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OUTLINE OF THIS THESIS  

Our modern understanding of the hygiene hypothesis is that bacteria are not only the 

cause of disease but also essential for a healthy immune response and regulation. Varied 

microbial exposure prenatally and in early childhood protects us from pathological immune 

reactions such as autoimmune diseases and allergies. Against this background, the hypothesis 

that bacteria can act as allergens appears paradoxical. Nevertheless, there is growing evidence 

that Staphylococcus aureus (S. aureus) is associated with allergic reactions and Spls produced by 

S. aureus have been identified as pacemakers of allergic reactions. The aim of this thesis was to 

elucidate the underlying mechanisms and the possible clinical relevance of this observation. 

 

The objectives of the present thesis were  

i) to shed light on the mechanisms underlying allergy induction by the Spls of S. aureus  

ii) to analyze the Spl-specific immune response in relevant patient cohorts  

iii) to correlate the findings with clinical parameters and  

iv) to pave the way for future research on bacterial allergens 

 

Chapter 1 provides an overview about the historical understanding of disease and 

pathological immune reactions such as allergy. It illustrates the current understanding of the 

hygiene hypothesis, which helps us to understand the clinical relevance of S. aureus as a 

commensal, pathogen and allergen.  

Preliminary work identified S. aureus Spls as allergens, showing a Th2-biased immune 

response in healthy and asthmatic individuals as well as the Spls’ capability to induce allergic 

inflammation de novo in a murine model of allergic asthma. To open prospects for treatment or 

causal therapy in patients at risk, the underlying mechanism of allergy induction was studied, 

which is presented in Chapter 2. Focusing on the IL-33 pathway of allergic airway 

inflammation, the study showed that Spls induce allergic airway inflammation via the IL-

33/ST2 axis.  

As part of this inflammatory cascade, dendritic cells (DCs) come into play. As producers 

of or responders to IL-33, these cells could initiate an allergic response against S. aureus and 

drive the immune reaction away from an anti-bacterial response toward allergic inflammation. 

The complex interplay of S. aureus and dendritic cells is summarized in Chapter 3.  
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While the causes of allergy induction by S. aureus Spls were addressed by investigating 

the underlying mechanisms, the consequences of this are also of interest: Does the pro-

allergenic response to S. aureus affect patients exposed to S. aureus in their airways? Chapter 4 

therefore describes studies on the humoral and cellular immune response against Spls in cystic 

fibrosis patients who are more frequently colonized with S. aureus than the healthy population 

and suffer from frequent recurrent airway infections. Also, in this patient cohort a Th2-shift of 

the Spl-specific immune response became evident, which might impede antibacterial clearance 

and worsen the clinical picture. Larger clinical studies are needed to validate this notion by 

correlating the anti-S. aureus immune response with clinical parameters and testing new therapy 

options.  

These results and findings shed light on a novel, possibly underestimated facet of the 

immune response against S. aureus and give impetus for further research on bacterial allergens 

in general, reaching beyond the species S. aureus. Chapter 5 summarizes the current state of 

knowledge and the spectrum of methods available for this purpose.   
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1  
INTRODUCTION 

 

THE DISCOVERY OF BACTERIA AS A CAUSE OF INFECTION  

" Everything was questioned, everything was unexplained, 

everything was doubtful, only the large number of dead was an 

undoubted reality." – Ignaz Semmelweis 

 
Since the beginning of time, disease has threatened humankind. In order to reduce 

suffering and prolong life, medical research strived to understand the causes and development 

of diseases. Although detailed descriptions of infectious diseases can already be found in the 

literature of antiquity, precise knowledge about the origin of infectious diseases and bacteria as 

causative agents has only been gained in the last 150 years.  

In ancient times, pathological bodily fluids were thought to be the cause of diseases. 

Hippocrates of Kos founded humoral pathology, the science of the body's juices, which 

considered a correct mixture or composition of the four bodily fluids – blood, yellow bile, 

black bile and mucus – a prerequisite for health.1,2 Medical treatments aimed at restoring the 

balance and removing harmful substances from the body. Adherents of Hippocrates’ doctrine 

believed that pathogenic substances in the air - so-called "miasmas" (Greek: míasma = 
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impurity) - were the actual triggers of disease. This theory was still taught until the 19th 

century.3 

In 1677 Antoni van Leeuwenhoek was the first to observe bacteria under a light 

microscope and described three forms: Bacillus, coccus and spiral.4 But it was not until about 

200 years later that Robert Koch succeeded in proving the connection between 

microorganisms and disease. He described the life cycle of Bacillus anthracis, the anthrax 

pathogen, and showed that the transmission of bacteria to healthy individuals can cause 

disease.5 Koch is thus the founder of bacteriology and his postulates – albeit modified – have 

survived to this day. From then on, Koch's school had many successes in the isolation and 

identification of pathogens and placed great emphasis on hygiene measures in public health: In 

1861, Ignaz Semmelweis demonstrated the importance of hygiene and anti- and especially 

asepsis was increasingly introduced into medical practice in the following years by means of 

the prophylaxis of childbed fever.6 Hygienic measures to reduce infectious germs and to 

prevent transmission from person to person drastically reduced infection rates and deaths.  

Already in 1796 Edward Jenner had reached a milestone of a different strategy for 

infection control: prevention of infection by exposure. He inoculated a boy with cowpox, 

which protected him against symptoms from a subsequent smallpox inoculation, the current, 

high-risk preventive measure against smallpox. Jenner thus significantly improved the principle 

of preventing infections through immunization. He named his immunogenic agent vaccine 

(from Latin vacca "cow").7 Many other vaccines were developed in the following decades. 

Finally, at the beginning of the 20th century, the treatment of infectious diseases 

underwent another revolution: the discovery of the antibacterial effect of sulfonamides by 

Gerhard Domagk and of penicillin by Alexander Fleming made causal therapy of infections 

possible for the first time in human history.8,9  

By the middle of the 20th century, medicine attributed a clear role to bacteria: bacteria 

make us sick. And people felt that they were prepared for this threat: hygiene, vaccinations and 

antibiotics promised prevention, therapy and cure. 

FROM FOE TO FRIEND – BACTERIA PROTECT AGAINST ALLERGY 

Both the frequency and intensity of epidemics have strongly decreased in recent 

decades. This is true even considering the current Covid-19 pandemic. The success in 

controlling infections is due to the unprecedented medical achievements of the 19th and 20th 
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centuries, which have given us vaccines, antibiotics, better hygiene and the modern medical 

infrastructure. A prime example is the success of the worldwide vaccination campaign against 

smallpox: Smallpox was considered the most dangerous human disease due to its high lethality 

and virulence. In 1967, 15 million people were still infected and 2 million died of the disease.10 

On May 8, 1980, the WHO declared the complete eradication of  smallpox.11 The victory was 

so comprehensive that the WHO has since discontinued smallpox vaccination. 

Today, we vaccinate children at an early age against numerous potentially fatal bacterial 

and viral infections such as tetanus, diphtheria or poliomyelitis. Infant mortality has reached 

an all-time low: today less than 5 percent of children die before reaching adulthood.12 Some 

former scourges of humankind can be considered defeated. 

However, since the 1950s other diseases have become more common: allergies. In the 

past decades, the incidences of asthma, hay fever or food allergies have risen continuously, 

particularly in developed countries. At the end of the 1990s, scientists therefore assumed that 

there was a connection. In 1989, in his publication "Hay fever, hygiene, and household size", 

David P. Strachan published his observation that children with more siblings were less affected 

by hay fever or atopic eczema and attributed this to more infections in early childhood due to 

unhygienic contact with siblings.13 This publication marks the birth of the hygiene hypothesis.  

About 10 years later, it was shown that early contacts with many children in a crèche 

were inversely associated with the occurrence of hay fever in later life.14,15 Within the 

framework of the original hygiene hypothesis these epidemiological findings were interpreted 

as a consequence of higher exposure to germs and parasites in early childhood, causing more 

frequent infections. In connection with the increase of hay fever and asthma during the last 

decades, the decrease in family size, the decrease of parasitic infestation as well as the structural 

change of agricultural enterprises and the related reduction of exposure to infectious germs 

were discussed.  

Knowledge of immunological processes grew steadily, and so a mechanism underlying 

this phenomenon was soon hypothesized: Bacteria activate Th1 cells. Less contact to bacterial 

stimuli results in a lower stimulation of the Th1 response and thus a compensatory increased 

Th2 response, the hallmark of allergic reactions. The immune response was attributed the two 

extreme forms Th1 or Th2. The absence of one causes the predominance of the other.16,17 
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IT’S THE BALANCE THAT MATTERS – THE MODIFIED HYGIENE 

HYPOTHESIS 

In the years after its publication, new findings questioned the hygiene hypothesis in its 

original form. In less-developed countries, parasite infestation is common, which is also 

associated with increased Th2 activity. Nevertheless, this is associated with fewer allergies and 

was even shown to be protective in the mouse model.18 In addition, epidemiological studies on 

autoimmune diseases, such as type 1 diabetes, chronic inflammatory bowel disease or multiple 

sclerosis, also showed a dramatic increase in incidence in the last decades (Figure 1).19 

Autoimmune diseases can be characterized by an increased Th1 response rather than a 

decreased one. 

 

 
Figure 1: Inverse relation between the incidence of infectious diseases and the 
incidence of immune disorders from 1950 to 2000. Adapted from Bach et al.19 

 
How can this apparent contradiction be explained? The immune system can tailor its 

effector functions to optimally respond to any immunogenic stimulus. As theoretical construct, 

three main types of immune effector modules can be distinguished, consisting of different 

effector T-cell and innate lymphoid cell (ILC) lineages: Type 1 immunity consists of T-bet+ 

IFN-γ–producing group 1 ILCs (ILC1 and natural killer cells), CD8+ cytotoxic T cells (TC1), 

and CD4+ Th1 cells.20 It is biased towards cell-mediated cytotoxicity, protecting against 

intracellular pathogens. Type 2 immunity consists of GATA-3+ ILC2s, TC2 cells, and Th2 cells 

producing IL-4, IL-5, and IL-13.20 Characteristic for type 2 inflammation are anti-parasite 
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activities involving the activation of mast cells, basophils and eosinophils, as well as IgE production 

by B cells.21 However, Th2 polarization following release of the alarmin IL-33 can also cause 

considerable tissue damage and re-organization leading to fibrosis.22 Type 3 immunity is 

mediated by RORα and/or RORγt+ (retinoic acid–related orphan receptor γt) ILC3s, TC17 cells, 

and Th17 cells producing IL-17, IL-22, or both, which recruit neutrophils and induce epithelial 

antimicrobial responses.20,23 Type 3 immunity has an important function in protection against 

extracellular bacteria and some fungi. 

But polarization of the immune system can also lead to pathological conditions: type 1 

and type 3 immunity mediate autoimmune diseases, whereas type 2 responses can cause allergic 

diseases.16,17 However, these effector functions are balanced by solid mechanisms of tolerance 

and anti-inflammation. Whether an endogenous or exogenous target cell is attacked or tolerated 

is decided in a complex control system in which regulatory T cells (Treg) play a key role. Tregs 

limit immunopathology by suppressing T cell effector responses and thus provide counter 

regulation. This physiological brake suppresses unwanted or excessive immune reactions 

against the body's own structures or harmless environmental antigens.  

Thus, we are not dealing with a black-and-white situation, with a dead-end polarization 

towards autoimmune disease (Th1) on one side and allergy (Th2) on the other side, but rather 

with effector functions of types 1, 2 or 3 on one side that are balanced by regulatory functions 

on the other. The regulatory T cell response is able to suppress both forms of immune 

dysregulation, autoimmune and allergic reactions. This is essential for immune tolerance of 

one's own organism as well as foods, commensals and harmless environmental antigens and 

indispensable for a functioning immune system that can maintain a state of immune 

homeostasis. 

Our current state of knowledge assumes that these tolerance mechanisms are established 

in early childhood and even prenatally and are not only based on the occurrence of infections. 

Instead, the role of commensal microflora in inflammatory homeostasis and immune 

regulation is coming into the focus: Babies born via Cesarean section experience lower initial 

colonization with "friendly" bacteria, like Bifidobacterium, and take longer time to establish a 

stable, healthy microbiome. The microbiota of bottle-fed babies also differ from those who 

were breast-fed and exposed to the bacteria of breast milk. Cesarian-section babies are five 

times more likely to develop allergies than babies who delivered normally. Breastfeeding was 

shown to protect against food allergy. In general, exposure to innocuous exogenous and 

endogenous microorganisms in early life can increase the number and diversity of bacteria in 
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the microbiome, which can protect against allergic diseases later in life.24–28 Adding to this, a 

large number of epidemiological studies confirmed that growing up on a traditional farm with 

early-life contact with livestock and their fodder is a protective factor again the development 

of hay fever and asthma.29–32  

 

“It's not about just learning what to attack but learning what to tolerate.” 

— Sally Bloomfield 
 

Erika von Mutius and colleagues have gone on to compare urban and rural communities 

all over Europe and showed that children who grow up with traditional animal husbandry are 

significantly less likely to suffer from asthma and allergies than city children. The risk of getting 

asthma is only half as high on a farm. The probability of getting hay fever is only a third in 

farm children compared to other adolescents. This so called “farm effect” was observed in 

several studies. Children who grow up on a farm come into contact with a large number of 

microbial stimuli, which they inhale with the dust. This stimulates the child's immune system 

and prevents later pathological reactions.33 The underlying mechanisms are likely to be 

numerous. Recently, Mutius and colleagues were able to elucidate one of these mechanisms: 

Using a mouse model of house dust mite (HDM)-induced asthma they were able to show that 

endotoxins contained in stable dust protect against allergic reactions by stimulating A20, a 

ubiquitin-modifying enzyme in the mucous membrane of the airway epithelium. A20 attenuates 

NF-kB activation by deubiquitinating key signaling intermediates down-stream of TLR, IL-1 

receptor, and TNF–family receptors, thus stopping the inflammation cascade. Without A20, 

the protection failed: A20-deficient mice developed asthma symptoms when exposed to HDM 

despite daily endotoxin or stable dust intake and also showed increased sensitivity to inhaled 

HDM.34 In humans, a variant of A20 correlates with increased susceptibility to asthma and 

allergy.35 

Numerous factors seem of importance for inducing tolerance to allergens. Exposure to 

microbial stimuli very early in life, even in utero, is vital, as is the diversity of animal species with 

which children come into contact. These activate the immune system and are required to 

establish mature solid immune tolerance in the first place. The underlying mechanisms are 
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complex and require more research. But it is safe to conclude that bacteria are not only foes 

but also friends and that contact with them protects us from allergic disorders. 

S. AUREUS IN THE CONTEXT OF ALLERGY 

According to our current understanding of immune regulation, bacteria are essential for 

the development of solid tolerance mechanisms and a well-balanced immune response. They 

elicit primarily Th1-dominated immunity. Against this background it seems almost 

contradictory to talk about bacteria as triggers of allergies. Nevertheless, there is an increasing 

number of findings that associate allergic diseases with bacterial pathogens. One of them is 

Staphylococcus aureus (S. aureus). 

S. aureus is well known as a commensal that colonizes about 20% of the healthy 

population without symptoms as well as a dangerous pathogen that can cause a wide range of 

local to systemic infections. These are an increasing threat to human health and health care 

systems due to the increased occurrence of antibiotic resistance.36–38   

However, S. aureus, or the proteins it produces, also showed allergenic properties. The 

first indications resulted from analyzing patients with atopic dermatitis (AD). AD patients 

have a dramatically increased incidence of viral and bacterial infections.39 S. aureus colonizes 

the skin of 80-100% of patients with AD and has been shown to play a crucial role in the 

pathophysiology of AD. The majority of AD patients have IgE antibodies against the 

S. aureus toxins ETA, TSST-1 and SEB and the toxin-specific serum IgE level correlates with 

the severity of the clinical picture.40 IgE-mediated immune responses triggered by S. aureus 

toxins are thus assumed to play an important role in the pathophysiology of AD, which 

Laouini et al. confirmed in mouse models.41 

In addition, there was an accumulation of evidence from the field of allergic respiratory 

diseases, such as allergic rhinosinusitis, nasal polyps and intrinsic asthma. These diseases are 

also characterized by an increased rate of colonization with S. aureus and are often associated 

with IgE binding to S. aureus superantigens (SAg).42–44 Here too, the amount of IgE correlates 

with the severity of the disease. Bachert et al. therefore used an anti-IgE therapy (Omalizumab) 

in patients with nasal polyps and were able to demonstrate clinical efficacy. In the case of 

intrinsic asthma, they were also able to show that SAg-specific IgE rather than IgE against 
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common inhaled allergens was associated with a significantly increased risk of having  

asthma.45–47 

These findings raised questions about a possible new quality of S. aureus as a pathogen: 

How is the microorganism able to modulate the human immune response and induce allergic 

reactions with Th2 dominance and production of IgE?  

The work of Stentzel et al. gave a first answer to this question. They succeeded in 

identifying a group of allergens produced by S. aureus, the six serine protease-like proteins (Spls) 

A-F.48 The Spls were named according to their high sequence homology to the staphylococcal 

serine protease V8, which is encoded by the same operon (ORF-2). In the ORF-2 operon, only 

one factor-independent termination sequence was detected below SplF, suggesting that the six 

Spls are co-transcribed. This was confirmed by Reed et al. in Northern Blot analyses.49 The Spls 

appear to be common within the species S. aureus: when examining 167 different isolates, 

Zdzalik et al. were able to detect at least one Spl gene in 84% of S. aureus strains.50  

However, the role of Spl proteases in staphylococcal physiology is not fully understood 

and the quest for physiological substrates cleaved by them is still ongoing. The substrate 

specificity of SplA, SplB, SplD and SlpE has been investigated focusing mostly on structural 

determinants51–54. These studies indicate that Spls have a restricted, non-overlapping range of 

substrate specificities. Using libraries of synthetic peptides and crystallographic models, Zdzalik 

and colleagues determined the consensus sequence cleaved by SplD. By subsequent BLAST 

analyses of the human genome, they detected the consensus sequence in a large number of 

human proteins. These include, in particular, proteins of the olfactory receptor family.53 

Building on in silico studies, Paharik and colleagues recently aimed to test cleavage of a putative 

human SplA substrate and to study the role of the spl operon in virulence. They demonstrated 

SplA-mediated cleavage of mucin 16, a human cell surface protein that is found on epithelial 

tissues, identifying the first human host protein cleaved by an Spl. In their rabbit model of 

pneumonia Spl-deficient mutants induced a more localized disease compared with the wild-

type. The authors suggest that SplA-mediated cleavage of mucin 16 contributes to the spread 

of S. aureus in lung tissue.55 However, infection experiments by Reed and colleagues showed 

no decisive influence of Spls on the virulence of S. aureus.49  

Examining the human immune response against Spls, Stentzel and colleagues showed 

that Spls elicit a type 2 biased immune response in healthy individuals. In addition, they 

detected Spl-specific IgE in sera from asthmatic patients at higher levels than in healthy 



INTRODUCTION  
 

  17 

individuals. Furthermore, intratracheal application of SplD induced allergic airway 

inflammation in mice, even without the addition of adjuvants.48  

These findings identified Spls as pacemakers of allergic reactions and showed a new 

allergenic quality of the immune response against certain staphylococcal proteins. This is the 

starting point of the work in this thesis. The aim was to elucidate the underlying mechanisms 

of allergy induction by Spls and to investigate whether the Th2 shift also affects patients 

exposed to S. aureus and influences disease progression. If this was the case, the finding could 

help to develop new treatment options.   
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6  
SUMMARY AND DISCUSSION 

 

Staphylococcus aureus is a versatile bacterium. It produces a variety of proteins that interact with 

the human immune system: they activate it, inhibit or modulate it potently, thus creating 

favorable conditions for bacterial invasion and colonization. The secretome of S. aureus 

comprises about 1350 proteins. For many of them, the exact function has not yet been 

elucidated.56 However, a more detailed understanding of the interaction of S. aureus with our 

immune system is essential to tackle mechanisms of immune modulation.  

Also, for Spls the physiological function is still unknown and physiological substrates 

have not yet been identified. In silico analyses identified the consensus sequences of the 

enzymatic cleavage sites, and Zdzalik and colleagues found these motifs in numerous human 

proteins, including proteins of the olfactory receptor family, which might be relevant in the 

colonization of S. aureus.53 The wide distribution of the Spl genes in the species S. aureus 

suggests that they might play a relevant role in S. aureus physiology.50 

Although the question of physiological Spl substrates is still open, an immune modulating 

role of the Spls has already been demonstrated: increased levels of Spl-specific IgE were found 

in asthma patients. SplD induced de novo Th2 responses in the mouse model after repeated 

intratracheal application, resulting in the production of Spl-specific IgE. This response was 

observed without the use of adjuvants.48 

These findings shed light on the pathophysiological role of S. aureus in allergic reactions 

and raise questions about the causes of the type 2 bias of the anti-Spl immune response as well 

as about its possible clinical consequences: How is the type 2 reaction initiated? Which 
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molecular mechanisms underlie this reaction? Do Spls have an adjuvant function? Is their 

proteolytic activity crucial for this? And can they also shift the immune response towards Th2 

in patients that are frequently colonized with S. aureus and suffer from recurrent infection? In 

these patients, polarization of the immune response by S. aureus could influence disease 

progression, prognosis and therapeutic options.  

S. AUREUS INDUCES ALLERGIC AIRWAY INFLAMMATION VIA THE  

IL-33/ST2-AXIS 

The pulmonary epithelium is the first line of defense of the human lung. It forms a 

barrier between the immune system and the external environment and plays a crucial role in 

promoting mucosal inflammatory responses. Damage of the epithelial cells causes the release 

of IL-33, IL-25 and thymic stromal lymphopoietin (TSLP).57 A link of IL-33 and its receptor 

ST2 to asthma has been identified in genome-wide association studies.58,59 In addition, IL-33 

expression correlates with asthma severity. The release of IL-33 triggers a cascade of pro-

allergic mechanisms: It is crucial for Th2 cell mobilization, attracting Th2 cells and enhancing 

the production of the Th2 cytokines IL-5 and IL-13.60 In addition, IL-33 is able to activate 

basophils, mast cells, macrophages, ILC2s and eosinophils, the principal effector cells in allergic 

inflammation.61 The main mechanisms involved in allergic airway inflammation that are 

induced or modulated by IL-33 are depicted in Figure 2. 

In our murine asthma model C57BL/6 J wild-type mice were repeatedly exposed to SplD 

via intratracheal application. After two weeks a Th2-biased inflammatory response was 

observed in the airways: IL-33 and eotaxin production, eosinophilia, bronchial hyperreactivity, 

and goblet cell hyperplasia. Blocking IL-33 activity with a soluble ST2 receptor counteracted 

these effects: significantly decreased numbers of eosinophils, IL-13+ type 2 ILCs and  

IL-13+CD4+ T cells and IL-5 and IL-13 production by lymph node cells were observed.  

These findings lead to the question of whether SplD directly triggers the release of IL-33 

by degrading the pulmonary epithelial barrier. This ability has been described for numerous 

allergens: proteases from pollen diffusates contain proteases with serine and/or 

aminopeptidase activity that cleave the transmembrane adhesion proteins occludin, claudin-1 

and E-cadherin. Der p1, the major allergen from house dust mites, disrupts the epithelial barrier 

by cleaving the tight junction proteins; and phospholipase A2, the major allergen in bee venom, 
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was shown to induce a type 2 response through the enzymatic cleavage of membrane 

phospholipids and release of IL-33.62–64 However, TUNEL staining of lung sections in SplD-

treated mice showed that IL-33 upregulation was not accompanied by cell death. This indicates 

that IL-33 may not be passively released by dying cells but actively secreted by the airway 

epithelium. 

 

 
FIGURE 2: IL-33-INDUCED MECHANISMS OF ALLERGIC AIRWAY INFLAMMATION. 

When IL-33 is released into the extracellular space of the lung, e.g. by proteolytic degradation of the 
epithelial barrier, it acts on numerous effector cells: dendritic cells are stimulated to migrate and mature 
and induce increased differentiation of Th2 cells in the draining lymphnodes. These cells migrate to the 
destroyed epithelial barrier where they produce IL-5- and IL-13, the key mediators of type 2 
inflammation. In ILCs, mast cells and basophils, IL-33 also enhances the release of IL-5 and IL-13. 
Macrophages increasingly polarize to alternatively activated macrophages, which have reduced 
bactericidal functions. Finally, the released cytokines attract eosinophils to the site of action. The result 
is a self-amplifying non-protective Th2-type, which is partly responsible for the cardinal symptoms of 
allergic respiratory reactions. Abbreviations: AAMΦ: alternatively activated macrophage; Bas: basophil; 
DC: dendritic cell; Eos: eosinophil; ILC: innate lymphoid cell; MΦ: macrophage; MC: mast cell  
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Identification of the physiological substrates of the Spls could help to shed light on the 

molecular mechanism of allergy induction in the lungs. So far Spls are known to have distinctive 

and very selective preferences for cleavage motifs, indicating a narrow substrate range. 

DENDRITIC CELLS COULD SHAPE THE MUCOSAL IMMUNE RESPONSE 

TOWARD TYPE 2  

Dendritic cells are known to be the primary sensors of antigens and infectious agents. As 

professional antigen-presenting cells they are uniquely able to induce naïve T cell activation 

and effector differentiation and thus initiate appropriate adaptive immune responses. DCs are 

lining the epithelial layer where they “fish” antigens from the airway lumen and can thus 

recognize inhaled allergens. As soon as they have captured antigen the airway DCs migrate to 

the draining mediastinal lymph nodes, where they display allergen peptides to naïve CD4+ 

cells. Numerous factors like the type of antigen captured, the presence of microbial molecular 

patterns or alarmins or the genetic background of the host then determine the outcome of T 

cell polarization.65–68 For the inhaled particles the usual outcome is tolerance, since they are 

immunologically inert. DCs will only initiate a T helper response if there is some sort of 

adjuvant activity present at the time of exposure to the allergen. This activity could be the 

presence of pathogen associated molecular patterns (PAMPs), damage associated molecular 

patterns (DAMPs), cytokines released upon cell activation, necrosis or oxidative stress. 

Proteolytic activity of an allergen itself can also provide an adjuvant signal: HDM, cockroach 

and many other allergens have proteolytic enzymes that can directly activate DCs or epithelial 

cells, and in this way promote Th2 sensitization.69,70 
 

DCs perceive PAMPs with pattern-recognition receptors (PRRs), including the TLRs. 

TLR-activated DCs will be strongly activated, upregulate costimulatory molecules and produce 

pro-inflammatory cytokines (TNFα, IL-1, IL-6, and IL-12). In allergic setting the presence of 

TLR4 is required to induce allergic pulmonary Th2 responses to HDM.71–73 Even antigens 

without any intrinsic activating properties, like the experimental allergen OVA, induce allergy 

via TLR4. This might sound surprising but is easily explained by the fact that most 

commercially available batches of OVA used in murine models of asthma were contaminated 

with LPS.72 In contrast, the observed effects of SplD on allergy parameters appeared to be 

independent of TLR4. Other receptors such as PAR2 might play a role. PAR2 activation in the 
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lungs can trigger TH2-biased inflammatory responses to an inert protein antigen in mice. In 

SplD-treated mice, an increase in PAR2+ cell counts in lung sections was observed. However, 

this high amount of PAR2 in SplD-treated mice can be explained by an increase of infiltrating 

cells bearing the PAR2 receptor, rather than an upregulation of PAR2 expression. A direct 

protease-dependent activation of PAR2 by SplD did not occur. 

Even in the absence of pathogens, DCs can react to molecules released by injured or 

necrotic cells that alert the body defense systems and are therefore also called ‘alarmins’, 

‘endogenous danger signals’ or DAMPs. DAMPs contribute to inflammation by recruitment 

of innate inflammatory cells, and they interact with PRRs that are shared with the exogenous 

danger signals.74 According to the current state of knowledge a tight collaboration between 

PAMPs and DAMPs is needed to initiate an immune response to allergens.75,76 

We have demonstrated that SplD treatment attracts DCs to the lung, as well as to the 

local lymph nodes, where they initiated Th2 cell differentiation. In addition, SplD induced 

migration of DCs to the local lymph nodes and the DC activation was IL-33-dependent. It 

requires further investigation to determine if Spls have intrinsic adjuvanticity and activate DCs 

directly or if they stimulate epithelial cells and thereby indirectly act on DCs. This goes hand in 

hand with the question of whether the enzymatic activity of Spls is important for their allergenic 

properties.  

CYSTIC FIBROSIS PATIENTS SHOW ALLERGIC REACTIONS TO SPLS 

CF patients have an increased bacterial lung burden and susceptibility to infections, 

with S. aureus being one of the most frequent causes. Up to 80% of CF patients are persistently 

colonized with S. aureus. Recurrent bacterial infections worsen the lung function and clinical 

condition of CF patients. Prevention and therapy of chronic bacterial inflammation are 

therefore key in the treatment regimen of CF.77–80 

Besides bacterial infections, allergic immune responses play a crucial role in disease 

progression of CF. Allergic bronchopulmonary aspergillosis (ABPA) frequently provokes 

allergic complications and is generally associated with a poor clinical condition.81,82 A high 

percentage of CF patients shows immediate hypersensitivity to various inhalant allergens, and 

drug hypersensitivity reactions are common in CF, which further complicates adequate anti-

bacterial therapy.83,84 
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S. aureus Spls were shown to elicit a type 2-biased immune response in healthy 

individuals and asthma patients. The question whether CF patients – many of whom are 

persistently exposed to S. aureus in their airways – also react with type 2 inflammation to the 

Spls was investigated in Chapter 4. The results demonstrate that CF patients show a Th2-driven 

immune response toward S. aureus Spls, including high Spl-specific serum IgE levels, strong 

induction of Th2 cell differentiation and production of type 2 cytokines following ex vivo 

stimulation with recombinant Spls. These effects were significantly more pronounced in CF 

than in control persons. The observed response seems to be specific for Spls rather than being 

a general feature of S. aureus proteases since other putative allergens of S. aureus (ScpA, SspB) 

did not show increased IgE binding in CF sera.  

These findings raised the question of whether this allergic sensitization to bacterial 

antigens is of clinical relevance. A type 2-biased host immune response could impair the 

clearance of bacterial infection and facilitate bacterial survival, complicating anti-bacterial 

therapy. Allergic sensitization towards S. aureus antigens might aggravate the clearance of 

S. aureus in the lung of CF patients, leading to more frequent infections and exacerbations of 

disease symptoms. However, in our study, anti-Spl IgE levels did not correlate with lung 

exacerbations during the study period nor with lung function. Probably the CF cohort was too 

small and too heterogenous to show the influence of a single factor on these clinical parameters. 

In conclusion, allergic sensitization towards S. aureus may limit bacterial clearance and 

increase the risk of lung infections in some CF patients. CF therapy using steroids that 

counteract inflammation is known to be beneficial, but also hinders anti-microbial clearance. 

However, there are therapeutic agents that selectively interfere with type 2 inflammation such 

as the anti-IgE monoclonal antibody Omalizumab. In ABPA, an allergic reaction to Aspergillus 

fumigatus, case reports showed efficacy of anti-IgE therapy (using Omalizumab) in CF patients. 

But randomized controlled studies have not been performed to date.85 A similar approach 

should be tested in patients with strong type 2 response to S. aureus antigens as it could broaden 

the therapeutic portfolio. Additional studies are also warranted to find out if CF patients 

develop allergic reactions to other colonizing or infecting bacteria besides S. aureus. The quest 

for bacterial allergens has just begun.  
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MORE RESEARCH IS NEEDED TO CLARIFY THE ROLE OF BACTERIA IN 

ALLERGIES   

Allergens of S. aureus can play an important role in both allergic and infectious diseases. 

Sensitization to staphylococcal allergens could aggravate the allergic inflammation in affected 

patients upon re-encounter with S. aureus and at the same time impede an effective anti-bacterial 

immune response. It is, therefore, of great clinical relevance to identify bacterial allergens and 

to study the underlying pathogenetic mechanisms. Chapter 5 explains the necessary steps to 

identify bacterial allergens: 
 

1. Unbiased screening methods 

to discover new allergen candidates 
 

2. Targeted approaches  

to investigate the immune response and to determine their pathophysiological 

importance 
 

3. Cohort studies 

to elucidate the clinical relevance of allergen candidates and assess individuals affected 

by allergic reactions 

 
The findings on Spls are an example for the successful execution of this three-step process. 

They were identified as allergen candidates in an unbiased screening approach: 2D 

immunoblots of antibody binding to the S. aureus exoproteome revealed the Spls as dominant 

IgG4-binding proteins. IgG4 can be used as a surrogate marker for IgE production to 

overcome the obstacle of very low serum concentrations of free IgE. Once identified, the Spls 

were recombinantly produced and used in targeted approaches: the Spl-specific immune 

response was assessed on a humoral and cellular level in in healthy individuals and revealed a 

shift towards type 2. A mouse model of allergic respiratory inflammation was well suited to 

demonstrate the Spls’ ability to induce allergies de novo. Finally, cohort studies showed that 

asthmatics and CF patients are affected by the Th2-shift of the Spl-specific immune response.48 

It appears likely that S. aureus Spls are not a unique case. However, to date, only a few 

bacterial allergens are molecularly defined, and few have been studied as thoroughly as the Spls. 

With the help of the methods and workflow described in Chapter 5 we are well prepared to 

discover more bacterial allergens in the future and to expand our knowledge in this rather new 



CHAPTER 6 
 

 94 

field of infection immunology. In view of the numerous pathological conditions in which we 

are dealing with chronic exposure to bacteria, oscillating between colonization and infection, 

the modulating effect of bacterial allergens could be of pathogenic and therapeutic relevance.  

BACTERIA CAN PROMOTE ALLERGY – BUT WHY? 

We now know about a new quality in the immune response to S. aureus: The bacteria 

not only induce pro-inflammatory Th1 responses but are also able to modulate the human 

immune response and induce allergic reactions with Th2 dominance and production of IgE. 

But what effects does a Th2-dominated immune response have on S. aureus as a pathogen? 

Numerous studies have demonstrated that Th2 dominance is not sufficient to protect 

against bacterial infection: it rather aggravates host symptoms and promotes the survival of the 

pathogen. One reason for this may be the different effector functions of Th1 and Th2 

responses: Th2-dominated responses inhibit Th1-related microbicidal effector functions. Thus, 

for example, macrophages are inhibited, and the production of antimicrobial peptides is 

reduced.86,87 For S. aureus it has also been shown that a Th2 cytokine profile enhances Hla-

mediated cell death of keratinocytes.88 A Th2 modulation of the immune response away from 

a protective Th1/Th17 response therefore creates more favorable conditions for bacteria 

during colonization or infection of the human host and represents an effective immune escape 

mechanism.  

Starkl and colleagues however, made an opposite observation in a model of S. aureus 

skin infection: a type 2 response, particularly IgE antibodies and mast cells, increased 

antibacterial activity and protected against secondary lung and skin infection.89 These results 

support the so-called "toxin hypothesis", which states that allergic reactions are an important, 

evolutionary conserved defense mechanism of the host against harmful substances such as 

toxins.64,90 The authors refer to human studies showing that healthy individuals can have 

detectable levels of IgE specific for toxins, e.g., from Hymenoptera and S. aureus, in the absence 

of diagnosed atopic disease.43,91–93 This may indicate that, at least in some individuals, toxin-

specific IgE antibodies are not harmful but beneficial. 

However, if we look at the evidence on S. aureus toxin-specific IgE in nasal polyposis 

and asthma, the correlation points to the opposite direction: the level of SAg-specific IgE 

correlates with the severity of the disease.42,43 Even more convincingly, IgE does not confer 

protection in patients with hyperimmunoglobulin E syndrome (HIES): HIES patients show 
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elevated S. aureus-specific IgE serum levels but are highly susceptible to S. aureus infections.94,95 

The question of whether allergic immune reactions against bacterial antigens enhance or impair 

bacterial clearance, must therefore be considered and interpreted in the respective disease 

context.  

These different disease patterns illustrate that immune polarization by bacterial factors 

can have pathophysiological consequences for the human host. Cleavage of substrates in airway 

cells, such as the shredding of mucin 16 by SplA, can facilitate the ability of other exogenous 

proteases and allergens to act on host cells, disrupt immune tolerance in the airways and 

predispose the organism to allergic sensitization. S. aureus enterotoxin sensitization has already 

been shown to be associated with allergic polysensitization in adolescents.96 It is evident that 

allergies to bacteria that colonize the airways are refractory to established anti-inflammatory 

therapy, whether in asthma or CF. An intrinsic adjuvanticity of bacterial allergens could even 

affect the outcome of a future vaccination in these patients, especially, if non-adjuvanted 

bacterial factors are used. In active immunization against bacterial pathogens, the aim is to 

induce a Th1 response. Vaccines against Helicobacter pylori, which primarily generated Th2 

responses, did not provide the desired protection.97  

Future research will provide more insights into how to modulate either S. aureus and its 

proteases or the host immune response in order to develop novel therapeutics to treat chronic 

type 2 diseases and prevent pathologic colonization. Our knowledge of bacterial allergens is 

limited, and our understanding of the pathophysiological consequences and the potential 

impact on prevention and therapy of bacterial infections is still in its infancy. We paved the 

way for the quest for bacterial allergens, adding a new dimension to our understanding of host-

pathogen interactions as well as to diagnostic and treatment options. Now it is up to us 

researchers to follow this path. 
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