Furthermore, it is worth mentioning that the 

expression profile of the high-affinity IgE receptor (FcεRI) is different between humans and 

mice. While this receptor is restricted to mast cells and basophils in mice [29], in humans 
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many cell types harbour the FcεRI receptor, including mast cells, basophils, neutrophils, 

monocytes, macrophages, dendritic cells, Langerhans cells, eosinophils, platelets, and 

intestinal epithelial cells [30]. Therefore, it is questionable whether Starkl’s findings apply to 

humans. In fact, recent reports show that S. aureus manipulates the mast cell-IgE axis to 

favour its own survival. Hayes et al. have demonstrated that S. aureus can reside within the 

mast cells in the nasal polyp's tissues from chronic rhinosinusitis patients [31]. They showed 

that following S. aureus intracellular uptake and proliferation, bacteria were released into the 

extracellular space after mast cell rupture, which potentially contributed to the repopulation of 

depleted surface colonies [32]. Biggs et al. have provided experimental evidence that S. 

aureus residing within the mast cells downregulates pro-inflammatory cytokine gene 

expression and release. The bacteria were also shown to inhibit IgE-mediated activation of the 

mast cells [33]. The authors postulate that the presence of anti-S. aureus IgE benefits the 

bacteria as sensitised mast cells can engulf S. aureus. Inside mast cells, the bacterium can 

evade immune recognition and exploit the nutrient-rich cytosol for its replication. Upon mast 

cell rupture, the bacteria can spread and repopulate a new niche.  

My argument of type 2 immune response not being an effective antibacterial mechanism, at 

least in humans, is supported by numerous epidemiological studies: the rate of colonisation 

with staphylococci, S. aureus, in particular, is much higher in allergic than healthy individuals 

[5,19,34–37]. In fact, the presence of these bacteria is frequently linked to exacerbations of 

allergic diseases [7,19]. In many allergic individuals, specific IgE antibodies are present that 

bind to selected staphylococcal components, and the concentrations of these antibodies often 

correlate with disease severity [6,9,11,38]. 

The finding that staphylococcal components elicit an allergic immune response is remarkable 

because the normal course of an adaptive immune response against extracellular bacteria is 

dominated by a type1/3 profile [39–41] (Fig. 1). Deviating the immune response away from 

the type1/3 profile weakens the anti-bacterial defense. Thus, the staphylococci's immune 

polarising potential towards type 2 profile can be considered an immune evasion mechanism, 

paving the way for colonisation and invasion [5]. Elucidating the mechanisms through which 

the staphylococcal factors induce a Th2 biased immune response will help to develop means 

of preventing or mitigating their pathogenic potential. 
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Figure 1: Staphylococcal modulation of the adaptive immune response. 

S. aureus and S. epidermidis can shift the immune response to certain antigens from a Th1/Th17 

profile to a Th2 profile. The immune system controls and clears a staphylococcal infection mainly 

through effector mechanisms that are orchestrated by Th1/Th17 cells. However, staphylococci have 

evolved means to drive the immune response towards Th2 profile, which is manifested by IgE 

production and reactive Th2 cells. Stimulation of a Th2 immune response is considered as an immune 

evasion mechanism because it is less effective at bacterial clearance than a reaction of Th1/Th17 

polarity. 
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