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1 Introduction 

1.1 Asthma Immunology 

1.1.1 Epidemiology 

Most recent studies estimate a number of 334 million people worldwide 

suffering from asthma [1]. The World Health Organization (WHO) forecasts that 

the number of asthma patients will even increase by more than 100 million by 

2025 [2]. After decades of regarding asthma as a disease of Western or high-

income countries, this historical view is no longer kept up. In fact, today most 

people with asthma are affected in low- and middle-income countries [1]. 

Whereas the prevalence of asthma is still increasing in these low- and middle-

income countries, it might now be plateauing in some high-income countries [3, 

4]. 

Although asthma is not a deadly disease, it can become very dangerous and 

even life-threatening if not treated and managed properly. According to the 

WHO 250,000 deaths are annually attributed to asthma [2]. Though fatal 

asthma is relatively rare among children, the disease represents a substantial 

burden especially to these young patients. In fact, asthma is the most common 

chronic disease in childhood. In Germany an estimated 10% of all children and 

14% of all children worldwide suffer from asthma [5]. The illness often restricts 

their daily activities and interferes with family life. Reports published by the 

American Lung Association emphasize that asthma is one of the leading causes 

of hospitalization and emergency department visits among children and 

furthermore one of the most important reasons for missed school days [6]. 

Considering the impact and consequences of asthma it does not surprise that 

the disease is ranked 14th in the most important disorders of the world in terms 

of extent and duration of disability [1]. 
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1.1.2 Classification of atopic and non-atopic asthma 

1.1.2.1 Atopy 

The term “atopy” describes the genetic predisposition to develop 

immunoglobulin (Ig) E antibodies against low doses of common environmental 

allergens (e.g. pollen, dander or food) [7]. IgE mediated allergic reactions trigger 

an exaggerated histamine release, causing the symptoms of the classical atopic 

disorders as allergic rhinitis, atopic dermatitis and allergic asthma. The 

classification of “extrinsic” (or atopic) and “intrinsic” (non-atopic) asthma was 

first introduced by Rackemann in 1947 [8]. He emphasized the triggering role of 

allergens in extrinsic asthma and in contrast considered intrinsic asthma to be a 

disease of non-allergic, unknown origin. The present study addresses the 

pathogenic principles of childhood atopic asthma. 

1.1.2.2 Atopic asthma 

Atopic (or extrinsic, allergic) asthma is characterized by an atopic, hence IgE 

mediated, pathogenesis of airway inflammation with an imbalance in T cell 

differentiation towards an exaggerated T helper cell type (Th) 2 immunity to 

allergens in the bronchial mucosa. Besides increased levels of total and 

allergen-specific serum IgE, a positive skin prick test to common allergens 

serves as a diagnostic test. Allergic asthma usually develops in childhood and is 

often accompanied by hay fever and seasonal exacerbations [9]. 

1.1.2.3 Non-atopic asthma 

Most asthma patients are atopic, but a subgroup also suffers from non-atopic 

(or intrinsic) asthma, comprising 

- asthma due to respiratory infections 

- asthma through chemical or toxic irritants 

- exercise-induced asthma 

- analgesic-induced asthma and 

- asthma complaints as a consequence of gastroesophageal reflux [10]. 
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Here, as sensitization is absent, IgE plays a less important role in the 

pathogenesis of the disease [11] and symptoms are not associated with allergic 

reactions. Further immunological mechanisms are less characterized, 

particularly in children. Female predominance, a higher degree of severity, more 

frequent association to nasosinusal polyposis and a later onset in lifetime is 

observed in non-atopic asthma when compared to the atopic form of the 

disease [8, 9]. 

1.1.3 Clinical picture and etiology 

Asthma is a chronic immune-inflammatory disease of the respiratory system. 

Main characteristics are reversible airway obstruction and airway 

hyperresponsiveness (AHR). Although asthma can develop at any stage of life, 

it most commonly develops in early childhood [1]. The character of symptoms 

and the severity of the disease may vary from patient to patient and can range 

from mild, occasional symptoms to severe, persistent complaints. Symptom-free 

periods often alternate with acute exacerbations. Common clinical features 

include wheezing, shortness of breath, chronic coughing, chest tightness or 

pain and increasing production of mucus in the airways (Fig. 1) [12]. 

 

Fig. 1 Normal airway in comparison to an asthmatic bronchiole 

Enlarged smooth muscles, bronchial spasm and excessive mucus secretion lead to an increase 
in breathing difficulty.  
(Adapted and modified from http://www.nlm.nih.gov/medlineplus/ency/imagepages/19346.htm) 

http://www.nlm.nih.gov/medlineplus/ency/imagepages/19346.htm
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1.1.3.1 Pathogenesis and etiology 

It is yet unclear what initiates the inflammatory process in asthma disease in the 

first place and which immunological mechanisms make some persons more 

susceptible to asthma than others. Nonetheless, during the past decades much 

has been learned about factors contributing to the development of asthma. Host 

factors, such as genetic predisposition seem to play an important role, as well 

as prenatal factors and environmental exposure. The influence of viral 

respiratory tract infections is controversially discussed [13-18]. However, the 

precise interactions of complex host, environmental and further site-specific 

factors are still subjects of active investigations. 

Host factors 

It is well recognized that asthma has strong inheritable components accounting 

for its pathogenesis. Children of atopic parents are more likely to develop atopy 

or asthma than children of parents not affected by atopy. In fact, if both parents 

have a history of asthma, the offspring’s risk is estimated 60-80% to fall ill [10, 

19]. Notably, maternal asthma increases the children’s risk to develop the 

disease to a greater extent than paternal asthma [20, 21]. 

The development of asthma is dependent on multiple genetic variants and the 

environment. The genetics involved and their interaction are complex and still 

not fully understood [22, 23]. Some research efforts were able to identify genes 

or gene variants that may contribute to or even protect from the development of 

asthma. The gene ORMDL3, encoding transmembrane proteins in the 

endoplasmatic reticulum, has been identified as a susceptibility gene for 

childhood asthma in a genome-wide association study (GWAS) [24, 25]. Since 

its neighboring gene GSDML is co-regulated with ORMDL3 [24, 26], making it 

difficult to clearly distinguish the effects of these two genes, it has been 

suggested to refer to the term “17q21 asthma locus”. Several investigations 

were able to confirm this association [27-29]. Besides the 17q21 locus, meta-

analysis of asthma GWAS suggest three more gene loci to be considered 

asthma susceptibility genes: IL1RL1/IL18R1, TSLP and IL33 [30-32]. Asthma-

associated genetic variants were also found in and close to TLR1, TLR6 and 

TLR10 [33, 34]. Furthermore, mutant alleles in the filaggrin gene were primarily 
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found to be associated with atopic dermatitis [35] and asthma, but only with 

concomitant atopic dermatitis [36, 37]. Interleukin-13 (IL-13) is a mediator of 

allergy produced by Th2 cells and several reports indicate that polymorphisms 

in the IL-13 gene are associated with asthma and/or atopy [38-40]. 

More than 100 candidate genes are currently discussed, but most of them 

require further analysis and systematic studies to determine whether they really 

can be considered as susceptibility genes. 

Sex and sex hormones might also contribute to the pathogenesis of asthma, but 

their relation remains still to be determined. Among school children and at 

puberty the prevalence of asthma is higher in girls, whereas early in life the 

disease is recognized to occur predominantly in boys [41]. 

Environmental factors 

Depending on the agent, environmental influence on the maturing immune and 

organ system of children can both be protective or harmful.  

The noxious effect of tobacco smoke, especially in early childhood, could be 

demonstrated by numerous studies and represents a crucial risk factor for the 

onset of many diseases, including wheezing and asthma [42-44]. Environmental 

tobacco smoke not only increases the prevalence of asthma but also the 

severity of the disease [45]. Furthermore, active smoking is associated with 

asthma in adults and adolescents [46, 47]. Also industrial and traffic air pollution 

during infancy contributes to the development of childhood asthma [48, 49]. 

Protective effects however, seem to emanate from the exposure to antigens or 

microbial products, childhood infections and bacterial endotoxin – in short, 

agents that are considered “unhygienic” in today’s industrialized lifestyle. While 

rising standards of household cleanliness, semi sterile diets, improving health 

care and declining family size are part of today’s Western lifestyle, this trend 

leads to reduced contact to antigens and microbes in early childhood. 

Simultaneously, the prevalence of asthma increased constantly during the past 

decades in developed industrialized countries [50, 51]. With rising standards of 

living and improved hygienic conditions, the prevalence of this disease also 

seems to increase in developing countries [50, 52]. The contributing factors and 
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underlying immunological mechanisms of this observation shall be argued in the 

next chapter (1.1.3.2). 

1.1.3.2 The hygiene hypothesis  

Microbes and other environmental antigens contribute materially to the onset of 

asthma in childhood. In fact, less exposure to these pathogens in early 

childhood is linked to a rise of atopy and allergic diseases during the past 

decades. This observation is referred to as the hygiene hypothesis and was first 

introduced by D. Strachan in 1989. In his study, Strachan followed a large 

sample of British children from birth until the age of 23 and was able to show 

that their risk to develop hay fever was inversely related to the number of 

children in the household [13]. He reasoned that infections in early childhood, 

possibly transmitted by older siblings, might have a preventive effect on later 

allergic diseases. Empirical findings of several studies supported this 

observation and confirmed that a higher number of siblings might have 

protective effect not only against hay fever but also against allergic eczema and 

asthma [14, 53, 54]. 

The role of recurrent infections in the development of childhood asthma is still 

not definitely determined. There is widespread evidence that certain infections, 

including measles, and exposure to infectious agents early in life protect against 

asthma [15-17]. Severe infections with respiratory syncytial virus in early 

childhood, however, are associated with an increased risk for the onset of 

asthma and allergic sensitization [14, 18]. 

Growing up in the environment of traditional farms, where exposure to a large 

range of microbes is typical, was also found to protect from childhood asthma 

and atopy [55-57], supporting the principles of the hygiene hypothesis. 

However, the term “farming” can cover a variety of dissimilar surroundings and 

one farm is not just like another: Children exposed to highly modernized 

concentrated animal feeding operations, mostly common in the USA, have an 

increased risk to develop asthma (but not atopy or allergies in general) [58, 59]. 

In fact, a greater diversity of microbial agents afforded on farms is associated 

with the protection from asthma [60]. 
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Soon, immunological mechanisms were sought to explain and combine the 

findings of the hygiene hypothesis with the development of atopic asthma. In 

this regard, the maturation process of T helper cell responses in early life was 

found to play a major role. In the immune system, T cells are, beside B cells, 

one of the main types of lymphocytes and hold a key part in cell-mediated 

immunity. Another type are natural killer (NK) cells which have the same 

progenitors as T and B cells and are able to kill malignant or virus infected cells 

by secreting cytotoxic granules. T cells originate from the bone marrow but have 

to migrate to the thymus where naïve CD4+ T cells differentiate into different 

T lymphocyte subsets such as Th1, Th2, Th17 or regulatory T cells (Tregs). The 

direction of the complex maturation process takes place according to the tissue 

cytokine context. It furthermore depends on the activation of specific translation 

factors and is influenced by surrounding partner cells secreting certain 

cytokines. The various subgroups of CD4+ T cells show distinct cytokine 

expression profiles and carry out very different functions. Cytokines occupy a 

central position as they are both produced by the T lymphocytes to mediate 

many of their specific functions and also in turn influence the polarization and 

maturation of these T cell subsets. In brief, Th1 cells mainly produce IL-2 and 

IFNγ and play a pivotal role in cell-mediated immunity by stimulating 

phagocytosis. A Th1 predominated immune profile is associated with 

autoimmune diseases. Th2 cells initiate the humoral immunity via B cell 

activation and can promote allergic responses. In order to mediate allergic 

reactions these cells secrete IL-4, -5, -6, -9, -10 and -13. Accordingly, a 

predominant Th2 profile is associated with allergic asthma. Th17 cells secrete 

IL-17 and IL-22, play a crucial role in acute inflammation and are implicated in 

autoimmune reactions. Tregs however, are responsible to suppress T cell 

activity (once the pathogen has been eliminated) rather than inducing it. 

Thereby they maintain immunotolerance and prevent autoimmunity. Tregs 

produce TGF-β and IL-10. Of course a well-functioning immune system implies 

T cells and cytokines work together in a complex network with constant 

interaction. 
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In the newborn period the innate immune system begins to shift from a fetal 

Th2-dominated phenotype towards an adult, more balanced immune profile with 

increased Th1 reactivity [61, 62]. During this vulnerable time frame and already 

during pregnancy, various stimuli such as exposure to microbes, pathogens and 

viral infections are pivotal to induce this gradual maturation of the Th1 response 

[63, 64]. 

Absence of exposure to these agents is subsequently associated with a delay of 

T cell maturation and a tendency for the predominant Th2 profile to persist. This 

imbalance in favor of Th2 cells has been shown to play a determining role in the 

onset of atopy and allergic inflammation later in life. 

Investigations in mouse models showed that cell transfer and overexpression of 

Th2 cytokines in murine airway epithelial cells lead to asthma symptoms such 

as increased secretion of mucus, AHR and eosinophilia [65, 66]. In fact, Th2 but 

not Th1 cells could be directly linked to the onset of AHR [67]. In humans, 

Th2 lymphocytes and Th2-like cytokines, mainly IL-4 and -5, were found to be 

increased in the bronchial mucosa of asthma patients and contribute to the 

development of the disease [68, 69]. Elevated levels of allergen induced IL-4 

and IL-9 were detected in children with atopic asthma [70]. A primarily Th2-

orientated immune system lays groundwork for the production of IgE antibodies 

to environmental antigens and subsequent development of atopic sensitization. 

The mechanism is initiated by Th2 cells secreting IL-4, thereby inducing an 

isotype switch and IgE production in B cells. T cell cytokines IL-13 and IL-9 

further enhance IgE synthesis [71-73]. Th1 cells however are able to 

downregulate IgE synthesis by producing IFNγ. As mentioned previously, Tregs 

function as opponents as they secrete IL-10 to inhibit both Th1 and Th2 cell 

signaling and IgE production [72, 74]. As IgE activates its receptor, e.g. on mast 

cells, a wide range of mediators are released which promote the secretion of 

pro-inflammatory cytokines and initiate typical asthma symptoms such as 

bronchial spasm [75-77]. 

In summary, the hygiene hypothesis postulates that exposure to an 

environment rich in microbes in early childhood influences the maturation of the 
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immune system, promoting a “non-allergic” pathway, resulting in a decreased 

risk of asthma and other allergic diseases. An imbalance in T cell responses 

with a predominant Th2 profile is associated with the onset of asthma. However, 

many aspects of this theory are still fiercely debated. Although there is 

widespread evidence for this hypothesis being a crucial underlying cause for the 

rising of atopy in developed countries, the hygiene hypothesis should not be 

regarded as the sole explanation for the increasing and constantly high 

prevalence of asthma. 

1.1.3.3 Pathophysiology 

The interaction of genetic predisposition and further predisposing factors in the 

first years of life, eventually leading to the development of airway inflammation 

and asthma, is heterogeneous and still not fully understood. It is, however, 

generally agreed that inflammation plays a central role in the pathogenesis and 

pathophysiology of asthma. Trigger factors (Table 1 in chapter 1.1.3.4) are 

relevant when encountering hyperresponsive airways, initiating complex 

immunological and physiological mechanisms [78]. In brief, inhaled antigens 

activate mast cells in the airway. The activated cells secrete mediators such as 

histamine and leukotrienes, inducing not only bronchoconstriction but also 

promoting inflammation [79, 80]. Antigens further activate Th2 cells, which 

thereupon release cytokines such as IL-4, -5 and -13. As already described, 

some Th2 cytokines initiate IgE synthesis in B cells. IL-5 induces differentiation 

of eosinophils in the bone marrow. Eosinophils then enter the inflamed airway, 

release yet more pro-inflammatory cytokines and are kept alive by IL-4 contact. 

In addition, macrophages, smooth muscle cells, fibroblasts and also airway 

epithelial cells produce inflammatory mediators that amplify the inflammatory 

response [78, 81]. 

As in every inflammatory reaction, increased blood flow occurs, causing edema 

and swelling of the mucosa. Smooth muscle cells surrounding the bronchioles 

tighten and goblet epithelial cells produce more viscous thick mucus. Some 

patients can develop persistent changes in airway structure in later years, 

referred to as airway remodeling. These permanent alterations may include 
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smooth muscle hyperthrophy, thickening of the sub-basement membrane, sub-

epithelial fibrosis and angiogenesis [78]. 

All these mechanisms cause airflow limitation by reducing the diameter of the 

airway where even a small decrease has a huge impact on airflow resistance 

and causes difficulty of breathing. Mainly expiration of breath is becoming 

difficult for asthma patients and the typical “wheezing” occurs. The less air the 

patient is able to breathe out, the less fresh air and oxygen he is able to inhale. 

This increasing breathlessness can lead to fear of asphyxiation, resulting in 

increasing stress, panic and even more severe airway obstruction. To early stop 

or preferentially to prevent this vicious circle, asthma needs to be treated and 

managed carefully. 

Asthma medications include short- and long-term controller medications as well 

as rescue drugs. Inhaled corticosteroids dampen inflammation, are anti-allergic 

and immunosuppressive and therefore represent the foundation to provide good 

asthma control. In order to counteract the worsening of bronchial spasm, 

bronchodilators stimulate β2-receptors (therefore also referred to as β2-

agonists) who are responsible for relaxing the tightened smooth muscles 

around the airways. Short-acting β2-agonists are taken as needed, quickly 

relieve or prevent asthma complaints and serve as rescue inhalers. Long-acting 

β2-agonists can be used in combination with inhaled corticosteroids in 

advanced stages of the disease to control chronic symptoms and prevent 

asthma attacks [10]. Leukotriene modifiers can serve as an alternative for some 

patients. These receptor antagonists block pro-inflammatory leukotrienes and 

prevent asthma symptoms [82]. Further alternative medications for moderate to 

severe persistent asthma are theophylline (anti-inflammatory, bronchodilatory) 

and omalizumab (a monoclonal IgE-antibody) [10]. 

Various therapeutic options are available to treat asthma, but most drugs have 

significant side effects or are not suitable for younger children. Although the 

knowledge about pathological mechanisms of the disease as well as research 

and development of new asthma drugs improved rapidly during the last years, 

severe or therapy-resistant asthma is still a major burden. In fact, some studies 
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estimate 5% of all asthma patients to suffer from difficult or drug-resistant 

asthma and new, targeted treatment approaches are necessary to mediacte 

these patients [83]. 

1.1.3.4 Trigger factors 

Asthma exacerbations are caused by excessive reaction of the airways to 

various stimuli. Table 1 states common allergic triggers, leading to airway 

inflammation and smooth muscle contraction, and non-allergic triggers. These 

non-allergic triggers usually don’t initiate inflammation but provoke irritable 

airways. Furthermore some drugs can trigger or induce asthma, such as 

NSAIDs (e.g. aspirin) or β-blockers [10]. Recurrent viral infections are the most 

common initial triggers in infants and toddlers [84, 85]. 

Table 1 Allergic and non-allergic factors that may trigger or worsen asthma 
symptoms 

Allergic triggers Non-allergic triggers 

Pollen Viral infections 

House dust mite Cold, dry air 

Animal dander  Tobacco smoke 

Molds Exercise 

Cockroach Stress 

Insect allergens  

 

1.2 The Toll-like receptor family 

Toll-like receptors (TLRs) owe their name to the famous Drosophila receptor 

protein Toll, discovered by C. Nüsslein-Volhard in the early 1980s [86]. First 

identified to play a crucial role in the embryonic development of Drosophila 

melanogaster, years later Toll was furthermore found to be involved in several 

host-defense mechanisms. Soon, homologs of Toll, subsequently referred to as 
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Toll-like receptors, were also detected in mammalians. In 1997 the first human 

Toll protein and its capability to activate transcription factor NFκB was described 

by R. Medzhitov et al. [87]. Investigations in the field of TLRs during the 

following years resulted in the characterization and identification of a whole 

family of TLRs and many of their ligands. To date 10 functional TLRs in humans 

and 12 in mice have been discovered. Some of them are located on the cell-

surface whereas others operate as intracellular receptors in endosomal 

membranes. Toll-like receptor proteins are expressed by many cell types, such 

as macrophages, dendritic cells, epithelial cells and other immune cells, where 

every TLR is dedicated to detect a distinct set of microbial ligands. Table 2 

states ligands and cellular distribution of all 13 TLR proteins. In short, plasma 

membrane localized TLRs sense proteins and lipids, whereas those located in 

the membranes of endosomes are able to detect nucleic acids. 

Table 2 Ligands and localization of TLRs 

Adapted and modified from [88] 

Toll-like receptor Cellular distribution Ligand 

TLR1/2 heterodimer 

 

Monocytes and mast cells, 

eosinophils, basophils, 

dendritic cells 

Triacyl lipopeptides  

Lipomannans 

[89, 90] 

TLR2/6 heterodimer 

 

Monocytes and mast cells, 

eosinophils, basophils, 

dendritic cells 

Diacyl lipopeptides 

Lipoteichoic acid 

Zymosan 

[91, 92] 

TLR3  

intracellular 

NK cells dsRNA 

[93] 

TLR4 Macrophages and mast 

cells, eosinophils, dendritic 

cells 

LPS 

[94] 
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Toll-like receptor Cellular distribution Ligand 

TLR5 Intestinal epithelial cells Flagellin 

[95] 

TLR7  

intracellular 

NK cells, dendritic cells, 

eosinophils, B cells 

ssRNA, bacterial RNA 

[96, 97] 

TLR8 

intracellular 

NK cells, dendritic cells ssRNA, bacterial RNA 

[96, 98] 

TLR9  

intracellular 

Dendritic cells, eosinophils, 

basophils, B cells 

unmethylated CpG DNA 

[99] 

TLR10 (human only) Dendritic cells, eosinophils, 

basophils, B cells 

not determined 

TLR11 (mouse only) Macrophages, dendritic 

cells, epithelial cells 

Profilin  

[100] 

TLR12 (mouse only) Macrophages, dendritic 

cells 

Profilin 

[101] 

TLR13 (mouse only) not determined rRNA 

[102, 103] 

 

1.2.1 TLR structure and signaling 

TLRs belong to the family of type 1 transmembrane proteins. They are 

characterized by an extracellular domain composed of leucine-rich repeats 

(LRRs) creating a horseshoe-shaped figure. The cytoplasmatic tail in 

mammalian TLRs consists of a Toll/IL-1 receptor (TIR) domain [104]. Whereas 

the LRRs represent a scaffold responsible for recognition and binding of 

ligands, the intracellular TIR domain interacts with adaptor proteins to induce a 

signaling cascade. 
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Fig. 2  Structure of the TLR protein 

The structure of TLR proteins is shown, using the example of TLR1 and TLR2 forming a 
heterodimer. Binding of specific ligands induces dimerization of two TLRs, bringing their TIR 
domains close together to initiate the intracellular signaling pathway. LRR = leucine-rich repeat, 
TIR = Toll/IL-1 receptor 

TLRs function as primary sensors of the immune system and are responsible 

for recognizing and responding to particular molecular pattern so called 

pathogen-associated molecular patterns (PAMPs) that are not naturally 

appearing in cells of healthy vertebrates. In order to identify and bind their 

specific ligands, TLRs form dimers, resulting in convergence of both the LRR 

and TIR region. Most TLRs act as homodimers to initiate the intracellular 

signaling pathway, however, TLR1 and TLR2 as well as TLR2 and TLR6 form 

heterodimers. Furthermore TLR heterodimerization of TLR4/6 with CD36 as a 

co-receptor has been described, promoting the activation of proinflammatory 

mediators [105]. Recent studies suggest heterodimerization of TLR2/4, which is 

thought to play a crucial role in inflammatory intracerebral hemorrhage [106]. 
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Murine TLR11 and TLR12, both able to detect T. gondii protein profilin, are 

newly also assumed to form heterodimers [101]. 

Binding of the ligand to the extracellular TLR site initiates dimerization of two 

single receptors. Dimerization is a prerequisite to activate the signaling cascade 

(Fig. 3) as it allows close interaction of the two intracellular TIR domains. 

However, in the case of TLR4, the accessory proteins MD-2 and CD-14 are 

necessary for the recognition of its ligand LPS (Table 2) and activation of TLR4. 

Once activated, the receptors’ TIR domains interact with both each other as well 

as with TIR domains of cytoplasmatic adaptor molecules. Mammalian TLRs use 

combinations of the following four different adaptor molecules to trigger the 

signaling pathway: TRIF (TIR domain-containing adaptor-inducing IFNβ), TRAF 

(TRIF related adaptor molecule), MyD88 (myeloid differentiation factor 88) and 

MAL (MyD88 adaptor-like). These molecules are able to initiate a cascade of 

events, including various enzymatic reactions, resulting in the activation of 

different transcription factors. With the exception of TLR3, MyD88 is a common 

adaptor molecule and involved in all TLR signaling pathways. 
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Fig. 3 Signaling pathway of TLRs 

After ligand-induced dimerization, TLRs activate adaptor molecules (which are MyD88, MAL, 

TRIF and TRAM) in order to trigger gene transcription through transcription factors IRF, NFκB or 

AP-1. The cell consequently releases either antiviral type 1 interferons IFNα and IFNβ or 
proinflammatory cytokines. 

Endosomal TLRs, mostly targeted and activated by viral components, aim at 

recruiting transcription factor IRF (interferon regulatory factor). IRF is 

responsible for inducing the production of antiviral type 1 interferons IFNα and 

IFNβ. All other TLRs are in addition capable of activating both NFκB as well as 

AP-1 (activated protein 1). These transcription factors induce the expression of 

cytokine and chemokine genes, leading to secretion of proinflammatory 

cytokines and chemotactic factors [107]. 
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The intracellular signaling pathway of TLRs shows their remarkable capability to 

modify gene expression and immune responses, thereby being able to respond 

both to viral and bacterial threats as needed. 

1.2.2 TLRs and asthma pathogenesis 

Since PAMPS are thought to play a crucial role in the development of asthma, 

the role of TLRs as goal keepers of the innate immune system becomes an 

essential one. Consequently, research in the past decades has focused on the 

role of TLRs in the pathogenesis of asthma, atopy and other diseases.  

In order to find out, why some people are more likely to develop atopic diseases 

than others, genetic variations in TLR genes have been studied elaborately. 

Single nucleotide polymorphisms (SNPs) are a common type of such genetic 

variations within one population. A typical and frequent SNP, for example, is the 

replacement of the base cytosine with thymine in a genetic sequence. In fact, 

both protective and disease promoting modulations in TLR expression and 

genetic polymorphisms have been identified. 

In 2008, various genetic alterations in TLR genes and their association with 

childhood asthma were analyzed in a large German case-control study [34]. 

Interestingly, protective effects on atopic asthma could be demonstrated for 

SNPs in TLR1, TLR6 and TLR10, all capable of forming heterodimers with 

TLR2. These findings included increased levels of TLR mRNA as well as 

protein and Th1 cytokines. Secretion of IL-4, which is Th2 associated, was 

decreased [34], indicating a Th2 to Th1 shift. The protective role of TLR6 

activation in asthma and the resulting immunoregulatory beneficial effects were 

later also demonstrated in a HDM-induced mouse model of asthma by Moreira 

and colleagues [108]. 

A genetic variant in TLR2 was found to be associated with asthma susceptibility 

in farm children. Here, children carrying a certain allele in TLR2 were less likely 

to show asthma or atopic symptoms [109]. Another group investigating genetic 

polymorphisms in TLR2 and TLR4 demonstrated their association with disease 

severity, but not with the onset of allergic asthma [110]. 
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Genetic alterations in TLRs can also have adverse effects on asthma disease. 

A polymorphism in TLR4 was shown to be associated with a 4-fold higher risk to 

develop asthma in Swedish school children [111]. Increased expression of 

TLR2, 3 and 4 in airways was witnessed in victims of fatal asthma when 

compared to deceased control subjects [112]. An adverse effect on the 

development of atopic sensitization was demonstrated for a mutation in TLR2, 

relevantly impairing its receptor activity [113]. Evidence indicates that TLR5 

seems to play a major role in the onset of allergic asthma. Interaction with its 

ligand bacterial flagellin lays groundwork for allergic sensitization [114]. 

As mediators of inflammation, TLRs have great impact on development and 

severity of a broad variety of other diseases aside from asthma. TLR function 

and TLR polymorphisms influence sarcoidosis, tuberculosis and COPD but also 

non-pulmonary diseases such as type 1 diabetes, atherosclerosis, leprosy and 

intestinal disorders [115-121]. 

The complex involvement of different TLRs in the pathogenesis of asthma and 

other diseases is still not fully understood. Still, these research results allow 

optimistic conclusions regarding the development of potential drugs and 

therapies targeting TLRs. 

1.3 mRNA transcript therapy 

The potential and applications of gene therapy in the field of immunology have 

been of great interest in recent years. One strategy consists of utilizing 

replication-deficient viruses as vectors for therapeutic genes [122, 123]. Despite 

high transfection efficiency many concerns are associated with this method 

since genomic integration as well as unwanted immunostimulation and even 

induction of oncogenesis remain problematic [124]. Although nonviral-vector 

mediated gene transfer is thought to be less immunostimulative, insufficient 

gene transfer efficiency often leads to failure in clinical trials [125]. 

As a nonviral alternative, the delivery of mRNA has become a promising 

therapeutic approach during the past decade. Since mRNA doesn’t enter the 

nucleus, the risk of genomic integration and the role of the nuclear envelope as 
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a major obstacle are not relevant anymore. The possibility to administer mRNA 

repeatedly and its effectiveness even in non-dividing cells are two more central 

advantages. 

Still, also in vitro transcribed mRNA can trigger severe, undesirable immune 

responses. Besides its immunogenicity, mRNA in a conventional form is 

instable and labile, leading to early decay of the administered mRNA product in 

the target cell. However, with the discovery of the tool to chemically modify in 

vitro transcribed mRNA, both of these threats can be circumvented. With the 

incorporation of modified nucleotides such as pseudouridine [126] or 2-

thiouridine (s2U) and 5-methyl-cytidine (m5C) [127], mRNAs have a higher 

translational capacity and are less immunogenic. In fact, replacement of 25% of 

uridine and cytidine with s2U and m5C was able to hinder binding of mRNA to 

pattern recognition receptors such as TLRs 3, 7, and 8, therefore reduced 

activation of immune responses in vivo [127, 128]. 

The therapeutic potential and efficacy of modified mRNA has been successfully 

shown in the case of the lethal congenital disease of surfactant protein B (SP-B) 

deficiency. Here, administration of chemically modified SP-B mRNA showed life 

prolonging effect in vivo as it was able to restore therapeutic relevant levels of 

SP-B [127]. Delivery of mRNA-encoded T cell transcription factor Foxp3 

represents another successful example as a potential treatment strategy for 

pulmonary diseases. Administration of Foxp3 mRNA rebalanced T helper cell 

responses and significantly improved the asthmatic phenotype in two distinct 

murine models of allergic asthma [129]. 

mRNA-based gene transfer represents a promising therapeutic tool for diseases 

and genetic disorders with limited treatment options. As a relatively new drug 

class, in vitro transcribed mRNA is already investigated in a broad application 

area. Beyond replacement and substitution of proteins in vivo, chemically 

modified mRNA encoding nucleases is recently even opening new perspectives 

in the field of genomic engineering [130]. 
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1.4 Aim of this study 

The aim of this study is to investigate whether preventative treatment of mice 

with chemically modified Tlr1, 2 or 6 mRNA in an asthma model improves lung 

function and airway inflammation when compared to untreated controls. 

Consequently, it was examined how intrapulmonary application of combinations 

of chemically modified Tlr mRNA in vivo modulates immune response, lung 

function and inflammation in an HDM driven murine asthma model. 
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2 Materials and Methods 

2.1 Cloning Strategy 

Molecular cloning describes the process of moving any piece of DNA from one 

plasmid vector to another. Since restriction enzymes are playing a key role not 

only in isolating the DNA fragment but also in opening the plasmid vector, this 

method is also called “Plasmid Cloning by Restriction Enzyme Digest” or 

“Subcloning”. Once the specific piece of DNA, also referred to as “insert” or 

“Gene of Interest (GOI)”, has been successfully moved to the target vector, it 

can be easily amplified, stored, sequenced or used for expression studies. In 

the present study, the GOI Tlr1, 2 or 6, was cloned into the plasmid vector 

downstream of a T7 promoter and followed by a 120 bp polyA site. The T7 

promoter sequence represents the starting point for the T7 polymerase to start 

with RNA synthesis. The polyA tail consists of multiple adenosine 

monophosphates and protects the mRNA from enzymatic degradation. 

Furthermore the polyA tail facilitates transcription termination and translation 

[131]. In this study Tlr1, 2 and 6 genes initially were encoded on plasmid 

vectors with a pcDNA3.1 vector backbone (Table 3). Fig. 4 illustrates the steps 

of the cloning strategy to isolate Tlr inserts, move them to a standardized T7 

promoter-containing pVAX vector to finally produce mRNA via in vitro 

transcription (chapter 2.2). Tlr sequences are stated as supplemental 

information. 
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Fig. 4 Plasmid Cloning by Restriction Enzyme Digest 

The graph illustrates the cloning strategy to move a Tlr insert from a pcDNA3.1 plasmid vector 
to the target vector pVAX.A120 using the example of the Tlr1 insert. Labeled on the plasmid 
vectors are the promoter, the multiple cloning site (MCS) including various restriction sites 
(relevant restriction sites are indicated with scissors), the polyA tail (polyA), the Tlr insert and 
the resistance gene for ampicillin (Amp) or kanamycin (Kana) respectively. 
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Table 3 Original plasmids encoding mouse Tlr1, 2 and 6 

Plasmid Gene Insert 

size 

Backbone 

resistance 

Supplier 

pcDNA3.1_Tlr1 Tlr1 2388 bp Ampicillin Stefan Bauer, 

Marburg 

pcDNA3.1_Tlr2 Tlr2 2300 bp Ampicillin Addgene, PI: 

Ruslan 

Medzhitov 

pcDNA3.1_Tlr6 Tlr6 2421 bp Ampicillin Stefan Bauer, 

Marburg 

 

2.1.1 Generation and transformation of chemically competent E. coli 

Generation of chemically competent E. coli 

Some bacteria are naturally capable of absorbing foreign DNA. It is, however, 

possible for other bacteria to gain this ability, called competence, via a special 

treatment. In this case the rubidium chloride method was used, which is a 

variant of the calcium chloride method yielding even higher competence [132].  

In order to generate chemically competent bacteria, 500 ml LB Medium were 

inoculated with 3 ml of the respective E. coli strain. Bacteria were then grown up 

to an optical density OD600=0.6-0.7 and afterwards centrifuged at 300 rpm for 

8 min at 4°C. After resuspending the cell pellet in prechilled Buffer RF1 (Table 

4), bacteria were incubated on ice for 15 min before centrifugation at 3000 rpm 

for 8 min at 4°C. The cell pellet was resuspended in Buffer RF2 (Table 5) and 

incubated on ice for another 15 min. The suspension was then resuspended 

again, aliquoted (100 µl) and immediately frozen in liquid nitrogen for storage at 

-80°C. 

Heat shock transformation of chemically competent E. coli 

Chemically competent E. coli were transformed with a plasmid (e.g. the initial 

plasmids, Table 3, or later the ligation product, 2.1.6) using the heat shock 
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method. 10 µl chemically competent E. coli were thawed on ice, gently mixed 

with ~10 ng of plasmid DNA and incubated on ice for 30 min. The suspension 

was then exposed to a heat shock at 42°C in water bath for 2 min, resulting in 

the bacteria membrane to release lipids and become porous. Furthermore the 

depolarization of bacterial cell membranes induced by heat shock leads to lower 

negative intracellular potential and facilitates therefore the uptake of negatively 

charged DNA into the competent cell. Following heat shock, bacteria were 

gently resuspended in 900 µl of SOC Medium and incubated on ice for 5 min. 

The suspension was then incubated for 2 hours at 37°C and 100 rpm vigorous 

shaking before centrifugation at 6000 rpm for 3 min. The supernatant was 

decanted and the pellet resuspended in the remaining fluid before being plated 

on agar plates containing the suitable antibiotic to select for the transformed 

bacteria. Agar plates were then incubated over night at 37°C to allow for growth 

of bacterial colonies. 

Table 4 Ingredients of Buffer RF1 

Buffer RF1  

Rubidium chloride 12 g 

Manganese chloride tetrahydrate  9.9 g 

Potassium acetate 1M 30 ml 

Calcium chloride dihydrate 1.5 g 

Glycerin 150 g 

Dist H2O ad 1000 ml 

Acetic acid ad pH 5.8 
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Table 5 Ingredients of Buffer RF2 

Buffer RF2  

Morpholino propanesulfonic acid 20 ml 

Rubidium chloride 1.2 g 

Calcium chloride  

dihydrate 

11 g 

Glycerin 150 g 

Dist H2O ad 1000 ml 

Sodium hydroxide ad pH 5.8 

 

2.1.2 Isolation of plasmid DNA 

Plasmid DNA was isolated from recombinant E. coli using either the Metabion 

Plasmid Miniprep Kit for small amounts or the QIAGEN Plasmid Mega Kit to 

receive large amounts of plasmid DNA. These methods were performed 

according to the manufacturer’s instructions as described in Table 3.  

In principle, both Kits are based on the method of bacterial lysis under alkaline 

conditions in the presence of SDS, first published by Birnboim and Doly [133]. 

In this method, plasmid DNA as well as chromosomal DNA is denatured in the 

presence of an alkaline buffer. Due to subsequent neutralization, plasmid DNA 

becomes selectively renatured. However, chromosomal DNA remains single 

stranded, thereby forming an insoluble precipitate. Soluble plasmid DNA then 

undergoes several purifications steps before being eluted and redissolved in TE 

Buffer. 
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Table 6 Protocol to isolate plasmid DNA using a Mini or Mega Kit 

 Plasmid Mini Kit Plasmid Mega Kit 

Supplied by Metabion international AG, 

Martinsried, Germany 

Qiagen GmbH, Hilden, 

Germany 

Bacteria culture  3-5 ml 500 ml 

Harvest of 

bacteria 

The overnight culture was 

centrifuged at 5000 x g for 10 

min and the supernatant was 

decanted. 

The overnight culture was 

centrifuged at 6000 x g for 15 

min and the supernatant was 

decanted. 

Alkaline lysis The bacterial pellet was 

resuspended in 200 µl Buffer 

MX1, 250 µl of Buffer MX2 were 

added and inverted 4-6 times. 

The solution was incubated at 

room temperature for 1-5 min 

before addition of 350 µl MX3 

Buffer. 

Centrifugation at 10,000 x g for 

5-10 min. 

The bacterial pellet was 

resuspended in 50 ml Buffer 

P1, 50 ml Buffer P2 were 

added, inverted 4-6 times and 

incubated at room 

temperature for 5 min before 

addition of 50 ml prechilled 

Buffer P3. The solution was 

inverted 4-6 times and 

incubated on ice for 30 min 

before centrifugation at 

20,000 x g for 15 min. 

Equilibrate tips - 35 ml Buffer QT were applied  

on the tip. 

Binding 

mechanism 

After centrifugation the 

supernatant was carefully 

transferred into the column and 

centrifuged at 7000 x g for 1 

min. The flow-through was 

decanted. 

After centrifugation the 

supernatant was carefully 

transferred on the tip. 
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 Plasmid Mini Kit Plasmid Mega Kit 

Washing step (1) 500 µl Buffer WN were applied 

on the tip, centrifuged at 7000 x 

g for 1 min before application of 

700 µl Buffer WS. The solution 

was again centrifuged at 7000 x 

g for 1 min. 

Additional centrifugation at 

10,000 x g for another 3 min 

ensures removal of residual 

ethanol. 

200 ml of Buffer QC were 

applied on the tip. The flow-

through was discarded.  

Elution of DNA DNA was eluted with 30 µl 

elution buffer, incubated at 

room temperature for 3 min and 

centrifuged at 10,000 x g for 

3 min.  

This step was repeated with 

another 30 µl elution buffer. 

DNA was eluted with 30 ml of 

prewarmed (50°C) elution 

buffer. 

Precipitation - 20 ml isopropanol were added 

before centrifugation at 

15,000 x g for 30 min at 4°C, 

the supernatant was 

decanted. 

Washing step (2) - The pellet was washed with 7 

ml of 70% ethanol and 

centrifuged at 15,000 x g for 

30 min at 4°C, the 

supernatant was again 

decanted carefully. 
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 Plasmid Mini Kit Plasmid Mega Kit 

Drying step - The pellet was allowed to air 

dry and subsequently 

redissolved in 100 µl TE-

Buffer. 

 

2.1.3 Determining the concentration of nucleic acids 

The concentration of DNA or RNA in aqueous solution was determined by 

measuring the absorbance at λ = 260 nm using a nanophotometer. Further 

measurements at λ = 280 nm allow for detection of protein. For pure DNA 

samples with low protein contamination the ratio OD260/OD280 should yield 

results between 1.8 and 2.0 whereas pure RNA samples are required to yield 

an A260/230 ratio of not less than 2.0. 

2.1.4 Restriction enzyme digestion and DNA purification 

Restriction endonucleases are enzymes that cut DNA in a site-specific manner 

by catalyzing the hydrolysis of the DNA phosphodiester bond. Specific DNA 

sequences where restriction enzymes bind are usually four to eight bp long and 

often palindromic. Restriction enzymes produce either sticky ends by cutting 

double strand DNA in a staggered manner within the recognition site (resulting 

in single-stranded DNA ends) or blunt ends by cutting symmetrically with no 

overhangs being generated. 

In molecular biology, restriction enzymes are frequently used to analyze 

plasmid DNA, to cut out a certain sequence from a plasmid vector or to prepare 

DNA fragments for ligation. 

As soon as the plasmid vectors used for this study (pcDNA3.1_Tlr1, 

pcDNA3.1_Tlr2 and pcDNA3.1_Tlr6) were isolated and purified, control 

digestions and subsequent sequencing were performed to ensure that all 

plasmids contain the correct gene of interest. During control digestion 

procedure, the plasmid was digested with two restriction enzymes while the 
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expected length of digestion products was first calculated in silico using ApE 

software (ApE – A plasmid Editor vs2.0.45). In case of the gene of interest’s 

correct sequence and orientation the calculated bands should correspond to the 

bands appearing during gel electrophoresis (chapter 2.1.5). Control digestions 

were also performed after ligation procedure to verify correct orientation of the 

gene of interest. 
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Further restriction enzyme digestions in this study were performed in order to: 

- cut out the Tlr inserts from the pcDNA3.1 vector, 

- linearize the pVAX.A120 vector in order to ligate the Tlr gene into the 

target vector and 

- finally linearize the pVAX.A120_Tlr1, 2 or 6 vectors for subsequent 

mRNA production. 

In our study the protocol described in Table 7 was used to perform restriction 

enzyme digestions. Table 8 states the specific restriction enzymes used in this 

study. 

Table 7 Standard protocol for restriction enzyme digestion 

Reagent Volume Supplier 

Plasmid DNA equal to ~500ng Self generated 

Buffer CutSmart 5 µl New England Biolabs Inc., 

Ipswich, UK 

Restriction Enzyme 

 

1 µl per enzyme New England Biolabs Inc., 

Ipswich, UK 

H2O  ad 50 µl  

Incubation  1-2 hours at 37°C  
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Table 8 Application of different restriction enzymes for cloning procedure 

Intention Restriction Enzyme Supplier 

Control digestion of all pcDNA3.1 

plasmids containing a Tlr sequence 

NheI, NotI New England 

Biolabs Inc., 

Ipswich, UK  

Cutting out Tlr sequences 

pcDNA3.1_Tlr1 

pcDNA3.1_Tlr2 

pcDNA3.1_Tlr6 

 

BamHI, XbaI 

SpeI HF, XhoI 

HindIII HF, XhoI 

New England 

Biolabs Inc., 

Ipswich, UK  

Opening of pVAX.A120 vector in 

order to insert a Tlr sequence 

EcoRI HF New England 

Biolabs Inc., 

Ipswich, UK  

Control digestion after ligation 

pVAX.A120_Tlr1 

pVAX.A120_Tlr2 

pVAX.A120_Tlr6 

 

HindIII HF 

EcoRI HF 

XbaI 

New England 

Biolabs Inc., 

Ipswich, UK  

Linearization of pVAX.A120 

containing the respective Tlr 

sequence in order to produce mRNA 

XhoI New England 

Biolabs Inc., 

Ipswich, UK  

 

After incubation at 37°C for one to two hours the digestion reactions were either 

heat inactivated, if the restriction enzyme allows doing so, or purified by using 

the NucleoSpin Gel and PCR clean-up kit (Machery-Nagel GmbH, Düren, 

Germany). This method purifies DNA fragments from enzymatic reactions by 

means of silica based membranes. DNA is first mixed with a chaotropic salt 

containing Buffer to allow the DNA to bind to the silica membrane of a spin 

column. Chaotropic salt furthermore helps to dissolve agarose in case of 

purifying DNA fragments out of agarose gels. Washing steps with ethanolic 

Buffer ensure removal of contaminations while subsequent DNA elution is 
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carried out under low salt conditions with alkaline Buffer. Purification of 

enzymatic reaction products was assayed according to the manufacturer’s 

instructions as described in Table 9. 

Table 9 Standard protocol to purify enzymatic reaction products 

Bind DNA One volume reaction solution was mixed with two volumes 

of Buffer NTI and applied on the spin column 

Centrifugation at 11,000 x g for 30 sec, flow-through discarded 

Washing step 

(performed twice) 

700 µl Buffer NT3 was applied on the column 

Centrifugation at 11,000 x g for 30 sec, flow-through discarded 

Drying step Centrifugation at 11,000 x g for 1 min 

Incubation at 70°C for 3 min to remove residual ethanol 

Elution Step 

(performed twice) 

15 µl of up to 70°C preheated Buffer NE was applied to the 

column and incubated at room temperature for 1 min 

before centrifugation for 1min at 11,000 x g.  

 

Correct digestion was subsequently verified by performing gel electrophoresis 

to analyze length of DNA fragments as described in 2.1.5. 

2.1.5 Gel electrophoresis and isolation of DNA fragments from agarose 

gels 

Mixtures of linearized DNA or RNA strands can be sorted and measured by 

agarose gel electrophoresis according to their size and charge.  

Agarose was dissolved in TAE buffer at the appropriate concentration (1% 

agarose for DNA and 1.5% for mRNA samples) in a microwave oven. 

Subsequently 5 µl of 1x GelRed (GelRed Nucleic Acid Stain, 10,000x in water) 

were added, a fluorescent dye to detect nucleic acids. The solution was then 

allowed to cool slightly and poured into a cast stuffed with a comb to create 

wells. Once the gel solid, the cast was filled with TAE buffer as the running 

buffer. Samples were mixed 6:1 with 6x loading dye to increase the density of 
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the samples and make them sink to the bottom of the well. DNA or mRNA 

samples were then loaded into the wells and electrophoresed at 70-100 V and 

400 milliampere. Furthermore a 1 kb DNA marker (GeneRuler; Thermo Fisher 

Scientific Inc., Waltham, USA) or ssRNA marker (New England Biolabs Inc., 

Ipswich, UK) was loaded into one additional well and co-electrophoresed with 

DNA samples. These markers contain fragments of standardized length. 

Comparison with these markers facilitates to determine the size of the samples 

on the gel. 

Bands on the gel were detected using UV light under a dark hood and 

documented by taking a picture using the Biostep Argus X1 software. 

For further use of DNA fragments the desired band was cut from the gel, 

weighed and purified using the High Pure PCR Product Purification Kit from 

Roche Diagnostics GmbH, Germany. Therefore the gel slice was dissolved in 

200 µl Binding Buffer for every 100 mg of agarose gel by vortexing briefly and 

incubating the solution for 10 min at 56°C. Further purification steps were 

performed as described in Table 9. 

2.1.6 Dephosphorylation and ligation 

Restriction enzymes used for this study (as stated in Table 8) all produce 

different sticky ends. However, in order to ensure standardized ligation 

conditions as described in Table 12, all DNA inserts and plasmid vectors require 

blunt ends. 

Therefore plasmid vectors and DNA inserts were treated with a VentR DNA 

Polymerase (New England Biolabs Inc.) as described in Table 10 prior to 

ligation. This polymerase fills in 5’ overhangs and removes 3’ extensions.  

Linearized plasmid vector pVAX.A120 was subsequently dephosphorylated at 

the 5’ end by treatment with an alkaline phosphatase according to the protocol 

described in Table 11 to prevent religation of the vector with itself. 
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Table 10 Protocol to generate blunt DNA fragments and vectors 

DNA According to rate of yield 

after purification 

 

dNTPs 1.0 µl PeqLab 

VentR Polymerase 0.5 µl New England Biolabs 

Inc. 

ThermoPol Buffer  

(10% of final volume) 

6.0 µl New England Biolabs 

Inc. 

H2O ad 60 µl  

Incubation 15 min at 72°C   

 

Table 11 Protocol for dephosphorylation of a DNA vector 

DNA vector Volume according to 

rate of yield after 

purification 

 

Antarctic Phosphatase 

Reaction Buffer 

(10% of final volume) 

4.0 µl New England Biolabs 

Inc. 

Antarctic Phosphatase 1.5 µl New England Biolabs 

Inc. 

H2O ad 40 µl  

Incubation 15 min at 37°C  

Heat inactivation 5 min at 65°C  

 

DNA inserts were then included into the pVAX.A120 vector by means of an 

enzymatic reaction with a T4 DNA ligase. The enzyme ligase catalyzes the 

formation of phosphodiester bonds and therefore allows the joining of DNA 

double-strands. 
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In the presented work the ligation calculator from www.insilico.uni-

duesseldorf.de/Lig_Input.html was used to calculate the amount of insert while 

several vector to insert ratios were tested, such as 1:5, 1:10 and 1:20. 

Table 12 Protocol for ligation 

Plasmid vector pVAX.A120 10 ng  

DNA insert depending on vector to 

insert ratio and size of insert 

 

T4 DNA Reaction Buffer  

(10% of final volume) 

1 µl New England Biolabs 

Inc. 

T4 DNA Ligase 1 µl New England Biolabs 

Inc. 

H2O ad 10 µl  

Incubation  Overnight at 16°C  

 

After ligation the samples were finally inserted in bacteria using the heat shock 

transformation method. Plasmids were again isolated and checked for insertion 

of the correct plasmid: only inserts that were included into the plasmid vector in 

correct strand orientation during ligation can result in correct triplets in 

subsequent translation in 3’-5’ direction. For this purpose, plasmids from several 

bacterial clones were isolated and checked for correct sequence via restriction 

enzyme digestion (2.1.4) and additional sequencing (2.1.7) for final validation. 

2.1.7 Sequencing 

In order to verify DNA sequences of plasmid vectors or inserts, DNA fragments 

with correspondent primers (Table 13) were send to GATC Biotech, Konstanz, 

Germany, where all sequencing analysis for this study was carried out. Primers 

were designed in silico using the software http://primer3.ut.ee/ and purchased 

from Metabion GmbH, Martinsried, Germany. 
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With ApE software, sequence data in .seq or .ab1 format was afterwards 

analyzed and compared to original sequences of plasmid vectors and Tlr gene 

sequences as indicated at www.ncbi.nlm.nih.gov. 

Table 13 Primers used for sequencing in this study 

Sequencing of original plasmid vectors was performed using primers stated in (A). The primers 
to verify the sequences of final pVAX.A120 plasmid vectors containing Tlr sequences are stated 
in (B). All primers are stated in 5’-3’ direction.  

A Plasmid Gene Forward  Reverse  

pcDNA3.1_Tlr1 Tlr1 CMV fwd BGH rev 

pcDNA3.1_Tlr2 Tlr2 CMV fwd BGH rev 

pcDNA3.1_Tlr6 Tlr6 CMV fwd BGH rev 

 

B Plasmid Gene Primer 1 Primer 2 Primer 3 

pVAX.A120_Tlr1 Tlr1 CCACTGCTT

ACTGGCTTA

TCG 

CCTCCAGAT

AGTTTGGCA

TACG 

CATTCCAATG

CACATGTGAG

C 

pVAX.A120_Tlr2 Tlr2 CCACTGCTT

ACTGGCTTA

TCG 

CCAGGTTCC

AGTTTTCACC

A 

TTTTCTTTGTT

CTTGCCTCGG 

pVAX.A120_Tlr6 Tlr6 CCACTGCTT

ACTGGCTTA

TCG 

CTGAGAGAA

TCGACAGGG

AAGA 

ACAGGTGTGA

CTACCCAGAA 
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2.2 In vitro transcription of chemically modified mRNA 

T7 promoter-containing pVAX.A120 vectors encoding for Tlr1, 2 and 6 were 

linearized via restriction enzyme digestion as described in chapter 2.1.4 and 

transcribed in vitro into chemically modified mRNA, incorporating 25% 2-Thio-

UTP and 25% 5-Methyl-CTP using the T7 MEGAscript kit (Ambion). 

The T7 polymerase is a highly promoter-specific RNA polymerase originating in  

E. coli bacteriophages, that transcribes DNA only downstream a T7 promoter 

[134]. Double stranded DNA is separated and unwinded to allow for 

complementary base pairing on the codogenic strand. 

Because high amounts of mRNA were required for in vitro and in vivo studies, 

all mRNA transcriptions were performed as 5x applications using 5 µg linearized 

vector DNA and 10 µl enzyme mix (Table 14) for each reaction. Since precision 

and cleanliness is crucial when working with mRNA, it has been taken care of 

an RNase free environment and lab space at all times.  

In order to achieve low immunogenicity in vivo while at the same time achieving 

high gene transfer efficiency and stability an Anti Reverse Cap Analog (ARCA, 

TriLink Bio Technologies) and modified nucleotides were incorporated in terms 

of replacing 25% of UTP with 2-Thio-UTP and 25% of CTP with 5-Methyl-CTP 

[127]. The exact GTP to ARCA ratio is not defined, leading to overall higher 

amounts of guanine nucleotides in the reaction volume [126]. 

Before use, nucleotides were thawed on ice and reaction buffer at room 

temperature. Nuclease-free DEPC water was used for dilutions. All ingredients 

were pipetted carefully in a nuclease free reaction tube and incubated at 37°C 

for 2-3 hours to allow for mRNA transcription of the T7 polymerase. 

Subsequently 5 µl Turbo-DNase (MEGAscript T7, Ambion) was added and 

incubated at 37°C for 15 min to ensure degradation of residual DNA. 
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Table 14 Protocol for mRNA in vitro transcription of a T7 promoter containing 
linearized plasmid DNA using the MEGAscript kit 

Reagent Volume 

(µl) 

Molarity 

(mM) 

Final 

Concent

ration 

(mM) 

Percen-

tage (%) 

Supplier 

ATP 10  75 7.5 100 MEGAscript T7, 

Ambion 

CTP 7.5 75 5.625 75 MEGAscript T7, 

Ambion 

m5CTP 1.9 100 1.9 25 TriLink 

BioTechnologies 

UTP 7.5 75 5.625 75 MEGAscript T7, 

Ambion 

s2UTP 1.9 100 1.9 25 TriLink 

BioTechnologies 

GTP 5 75 3.75 not 

defined 

MEGAscript T7, 

Ambion 

ARCA 6 100 6 not 

defined 

TriLink 

BioTechnologies 

Reaction Buffer 

(10x) 

10     MEGAscript T7, 

Ambion 

Plasmid DNA equal to  

5 µg 

    

Enzyme Mix 10     MEGAscript T7, 

Ambion 

DEPC water ad 100      
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The MEGAclear kit (Ambion) was used for clean-up and purification of mRNA 

samples based on the principle of silicate based membranes [135]. To each 

reaction tube 350 µl binding solution concentrate and 250 µl 100% ethanol were 

added, the sample was supplied into a filter cartridge placed into a collection 

tube and centrifuged at 13,000 rpm for 30 sec. This was followed by a twofold 

performed washing step with 500 µl wash solution and centrifugation at 13,000 

rpm for 30 sec each to remove residual nucleotides that haven’t been 

incorporated during transcription. An additional centrifugation at 13,000 rpm for 

30 sec ensured complete removal of remnants of wash solution and ethanol. 

New RNase-free tubes were now used for elution of mRNA using 42 µl elution 

solution, incubation at 70°C for 10 min and centrifugation at 13,000 rpm for 1 

min. The elution step was repeated with another 42 µl elution solution to 

maximize the yield of mRNA. The reaction was then placed on ice, 

concentration of mRNA was measured and the samples were stored at -80°C. 

To check the mRNA for correct length gel electrophoresis was performed as 

described above (chapter 2.1.5) with the following changes in procedure: for 

mRNA samples, 1-3 µg mRNA were mixed with 2 µl 2x RNA Loading Dye (New 

England Biolabs Inc., Ipswich, UK) and filled up with DEPC water ad 12 µl. The 

mixture for 10 µl mRNA ladder was prepared using 2 µl ssRNA ladder (New 

England Biolabs Inc., Ipswich, UK), 3 µl DEPC water and 5 µl 2x Loading Dye. 

Samples were loaded onto a 1.5% agarose gel and electrophoresis was 

performed at 80 Volt and 400 milliampere until a sharp band was detectable. 

2.3 Cultivation and transfection of A549 and MLE12 cells 

Mouse transformed epithelial cells (MLE 12; deposited by ATCC American Type 

Culture Collection, Manassas, USA) and Human alveolar type 2 epithelial cells 

(A549; deposited by CLS Cell Line Service, Eppelheim, Germany) were grown 

in cell culture medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin. Cells were cultured in a 175 cm2 tissue culture flask under 

standardized conditions at 37°C and 5% CO2.  
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Both cell types grow adherent and were splitted when reached 90% confluency. 

For this purpose the old medium was decanted, cells were washed with 10 ml 

PBS before being incubated with EDTA solution containing 0.25% trypsin at 

37°C to allow for adherent cells to detach. Preheated DMEM stopped trypsin 

activity and cells were either used for experiments or seeded at different 

dilutions in order to grow again. 

Transfection with Lipofectamine 2000 

Lipofection is a transfection procedure using liposomes as vehicles to inject 

genetic material into eukaryotic cells. Cationic lipids interact spontaneously with 

anionic genetic material forming lipid-DNA or –RNA complexes, able to enter 

cells by fusion with their plasma membrane [136]. In doing so, lipofection is 

greater than 5- fold more effective than other transfection techniques, e.g. the 

calcium-phosphate or the DEAE-dextran transfection technique [137]. 

In the presented work Lipofectamine 2000 (Invitrogen Life Technologies 

Corporation) was used as a transfection reagent, containing 1 mg/ml neutral 

and kationic lipids. 

One day prior to lipofection procedure, cells were seeded in a 24-well plate with 

a concentration of 100,000 cells and 500 µl medium per well. At the time of 

transfection cells should be 80-90% confluent. Each well was transfected with 

an amount of 0.5 µg mRNA (modified after Kormann, Depner et al. 2008). The 

transfection rate depends not only on cell lines, cell density and amount of 

nucleic acids [136] but also on incubation times [138]. Before transfection, cells 

received 400 µl fresh medium without antibiotics. Two reaction tubes for each 

well were prepared. In tube 1) 0.5 µg mRNA was filled up with Opti-MEM 

medium ad 50 µl, whereas tube 2) contained 2 µl Lipofectamine and 48 µl Opti-

MEM. Both tubes were incubated at room temperature for 5 min. Carefully each 

solution from tube 1) (mRNA) was added to respective tube 2) (Lipofectamine) 

and incubated at room temperature for 20 min to allow for generation of lipid-

mRNA complexes. This solution was then slowly pipetted into cell culture wells. 

Cells were again incubated at 37°C and 5% CO2. New medium was supplied 
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after 12 hours. Cells were stained and subjected to flow cytometry after 24 

hours or 48 hours respectively. 

2.4 Flow cytometry 

Flow cytometry offers a method for quantitative analysis of cells in suspension 

[139]. The fundamental concept is based on scattered and fluorescent light. 

Cells or other microscopic particles in suspension pass by a laser beam and 

interact with the light. Light scatter as well as fluorescent scatter can be 

measured and are then detected separately. Whereas light scatter allows to 

determine not only size (via forward scatter, FSC) but also granularity (via side 

scatter, SSC) of the cell, fluorescent scatter can tell about cell specific 

components in case they have been stained with a fluorescent dye prior to flow 

cytometry. Various cell types and also dead cells can be distinguished 

according to their different physical properties. The use of different wavelengths 

of the laser stream enables the detection of various fluorescent signals. Usually 

flow cytometry data are shown as a density plot or on a histogram. On a density 

plot, each dot represents an individual cell while green and yellow areas 

indicate large number of events. On histograms, cell types can be analyzed 

separately and plotted as cell count on the y-axis versus fluorescence intensity 

on the x-axis. 

In this study, flow cytometry was used to measure surface expression of 

TLR1, 2 and 6 on MLE12 and A549 cells in vitro as well as on lung and spleen 

tissue cells in vivo. This method was further used to quantify and differentiate 

different immune cells isolated from lung and spleen tissue after in vivo 

treatment with Tlr mRNA. Antibodies used for in vitro and in vivo experiments of 

this study are stated in Table 15. 
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Table 15 Antibodies to stain cells from whole lung and spleen tissues for 
T cells, T regs, B cells, eosinophils and dendritic cells 

Antibody Supplier 

Anti-mouse TLR1-PE goat IgG R&D Systems 

Anti-mouse TLR2-FITC mouse IgG1 BioLegend 

Anti-mouse TLR6-APC rat IgG2A R&D Systems 

Anti-mouse F4/80-Pacific Blue rat IgG2A BioLegend 

Anti-mouse Siglec F-PE rat IgG2A BD Pharmingen 

Anti-mouse CD19-PerCP/Cy5.5 rat IgG2A BioLegend 

Anti-mouse CD11b-PE.Cy7 BD Pharmingen 

Anti-mouse CD11c-APC/Cy7 hamster IgG1 BD Pharmingen 

Anti-mouse Ly6G-APC rat IgG2b eBioscience 

Anti-mouse CD3e-Brilliant Violet rat IgG2b BioLegend 

Anti-mouse CD4-APC rat IgG2b eBioscience 

Anti-mouse CD25-PE/Cy7 rat IgG1 eBioscience 

Anti-mouse Foxp3-PE rat IgG2a eBioscience 

Rat IgG2a-PE eBioscience 

Foxp3 Fix/Perm Buffer Set BioLegend 

 

For in vitro experiments, A549 and MLE12 cells were prepared for flow 

cytometry analysis either 24 hours or 48 hours after transfection procedure. 

Cells were washed, detached from culture flasks as described above (chapter 

2.3), washed again, centrifuged at 400 x g for 10 min, supernatant was 

decanted and cells were resuspended in 100 µl FACS buffer (1 x PBS with 

0.1% BSA and 0.02% NaN3) and stored on ice. Per 1 x 106 cells and 100 µl 
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volume, cells were stained with either 2 µl Anti-mouse TLR2, 8 µl Anti-mouse 

TLR1 or 8 µl Anti-mouse TLR6 per tube depending on their previous mRNA 

treatment. Non-transfected cells served as controls and were therefore pooled 

and stained with antibodies as mentioned above. An additional sample 

remained unstained as a control. All cells were incubated at 4°C for 30 min, 

washed and resuspended in 100-200 µl FACS buffer before being subjected to 

flow cytometry. 

 

Fig. 5 Gating strategy for in vitro experiments to detect TLR expression in 
MLE12 and A549 cells 

In the dot plot (A) cells were first gated for living cells by forward scatter (FSC) and side scatter 
(SSC). Histograms (B and C) only include living cells. Blue peaks indicate TLR expression on 
untransfected controls whereas red peaks show the positive dataset of increased TLR 
expression after transfection with chemically modified Tlr mRNA. Representative graphs of 
A549 cells after transfection with Tlr1 (B) and Tlr2 (C) mRNA are shown. 

For in vivo experiments lung and spleen cells were isolated and stained as 

described in chapter 2.6. Cells from each mouse were separated whereas the 

first part (a) was stained for TLR1, 2 and 6 expression, the second part (b) for 

differential cell analysis and the third part (c) for Foxp3 as a marker for CD4+ 

regulatory T cells. Each tube contained 500,000 cells in 100 µl FACS buffer and 

was incubated for 30 min at 4°C after the respective antibody mix was added. 

Cells were subsequently washed, centrifuged, resuspended in 100 µl FACS 

buffer and subjected to flow cytometry. 

In order to investigate the expression of TLR1, 2 and 6 in lung and spleen 

tissue, cells were stained with a mixture of 10 µl Anti-mouse TLR1, 2 µl Anti-

mouse TLR2 and 10 µl Anti-mouse TLR6 per tube. 



2 Materials and Methods 

44 

 

Fig. 6 Gating strategy for in vivo experiments to analyze TLR expression on 
lymphocytes, monocytes, PBMCs and neutrophils 

Cells from whole lung and spleen tissue were isolated and stained for TLR1, 2 and 6. On the 
density plot. (A) cell types were analyzed separately and then plotted on histograms as cell 
count on the y-axis versus TLR fluorescence (PE for TLR1 (C), FITC for TLR2 (B) and APC for 
TLR6 (D)) on the x-axis. The red peak indicates the data of an unstained control, the black peak 
shows the data of stained samples. According to unstained samples, Marker (M1) was set as a 
threshold to define positive events. 

Cell infiltration in lung and spleen tissue was differentially analyzed by adding 

the antibody mixture stated in Table 16 to each tube. 
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Table 16 Antibodies for cell differentiation by flow cytometry 

Antibody Volume 

Anti-mouse F4/80 0.5 µl 

Anti-mouse Siglec F 0.5 µl 

Anti-mouse CD19 0.25 µl 

Anti-mouse CD11b 0.25 µl 

Anti-mouse Ly6G 6 µl of a 1:100 dilution 

Anti-mouse CD3 2.5 µl 

Anti-mouse CD11c 1 µl of a 1:10 dilution 

FACS buffer ad 50 µl 
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Fig. 7  Flow cytometry gating strategy for in vivo experiments to detect T cells, 
B cells, eosinophils and dendritic cells from lung and spleen tissue 

A: Single cells and live cells were first identified by forward scatter (FSC) and side scatter 
(SSC). B: Macrophages were then identified as F4/80

+
 and FITC

+ 
cells. C: Cells other than 

macrophages were fragmented into myeloid (SSC and CD11b
+
) and non-myeloid (SSC

low
 and 

CD11b
low

) cells. Among myeloid cells, eosinophils were defined as Siglec F
+
 and Ly-6G

mid
, 

whereas neutrophils showed Ly-6G
high+

. Dendritic cells (DCs) were identified within a 
CD11c

high/mid
 and CD11b

+
 gate. Non myeloid cells were then identified as B cells (CD19

+
 

CD3
low/neg

) and T cells (CD3
+
 CD19

low
). 

In order to indentify regulatory T cells (Tregs), the fraction of CD4+ CD25+ 

Foxp3+ positive cells was measured via intra- and extracellular staining. 

Prepared cells were first stained for extracellular CD4 and CD25 (1 µl Anti-

mouse CD4 and 3 µl Anti-mouse CD25 per tube). After incubation (30 min, 4°C) 

cells were washed, resuspended in 150 µl FACS buffer and 200 µl 1% Foxp3-

Fix/Perm solution to fix cells prior to permeabilization treatment. After incubation 

at room temperature for 20 min in the dark, the solution was centrifuged and the 
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supernatant was decanted. Fixed cells were resuspended in 200 µl 1% 

Foxp3Perm Buffer to permeabilize the cells to allow for the fluorochrome 

reaching the interior of the cell. This solution was again incubated 15 min at 

room temperature in the dark, washed and resuspended in 50 µl Foxp3Perm 

Buffer. Cells were then stained with either 5 µl Anti-mouse Foxp3 or 5 µl Rat 

IgG2a as an isotype control. After another 30 min of incubation cells were 

washed and resuspended in 100 µl FACS Puffer for subsequent analysis via 

flow cytometry. 

 

Fig. 8 Gating strategy for in vivo experiments to detect CD4+ CD25+ Foxp3+ 
Tregs 

In a density plot for SSC versus FSC cells were gated for living cells (A). Living cells were then 
gated into CD4

+
 cells (B). These were further gated for CD25 and Foxp3 fluorescence. Isotype 

controls were used to differentiate between CD4
+
 CD25

+
 but Foxp3

- 
cells (C) and CD4

+
 CD25

+
 

Foxp3
+
 Tregs (D), shown in the upper right quadrant of Foxp3 gate. 

Cells were analyzed on FACS Calibur using CellQuest software. Data was 

further interpretated and analyzed with FACSDiva (vs 6.1.3) software for in vitro 

experiments. FCS Express and FlowJo software were used to analyze in vivo 

data. 
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2.5 Animal experiments 

Six- to eight-week-old female BALB/c mice were purchased from Charles River 

Laboratories. Mice were kept under standardized specific pathogen-free 

conditions and maintained on a 12-h light-dark cycle. Food, water as well as 

nesting material were provided ad libitum. All animal experiments were 

approved by the local ethics committee and carried out according to the 

guidelines of the German Law for the Protection of Animals.  

Intratracheal (i.t.) procedures were carried out under antagonizable anesthesia 

with a mixture of medetomidine (0.5 mg/kg), midazolam (5 mg/kg) and fentanyl 

(50 µg/kg). After treatment antidot was injected subcutaneously consisting of 

atipamezol (50 µg/kg), flumazenil (10 µg/kg) and naloxon (24 µg/kg). 

At the age of 10-12 weeks, mice received their first i.t. treatment of the injection 

schedule (Fig. 18). This schedule was adapted from Mays et al. [129] and 

modified to enable a preventative treatment with Tlr mRNA prior to HDM 

exposure. Mice received either four instillations of Tlr mRNA combinations 

followed by three instillations of HDM extract (Dermatophagoides 

pteronyssinus, GREER laboratories, Lenoir, NC, USA), PBS instead of mRNA 

followed by HDM exposure as positive controls or PBS only as negative 

controls. Furthermore, mice were treated with Tlr mRNA followed by PBS 

administration instead of HDM, to observe whether mRNA application on its 

own may modify the asthmatic outcome in vivo (Table 17). 
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Table 17 Groups of mice and their respective treatment following the injection 
schedule as stated in Fig. 9 

Group n = Treatment 

day -17, -14, -10, -7  

 

day 0, 7, 14 

Endpoint 

 

1 9 Tlr1/2 mRNA HDM day 15 

1.1 3 Tlr1/2 mRNA PBS 

2 9 Tlr2 mRNA HDM 

2.1 3 Tlr2 mRNA PBS 

3 9 Tlr2/6 mRNA HDM 

3.1 3 Tlr2/6 mRNA PBS 

4 9 PBS HDM 

4.1 9 PBS PBS 

 

Fig. 9 Timeline illustrating the injection schedule of the HDM induced mouse 
model of asthma 

Mice were treated intratracheally and received either 100 µg HDM, 20 µg mRNA per Tlr or PBS 
as a control. 

2.6 Lung and spleen cell isolation  

At experimental endpoints, mice were euthanized using 120 mg/kg 

pentobarbital sodium. Spleens were removed and squeezed through a 70 µm 

cell strainer while rinsing the sieve with 50 ml cold PBS. Lungs were removed 

and each left lobe was fixed in phosphate buffered formaldehyde and further 
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treated as described in chapter 2.11. Right lungs were shredded, incubated in 1 

ml digestion solution (Table 18) for 1-2 hours at 37°C and subsequently 

squeezed through a 70 µm cell strainer rinsed with 50 ml cold PBS. Spleen and 

lung cells were centrifuged at 400 x g for 10 min before cell pellets were 

resuspended in 5 ml lysis buffer and incubated for 5 min at room temperature. 

50 ml PBS per sample were added and cells were centrifuged again at 400 x g 

for 10 min. The cell pellet was finally resuspended in 3 ml PBS and live cells 

were counted.  

Table 18 Solution to digest lung tissue prior to lung cell staining for flow 
cytometry analysis 

Digestion solution  Final concentration Supplier 

Collagenase Type 1 1 mg Life technologies 

Dispase 1 mg Corning 

DNase  1% (500 U) EPICENTRE Biotechnologies 

 

2.7 Lung function test 

At the predetermined endpoint of the study, airway resistance in response to 

methacholine (MCh, acetyl-β-methylcholine chloride; Sigma-Aldrich) was 

determined from n=6 mice per group using the model of the isolated, perfused 

and ventilated lung (IPL) [129]. 

Mice were deeply anaesthetized and toe reflex tests were performed to 

measure the depth of anaesthesia. The animal was fixed in a thorax chamber in 

supine position. The Trachea was cannulated for mechanical ventilation with 90 

breaths per minute by negative pressure ventilation between -2.8 cm H2O (end-

expiratory) and -8.5 cm H2O (end-inspiratory). Furthermore hyperinflation (-25 

cm H2O) was performed every 5 minutes to prevent atelectases of the lungs. 

After a laparatomy the diaphragm was dissected and heparin 500 IE/100g was 

injected into the right ventricle of the heart. The renal artery was then cut 

resulting in the mouse bleeding to death. The lower half of the body was 
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discarded and the thorax opened to cannulate the pulmonary artery and vein. 

Subsequently the chamber was closed and the pulmonary vessels were 

perfused at a constant flow rate (1 ml/min) in a nonrecirculating manner with a 

4% hydroxyethyl starch containing perfusion buffer (Fig. 10). After a 20-minute 

equilibration period, the lungs were perfused with increasing concentrations of 

MCh (0.1 μM, 1 μM, 10 μM, and 100 μM) for 10 min each, separated by a 20-

minute washout period with buffer. 

 

Fig. 10 Lung function and airway resistance was measured using the ex vivo IPL 
method 

The trachea was mechanically ventilated through an air inlet in a vacuum chamber. The 
pulmonary artery and vein were cannulated and perfused with buffer. 

The mean resistance values were calculated from the last 30 seconds of each 

10-minute MCh exposure for statistical analysis. During this whole process, 
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Lung function parameters were analyzed automatically by HSE-HA Pulmodyn 

W Software (Harvard Apparatus). 

2.8 Enzyme linked immunosorbent assay (ELISA) 

Cytokines in BALF supernatant collected from mice at the predetermined 

endpoint of the study were assayed in triplicates by ELISA for IL-5, IL-13, IFNγ 

and CCL17 (Table 19) according to the manufacturer’s instructions. Briefly, 96-

well plates were precoated with antibody solution and then loaded with 

undiluted samples. After overnight incubation at 4°C chemokines were detected 

by horseradish peroxidase-linked antibodies and optical density values were 

measured in a microplate reader. Concentrations of chemokines were then 

calculated from standard curves. 

Table 19 Chemokines investigated in this study via ELISA and suppliers of 
respective kits 

Chemokine Detection limit  

(minimum-maximum) 

Supplier 

IL-5 4 – 500 pg/ml eBioscience 

IL-13 4 – 500 pg/ml eBioscience 

IFNγ 15 – 2000 pg/ml eBioscience 

CCL17 7.8 – 500 pg/ml R&D Systems 

 

2.9 Cytokine multiplex panel 

Cytokines in BALF supernatant were additionally analysed for IL-2, IL-4, IL-5, 

IL-10, IL-12p70, IL-17A, IFNγ and TNFα using a mouse cytokine multiplex panel 

according to the manufacturer’s instructions (Bio-Plex Cytokine Assay, Bio-Rad 

Laboratories, USA). The Bio-Plex suspension array allows the detection of 

multiple cytokines in a single well while only a relatively small sample volume is 
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required. This technology combines the principles of flow cytometry and a 

sandwich immunoassay, using colored beads instead of a coated well [140]. 

In brief, antibodies directed to the cytokines of interest are covalently coupled to 

fluorescent beads. These antibody-coupled beads are allowed to react with an 

unknown amount of cytokines in any sample dilution. An additional analysis of 

samples containing a known amount of cytokines allows to establish a standard 

curve. After several washing steps, a specific detection antibody and finally 

streptavidin-PE is added to the reaction mixture. Lasers in the flow-based array 

system excite the fluorochromes and thereby detect and quantify the specific 

cytokine reaction in each well. Cytokine concentrations are automatically 

calculated by Bio-Plex Manager Software. 

2.10 Differential cell count of murine bronchoalveolar lavage (BAL) 

Bronchoalveolar lavage (BAL) fluid was obtained at the time of sacrifice. Gently, 

the trachea was dissected and carefully cannulated with a needle. Lungs were 

lavaged twice with 1 ml prechilled PBS. Each BALF sample was then 

centrifuged for 10 min. at 500 x g. The supernatants were collected and stored 

at -20°C for cytokine analysis. Cell pellets were subsequently resuspended in 

PBS and diluted with PBS 1:5. From this dilution a volume of 300 µl was used to 

prepare monolayer smears by cytocentrifugation at 800 rpm for 10 min at 4°C. 

The smears were then stained with May-Grünwald-Giemsa. Differential cell 

counts of BALF were performed from at least 100 cells per smear and analyzed 

using a Zeiss Axio Imager.M2 with the AxioCam MRc camera. Standard 

hemocytologic criteria were used to classify the cells as neutrophils, 

eosinophils, lymphocytes, macrophages and monocytes (Fig. 11). 
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Fig. 11 Representative smear of BAL cells after cytospin procedure 

Black arrows indicate different cell types of a BAL fluid sample. 

2.11 Histopathology of murine lung tissue 

In order to analyze inflammation and mucus production in lung tissues, each left 

lung was removed at the predetermined endpoint of the study. Lungs were fixed 

in Histofix (4.5%, Carl Roth) overnight and embedded in paraffin. Slices (4 µm) 

were stained with either H&E or periodic acid-Schiff (PAS). The samples were 

examined using a Zeiss Axio Imager.M2 with the AxioCam MRc camera. 

Multiple photographs were taken of the primary airway, perivascular and 

interstitial areas. Inflammation and infiltration of lung tissue was evaluated on 

H&E stained sections. Mucus-producing PAS-positive goblet cells were 

quantified in percent of counted cells (determined by visible nuclei). 

2.12 Statistical analysis 

Statistical significance of differences was defined as P<0.05 and denoted with 

asterisks: *0.05, **0.01 and ***0.001. Statistical analysis and generation of 

figures presented in this thesis were performed using GraphPad Prism 6.0 

(GraphPad Software, San Diego, California) and SPSS Statistics Version 22 
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(IBM). Unless stated otherwise, data were statistically analyzed using Kruskal-

Wallis oneway-analysis and Mann-Whitney U tests. 
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3 Results 

3.1 Cloning of murine Tlrs for mRNA transcript therapy 

3.1.1 Plasmidisolation and cloning of Tlr1, 2 and 6 into a pVAX.A120 

plasmid vector 

In order to receive high amounts of plasmid vectors containing the respective 

Tlr genes, pcDNA3.1 plasmids encoding for murine Tlr1, 2 or 6 were inserted 

into E.coli via heat shock transformation. Subsequently plasmids were isolated 

and Tlr gene inserts were cut out via restriction enzyme digestion. To further 

isolate the Tlr insert and check it for correct length of sequence, a gel 

electrophoresis and gel isolation were performed. Correct isolation of the Tlr2 

insert is shown in Fig. 12 representatively for all Tlr inserts. 

 

Fig. 12 Isolation of the Tlr2 fragment from an agarose gel 

(A) A pcDNA3.1 plasmid incorporating an Tlr2 insert was digested with SpeI HF and XhoI and 
run on an agarose gel. The 2300 bp Tlr2 fragment was identified by comparing the fragment of 
interest to the DNA ladder on the left and the previously extracted Tlr2 fragment on the right. 
The desired band was removed with a razor blade, (B) the white arrow indicates the empty 
space after removal. 

Following the isolation procedure, Tlr1, 2 or 6 inserts were ligated into the 

pVAX.A120 plasmid vector. 
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3.1.2 Validation of the correct structure and sequence of pVAX.A120_Tlr 

plasmids 

The final sequence of the pVAX.A120_Tlr plasmid construct after ligation was 

validated via control restriction enzyme digestion, gel electrophoresis (Fig. 13) 

and additional sequencing (Fig. 14). 

 

Fig. 13 Gel electrophoresis of pVAX.A120_Tlr2 plasmids from various bacterial 
clones after restriction enzyme digestion 

In case of successful intake of the Tlr insert into pVAX.A120, restriction enzyme EcoRI HF 
produces fragments of 4191 bp and 1268 bp of length. In the picture above white arrows 
indicate plasmids from bacterial clones number 54 and 57 showing the desired pattern and thus 
correct intake and orientation of the fragment within the plasmid. 
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Fig. 14 Sequence data of plasmids was analyzed using ApE software 

Representative data from Tlr1 sequence is shown. (A) Alignment to compare the original Tlr 
sequence (a) as stated at www.ncbi.nlm.nih.gov to the sequencing results of Tlr1 inserted into 
the pVAX.A120 plasmid vector (b). Here, the beginning of the coding sequence is shown, with 
the black arrow indicating the start codon. Mismatches or mutations did neither occur in this nor 
in the following part of the sequence (data not shown). (B) The electropherogram illustrates the 
origin of the same Tlr1 coding sequence, showing distinct signal amplitudes without mutations 
or overlaps. 

3.2 Generation of chemically modified Tlr mRNA 

3.2.1 In vitro transcription of chemically modified Tlr1, 2 and 6 mRNA 

Chemically modified mRNA incorporating 25% 2-Thio-UTP and 25% 5-Methyl-

CTP was produced via in vitro transcription. After the transcription process, a 

gel electrophoresis was performed with 1-3 µg mRNA of each sample to ensure 

the correct length of the mRNA strand. Fig. 15 presents Tlr1, 2 and 6 mRNA 

samples of correct length after gel electrophoresis. 
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Fig. 15 Gel electrophoresis of Tlr1, 2 and 6 mRNA after in vitro transcription 

mRNA samples were run on an agarose gel. Bands appear as expected at approximately 
2591bp for Tlr1 mRNA, 2570bp for Tlr2 mRNA and 2625bp for Tlr6 mRNA. 

3.2.2 Validation of TLR1, 2 and 6 expression in vitro after transfection of 

Tlr mRNA  

Tlr1, 2 and 6 mRNA was transfected into A549 and MLE12 cells, in order to 

check the mRNA for correct function. Subsequently, cells underwent lipofection 

procedure and were subjected to flow cytometry to measure TLR expression 

after 24 hours or 48 hours respectively. TLR expression detected 48 hours post 

transfection (data not shown) was markedly reduced and cell numbers were 

decreased when compared to samples incubated only 24 hours after 

transfection procedure and have therefore not been analysed further. The steep 

increase in RFP positive cells after transfection of RFP mRNA is shown in Fig. 

16A and served as a control to confirm successful lipofection procedure. 



3 Results 

60 

 

Fig. 16 TLR expression in A549 cells after transfection with Tlr mRNA 

A549 cells were transfected with Tlr1, 2 or 6 mRNA, harvested and stained after 24 hours and 
subjected to FACS analysis. (A) Transfection with RFP mRNA served as a control and 
confirmed successful lipofection procedure by a steep increase in RFP

+
 cells. (B, D) TLR1

+
 and 

TLR6
+
 cells were elevated when compared to untransfected controls. (C) Expression of TLR2 

increased markedly after transfection with respective mRNA. Data are represented as means ± 
SEM. 

A549 cells showed higher levels of cells positive for TLR1 after transfection of 

Tlr1 mRNA when compared to untreated control cells (Fig. 16B). Transfection of 

Tlr2 mRNA resulted in highly elevated levels of TLR1+ A549 cells compared to 

untransfected controls (Fig. 16C). A slight increase of cells positive for TLR6 

could be detected after transfection of Tlr6 mRNA (Fig. 16D). 
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Fig. 17 TLR expression in MLE12 cells after transfection with Tlr mRNA 

MLE12 cells were transfected with either Tlr1 mRNA or Tlr2 mRNA and subjected to FACS 
analysis 24 hour later. Transfection with Tlr1 mRNA or Tlr2 mRNA led to an increased 
expression of both TLR1 (A) and TLR2 respectively (B) in MLE12 cells. Data are represented as 
means ± SEM. 

Tlr1 and Tlr2 mRNA was furthermore tested in MLE12 cells. Tlr mRNA was 

administered to MLE12 cells via lipofection and incubated for 24 hours. The 

subsequent FACS analysis demonstrated upregulation of both TLR1 (Fig. 17A) 

as well as TLR2 (Fig. 17B) in MLE12 cells after transfection with respective 

mRNA, when compared to untransfected controls. 

3.3 Effects of intratracheal Tlr mRNA delivery on systemic and local 

inflammation in vivo 

3.3.1 Levels of inflammatory cells in BAL 

Mice received combinations of Tlr mRNA at four determined time points before 

sensitization and challenge with HDM. Intratracheal applications were carried 

out under antagonizable anesthesia following the timeline as described in Fig. 

18. At day 15, the predetermined endpoint of the study (32 days after the first 

injection), mice were sacrificed and different analysis were performed. 
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Fig. 18 Injection schedule for the HDM induced mouse model of asthma 

Mice were treated intratracheally with combinations of Tlr mRNA at day -17, -14, -10 and -7 
prior to the first sensitization with House dust mite extract (HDM), indicated as day 0. Further 
intratracheal injections with HDM followed on day 7 and 14. On day 15, the predetermined 
endpoint of the study, mice were sacrificed and several readouts were performed. (As published 
in [141]) 

Cells of BAL fluid were obtained at the time of sacrifice and differentially 

counted. Levels of inflammatory cells in BAL are presented in Fig. 19. 

 

Fig. 19 Inflammatory cells in BALF 

Intratracheal application of Tlr1/2 mRNA resulted in decreased levels of neutrophils and 
eosinophils in bronchoalveolar lavage fluid (BALF). However treatment with Tlr2/6 mRNA led to 
higher amounts of eosinophils compared to untreated controls but still dampened neutrophilic 
inflammation. Differences between mRNA treated groups and untreated controls were non-
significant with P > 0.05. Data are represented as means ± SEM. (As published in [141]) 
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Fig. 20 Representative micrographs of BALF cellspin preparations 

Lungs were lavaged with PBS and differential cell counts were performed microscopically. 
Scale 100 µm, magnification x200. (As published in [141]) 

Levels of both neutrophils and eosinophils in BAL were decreased after delivery 

of Tlr1/2 mRNA when compared to untreated controls. Application of Tlr2/6 

mRNA led to higher amounts of eosinophils but still dampened neutrophilic 

inflammation. Treatment with Tlr2 mRNA resulted in increased levels of 

neutrophils whereas eosinophils and lymphocytes were slightly reduced. 

However all differences were non-significant (P > 0.05) (Fig. 19). 

Representative micrographs stated in Fig. 20 additionally illustrate the 

distribution of macrophages and inflammatory cells in BALF of differently 

treated groups. 

In order to directly compare the composition of BAL cells of treated and 

untreated mice, Fig. 21 states the data as parts of whole, indicating the 

considerable decline in neutrophils and eosinophils after treatment with Tlr1/2 

mRNA. 

The results presented in this chapter 3.3.1 have been published in [141]. 
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Fig. 21 Cells of BALF presented as parts of whole 

The various BAL cells per group as stated in Fig. 19 are here presented as parts of whole. Data 
are represented as mean percentages. 

3.3.2 Cytokine levels in BAL 

The effect of Tlr mRNA treatment prior to HDM sensitization and challenge was 

further investigated on cytokine levels in BALF supernatant (Fig. 22). BAL fluid 

was collected at the time of sacrifice and centrifuged to obtain the supernatant. 

ELISA technique was used to subsequently determine cytokines in the BAL 

supernatant. 
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Fig. 22 Cytokine levels in BALF analysed using ELISA 

Concentrations of cytokines in bronchoalveolar lavage (BAL) fluid of groups of differently treated 
mice are presented. (A) IFNγ levels were highest after delivery of Tlr1/2 mRNA when compared 
to other mRNA treatments. The dashed line indicates the detection limit of 15 pg/ml. (B) 
Administration of Tlr1/2 and Tlr2/6 mRNA resulted in decreased, administration of Tlr2 mRNA 
however in increased CCL17 concentrations. (C) IL-13 was not detectable in all groups except 
for the HDM control group. IL-5 was not detectable (n.d.) in all samples (data not shown). 
Differences were non-significant. Data are represented as means ± SEM. 

Treatment with Tlr2 and Tlr2/6 mRNA resulted in a moderate decrease of IFNγ 

levels in BALF compared to the HDM control group. Administration of Tlr1/2 

mRNA resulted in the highest IFNγ concentrations compared to other mRNA 

treatments. 

CCL17 levels were markedly reduced after administration of Tlr2/6 and Tlr1/2 

mRNA. Mice treated with Tlr2 mRNA though, showed levels of CCL17 almost 

twice as high as the HDM control group. Concentration of CCL17 in the PBS 

group remained below the assay’s detection limit of 7.8 pg/ml. 

Whereas IL-5 levels were measured but not detectable in all groups, levels of 

IL-13 were decreased after application of Tlr1/2, Tlr2 and Tlr2/6 mRNA when 

compared to mice without Tlr mRNA treatment prior to HDM administration. 
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In order to detect cytokines in BALF more precisely, a bead-based bio-plex 

cytokine assay was performed additionally to the conventional ELISA tests. 

 

Fig. 23 Cytokine levels in BALF analysed using a Bio-Plex cytokine panel 

T cell cytokines in BALF supernatants were quantified using a Th1/Th2 multiplex panel. (A) Th2-
like cytokines were increased after administration of Tlr2 mRNA and slightly decreased after 
treatment with Tlr1/2 mRNA. (B) Levels of Th17-like cytokine IL-17 were elevated after Tlr2 and 
Tlr2/6 mRNA treatment, but not in response to Tlr1/2 mRNA. Administration of Tlr2 mRNA also 
led to increased levels of most Th1-type cytokines (except IFNγ), whereas Tlr1/2 mRNA slightly 
reduced IFNγ concentrations in BALF. Differences remained non-significant. Data are 
represented as means ± SEM. 

Cytokine levels of IL-4, IL-5 and IL-10, mainly secreted by Th2 cells, were 

increased after Tlr2 mRNA treatment and remained unchanged or slightly 

reduced after Tlr1/2 mRNA treatment. Administration of Tlr2/6 mRNA resulted in 

marginally diminished IL-4 levels and barely influenced levels of IL-5 or IL-10 

(Fig. 23 A). 

Concentration of Th17-secreted cytokine IL-17 was increased in response to 

Tlr2 mRNA and Tlr2/6 mRNA treatment and remained unaltered after Tlr1/2 

mRNA treatment (Fig. 23 B). 
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Levels of Th1-type cytokines IL-2, IFNγ and IL-12 were elevated after Tlr2/6 

mRNA treatment. Tlr2 mRNA treatment resulted in higher concentrations of IL-2 

and markedly increased concentrations of TNFα, also mainly secreted by Th1 

cells. Administration of Tlr1/2 mRNA led to diminished levels of IL-2 and IL-12 

and slightly increased concentrations of IFNγ (Fig. 23 B). 

Parts of the results presented in this chapter 3.3.2 have been published in [141]. 

3.3.3 TLR Expression in lung and spleen tissue at the endpoint of the 

study 

The expression of TLR1, 2 and 6 on day 15 (endpoint) was analyzed via Flow 

cytometry to determine whether the administration of Tlr mRNA may have long 

term effects on systemic and/or local TLR expression. Lung and spleen tissue 

was prepared and stained prior to FACS analysis. TLR expression detected in 

lymphocytes, monocytes, PBMCs and neutrophils in spleen tissue of mice 

treated with Tlr mRNA did not differ from TLR expression detected in these cells 

of mice treated with either HDM alone or neither mRNA nor HDM (data not 

shown). TLR expression in cells of lung tissue did also not differ significantly 

from treated to untreated mice. However, an increase in TLR1 and TLR2 

expression on neutrophils was detected after administration of Tlr1/2, Tlr2 as 

well as Tlr2/6 mRNA (Supplement Fig. 1). Furthermore Foxp3+ Tregs were 

analyzed in the same manner and again no differences could be discerned 

between differently treated groups (data not shown). 

3.3.4 Immigration of inflammatory cells into lung and spleen tissue 

In order to investigate both the local effect of Tlr mRNA application on immune 

cells in lung and the systemic effect on spleen tissue, lung and spleen cells 

were isolated, stained and subjected to FACS analysis. 
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Fig. 24 Inflammatory cells in lung tissue 

Levels of T cells, neutrophils and eosinophils were measured via flow cytometry. T cell levels in 
the Tlr2 mRNA+HDM group could technically not be detected (#). Differences were non-
significant. Data are represented as means ± SEM. 

Numbers of T cells in lung tissue were reduced after administration of 

Tlr2/6 mRNA. Delivery of Tlr1/2 mRNA was able to dampen eosinophils but 

resulted in increased numbers of T cells. Tlr2 mRNA resulted in augmented 

levels of eosinophils and considerably increased neutrophils in lung tissue (Fig. 

24). 

 

Fig. 25 Inflammatory cells in spleen tissue 

T cells, neutrophils and eosinophils were analyzed using flow cytometry. T cell levels in Tlr2 
mRNA+HDM group could technically not be detected (#). Differences were non-significant. Data 
are represented as means ± SEM. 
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In order to further determine a possible systemic effect of Tlr mRNA treatment 

prior to HDM administration, immune cells of spleen tissue were analyzed (Fig. 

25). Here, Tlr2 mRNA led to increased numbers of neutrophils but slightly 

decreased numbers of eosinophils when compared to untreated controls. 

Levels of neutrophils and eosinophils but not T cells in spleen tissue cells were 

increased after delivery of Tlr1/2 mRNA. All differences remained non-

significant. 

Parts of the results presented in this chapter 3.3.4 have been published in [141]. 

3.3.5 Inflammation and mucus production in lung tissue 

At the time of sacrifice, whole lungs were obtained, embedded in paraffin and 

finally cut in sections. Lung tissue sections were then stained with either H&E to 

analyze tissue inflammation or PAS to evaluate mucus production. 

Peribronchial, perivascular and interstitial tissue inflammation in lungs of mice 

treated with Tlr1/2 mRNA was markedly reduced (Fig. 26). Administration of 

Tlr1/2 mRNA resulted in significantly reduced (P = 0.007) numbers of mucus 

producing goblet cells in airways (Fig. 27). Treatment with Tlr2 mRNA led to 

higher degrees of goblet cell metaplasia when compared to untreated controls 

(Fig. 27) and did not dampen lung inflammation. Inflammation of lung tissue 

was slightly diminished after delivery of Tlr2/6 mRNA. No differences in goblet 

cell metaplasia were detected in this group. 
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Fig. 26 Inflammation and mucus production in lung sections 

Tissue inflammation and goblet cell metaplasia was analyzed on H&E- and PAS-stained lung 
sections. Representative micrographs are shown (scale 100 µm, magnification of H&E sections: 
x200, PAS sections: x400). (As published in [141]) 
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Fig. 27 Scoring for mucus producing PAS+ goblet cells 

PAS stained lung sections were analyzed to quantify PAS
+
 goblet cells. Delivery of Tlr2 mRNA 

resulted in increased levels of PAS
+
 cells, whereas delivery of Tlr1/2 mRNA led to significantly 

reduced goblet cell metaplasia (P = 0.007). Data are represented as individual mice, horizontal 
lines state means. (As published in [141]) 

The results presented in this chapter 3.3.5 have been published in [141]. 

3.4 Effects of Tlr mRNA treatment on lung function 

Next, it was investigated whether the delivery of combinations of chemically 

modified Tlr1, 2 and 6 mRNA modulates airway hyperresponsiveness of mice in 

an HDM induced model of asthma. For this purpose, lung function in terms of 

airway resistance was determined by using the model of the isolated, perfused 

and ventilated lung (IPL). 

Here, markedly reduced airway resistance values following methacholine (MCh) 

challenge after administration of Tlr1/2 mRNA prior to HDM challenge were 

observed (Fig. 28). Delivery of Tlr2/6 mRNA was as well associated with 

decreased airway resistance values, hence lower airway hyperresponsiveness. 

However, treatment with Tlr2 mRNA led to increased airway resistance and 

thus a decline in lung function. These mice showed significantly higher 

resistance values than PBS controls and Tlr1/2 mRNA treated mice (Fig. 28). 

The results presented in this chapter 3.4 have been published in [141]. 
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Fig. 28 Airway resistance values in response to MCh 

Airway resistance was measured in response to rising concentrations of methacholine (MCh) 
using the isolated, perfused and ventilated lung (IPL). Treatment with Tlr1/2 mRNA resulted in 
reduced airway resistance implying an increase of lung function. Statistical analysis was 
performed separately for each MCh concentration, * and # are PBS vs. the respective group, § 
is Tlr1/2 vs. Tlr2. Data are represented as means, data at 10 µM MCh is additionally stated as 
means ± SEM. (As published in [141]) 

In conclusion, intratracheal administration of combinations of Tlr1/2 and 

Tlr2/6 mRNA resulted in improved lung function whereas intratracheal 

administration of Tlr2 mRNA was associated with reduced lung function when 

compared to negative controls. 
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4 Discussion 

4.1 General remarks 

To elucidate the relationship between TLRs and asthma has been subject of 

ongoing research for some years. Various SNPs have been identified and new 

ligands were discovered. In fact, stimulation of TLRs with specific agonists is 

already subject of clinical studies. Though, TLR gene supplementation in terms 

of mRNA administration hasn’t been investigated so far. This thesis provides 

first insights in the potential of this strategy and suggests Tlr1/2 mRNA 

treatment as asthma-protective [141]. 

In the following sections, the present findings will be discussed in the context of 

previous and current study results, future perspectives and challenges. 

4.2 The importance of mRNA modification and application route 

Chemically modified mRNA has proven to hold great therapeutic potential in 

various fields of applications. Nevertheless, methodological improvements and 

the specific manner of nucleoside modification are still subjects of ongoing 

research. In the present study, mRNA incorporating 25% s2U and 25% m5C 

was used. This modification has proven/shown to yield efficient expression with 

high stability combined with low immunogenicity [127, 130]. In line with these 

findings, at the endpoint of our study, no significant differences in immune 

responses comparing mice treated with mRNA and PBS control groups were 

detected (Supplement Fig. 2). Here, treatment with Tlr2, Tlr1/2 or Tlr2/6 mRNA 

did not promote pulmonary inflammation in terms of increased immigration of 

T cells, neutrophils or eosinophils into lung tissue when compared to PBS 

control mice. However, other modifications, such as 10% s2U and m5C [129], 

pseudouridine-containing mRNA [126, 142, 143] or N(1)-methylpseurdouridine 

(also in combination with m5C) [144] also seem capable of ensuring low 

immunogenicity and high transfection efficiency. Beside biological stability and 

immunological safety, the application manner can be optimized as well. In 
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previous work of our group [127, 129] and also in the present study, mRNA 

(naked, dissolved in nuclease-free water) was delivered intratracheally by using 

a high pressure spraying device. Ambitious efforts to even further improve 

safety and efficacy of an mRNA delivery strategy resulted in introducing 

nanoparticles as vehicles for mRNA. This innovative tool enables various local 

and systemic routes of administration with very interesting results in recent 

publications [130, 145, 146]. Regarding the variety of possibilities, it becomes 

apparent that in terms of mRNA modification and delivery, there may not be one 

universal method or strategy. Rather it will be the challenge of future research 

to adapt chemical modifications and routes of administration precisely to the 

particular target organ or cell type and clinical implementation. 

Continuative studies could also aim to vary the injection schedule of the murine 

asthma model. The injection schedule was designed based on the work of Mays 

et al. (2013) [129] and modified the application time points in order to create a 

preventative approach. Due to its relatively short half-time, mRNA was 

administered not only once but at four time points before the HDM challenge. 

Thereby, it was aimed to create a time frame of temporary TLR-upregulation. 

Interestingly, there is evidence to suggest that this sensitive time frame might 

already take place during pregnancy. In a large cross-sectional study, Ege et al. 

(2006) described that prenatal - thus maternal - exposure to farming 

environments has protective effects against asthma and atopy in children, 

probably via upregulation of innate immune receptors [147]. This observation 

was confirmed by Lundell and colleagues 2015, linking the farm exposure to 

increased levels of the B-cell activating factor. At the level of mouse models, 

maternal exposure to the cowshed-derived bacterium Acinetobacter Iwoffii 

protected the progeny against the onset of asthma through TLR signaling 

mechanisms [148]. The exposure of pregnant mice to combustion derived 

particles, however, interfered with the natural Th1/Th2 cell maturation of the 

offspring’s immune system and resulted in impaired airway 

hyperresponsiveness in the progeny [149]. 

The detailed understanding of prenatal immune processes and their influence 

on the offspring’s immune system remains still to be further investigated. A 
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modification of our injection schedule combined with a pregnant mouse model 

could, for example, enable maternal transient upregulation of certain TLRs. The 

subsequent analysis of both immunophenotype and atopic predisposition of 

their progenies could be an interesting subject of further research in this field. 

4.3 The role of Tlr1, 2 and 6 mRNA application in a mouse asthma model 

4.3.1 Tlr1/2 mRNA application improved asthma phenotype 

In our study, preventative treatment with Tlr1/2 mRNA resulted in decreased 

levels of both eosinophils and neutrophils in BALF. Whereas numbers of 

neutrophils remained constant, eosinophils were also reduced in FACS analysis 

of lung tissue cells. The reduction of these inflammatory cells in treated mice 

indicates a decline of the essential inflammatory component of asthma. 

Concordantly, markedly reduced interstitial and peribronchial tissue 

inflammation in histological lung sections were detected in this group. 

Inflammatory cytokines CCL-17, IL-5 and IL-13, mostly secreted by Th2 cells, 

were slightly reduced after Tlr1/2 mRNA treatment whereas IFNγ as a Th1 

cytokine was increased. However, it might be too early to interpret these results 

as a switch in Th2/Th1 immune response since other Th1 and Th2 cytokines 

remained on the control group’s level after Tlr1/2 mRNA treatment. A general 

problem in our cytokine analysis (regarding Tlr1/2 as well as Tlr2 and Tlr2/6 

mRNA results) could be the overall low concentration of cytokines in all BALF 

samples. For future experiments, less volume of PBS to perform the BALF in 

order to receive higher concentrations of cytokines in each sample could help to 

facilitate cytokine analysis. To overcome this problem, a highly sensitive 

cytokine Multiplex-panel was used additionally to ELISA tests, which allows to 

detect the differences in IL-5 and IFNγ and to run more tests with only small 

sample volumes. 

Besides inflammation, excessive mucus production is another central 

manifestation of asthma. This symptom was significantly decreased after Tlr1/2 

mRNA administration and measured in terms of quantifying peribronchial 

mucus-producing goblet cells. Airway hyperresponsiveness as another key 
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pathophysiological feature of asthma was investigated by means of airway 

resistance following ex vivo methacholine challenge. Here, markedly improved 

results for airway resistance (and hence lung function) were detected for mice 

treated with Tlr1/2 mRNA.  

The role of TLR1/2 positively modulating asthma and lung inflammation has 

also been suggested in some experimental and clinical reports. In a study from 

2008, Koller and colleagues investigated TLR expression on airway neutrophils 

and lung function parameters of patients suffering from cystic fibrosis lung 

disease. Interestingly, improved lung function values correlated positively with 

increased TLR5 expression on airway neutrophils. This TLR5 upregulation 

turned out to be stimulated by bacterial Pam3CSK4 and mediated through 

TLR1/2 signaling [150]. Since TLR5 wasn’t subject of investigation in the 

present study, the further exploration of TLR5 and its’ role as a link between 

TLR1/2 signaling and improved lung function could serve as an interesting 

subject to investigate in an HDM induced mouse model of asthma. More recent 

studies report that stimulation with the TLR1/2 agonist Pam3Cys was found to 

shape immune responses in human peripheral blood leucocytes [151] whereas 

stimulation with the novel lipopeptide LPGerD in a mouse model was able to 

induce an LPS tolerance state in antigen presenting cells, preventing mice from 

allergic sensitization [152]. 

Interestingly, the effect of Tlr1/2 mRNA treatment resulting in improved lung 

function parameters and decreased bronchial inflammation could be repeated in 

a small-scale study performed subsequent to the thesis at hand. This study was 

conducted by Clara Will as her Bachelor thesis in Molecular Medicine at the 

University of Tuebingen. The experimental set-up of this study was designed 

and supervised by Prof. Kormann and me in order to validate the promising 

results of Tlr1/2 mRNA administration obtained from this thesis. For this study, 

mice were treated intratracheally with either Tlr1/2 mRNA or RFP mRNA as a 

mock control (both chemically modified with 25% s2U and 25% m5C). HDM and 

PBS groups served as controls. Mice were exposed to the same injection 

schedule described in Materials and Methods (Fig. 9) though HDM was 

administered intranasally. Concordantly with the findings at hand in this thesis, 
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preventative treatment with Tlr1/2 mRNA again resulted in markedly improved 

lung function values (Supplement Fig. 3). In addition, both neutrophils and 

eosinophils in BAL fluid were significantly reduced after Tlr1/2 mRNA treatment 

when compared to untreated HDM controls (Supplement Fig. 4). 

4.3.2 Ambiguous effect of Tlr2/6 mRNA on asthma outcome 

In our study, treatment with Tlr2/6 mRNA led to decreased levels of neutrophils 

in BALF, reduced pulmonary interstitial inflammation in histological sections and 

lower airway resistance, hence improved lung function. So far, these results 

seem to militate in favor of an asthma protecting effect of Tlr2/6 mRNA 

treatment and in line with previous findings indicating a protective effect of TLR6 

on asthma in humans and in a mouse model [34, 108, 153]. However some 

analysis yielded ambiguous results. In contrast to the results of the present 

study that were mentioned above, some of the findings also pointed rather 

towards enhanced inflammation, such as increased eosinophils in BALF and 

increased neutrophils in FACS analysis of lung tissue. Eosinophil levels in lung 

tissue remained unaltered when compared to untreated controls as were many 

BALF cytokine levels. In Multiplex analysis, IL-17A as a Th17 cytokine was 

distinctly elevated. Regarding the elevated levels of both eosinophils and IL-17A 

in BALF together, it is interesting to mention that eosinophils being elevated in 

sputum and BALF of asthmatic patients have been discussed to represent a 

source of IL-17A (additionally to Th17 cells), driving inflammatory responses 

through the release of proinflammatory mediators [154]. Schnyder-Candrian 

and colleagues reported about IL-17A in a mouse model to play a crucial role in 

both establishing asthma (through inflammatory mediators) but also being able 

to dampen allergic responses, emphasizing its dual role in immune responses 

[155]. When describing the protective role of TLR6 in both a fungal and an HDM 

driven mouse model of asthma, Moreira and colleagues demonstrated this 

effect to be IL-23 and IL17A dependent. In this context, TLR6 activation is 

responsible for Th17 activation through IL-23 and Th17 cells secrete IL17A to 

regulate and restrict allergic inflammatory responses [108]. In HDM and OVA 

induced mouse models of asthma, exogenous administered IL-17A vitiated the 
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protective and therapeutic effect of Foxp3 mRNA treatment on allergic asthma 

[129]. Taken together, these findings indicate that the balanced signaling of 

Th17, Tregs and Th2 cells and their chemokine mediators are of crucial 

importance in allergic asthma immune responses and might explain, in parts, 

the diverse results of the present read-outs after Tlr2/6 mRNA treatment. 

4.3.3 Treatment with Tlr2 mRNA alone worsened asthma symptoms 

Additionally to combinations of heterodimer forming Tlr1/2 and Tlr2/6 mRNA, 

Tlr2 mRNA was administered alone. Remarkably, treatment with Tlr2 mRNA in 

vivo promoted a rather proinflammatory phenotype in our HDM induced mouse 

model of asthma. Percentages of neutrophils, but not eosinophils and 

lymphocytes, were increased in BALF samples at the endpoint of the study. In 

FACS analysis of lung tissue, neutrophils and eosinophils were markedly 

elevated when compared to HDM controls. Inflammation was also intensified in 

pulmonary interstitium and mucus producing goblet cells were augmented, 

analyzed on histological lung sections. Interestingly, also airway resistance of 

Tlr2 mRNA treated mice was markedly increased. These mice had even worse 

lung function values than HDM control mice without mRNA treatment. 

Contradictory results have been reported regarding the association of TLR2 and 

asthma. In view of the hygiene hypothesis stating that farmers’ children are less 

affected by atopic asthma, Lauener and colleagues found increased TLR2 

expression in farmers’ compared to non-farmers’ children. They suggested this 

finding to represent the link between (farming-) environment and decreased risk 

of the onset of allergic asthma [156]. Already previous reports demonstrated a 

therapeutic effect of TLR2 stimulation with lipopeptides such as LP40 [157] or 

Pam3CSK4 [158] in experimental asthma. Liu et al. demonstrated the 

inseparable co-stimulation of TLR2 and TLR4 by HDM, the close cross-talk 

between the two receptor pathways and the resulting Th2-promoting immune 

response [159]. This specific interaction of HDM components and TLR2 mustn’t 

be disregarded in this context though cannot be fully distinguished since TLR4 

was not part of the present study. Finally, in a clinical study following up Finnish 

children, no association between bronchiolitis severity or postbronchiolitis 
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wheezing (frequent pre-stages of childhood asthma) and polymorphisms in 

TLR2 was found [160]. Also an additional follow-up study conducted by this 

group, investigating lung-function in association with TLR polymorphisms, did 

not deliver clearer results in this regard [161]. 

On the contrary and in line with the findings presented in this thesis, there is 

also widespread evidence for TLR2 to be a major contributor in asthma 

pathogenesis. TLR2 has been found to be overexpressed in both patients 

suffering from persistent allergic rhinitis [162] and in fatal asthma patients [112]. 

A mutation in TLR2 was found to relevantly increase not the risk of asthma 

specifically, but the risk of atopy in general in a German population [113]. 

Another polymorphism in TLR2 was significantly associated with asthma and 

also diabetes type 1 (an immune-mediated type of diabetes characterized by 

destruction of insulin-producing beta cells) in a large cohort of Norwegian 

children [117]. In a mouse model using ovalbumin instead of HDM to induce 

asthma, allergic responses in terms of AHR, airway inflammation, Th2 cytokine 

levels and mucus cell metaplasia were significantly reduced in TLR2 knockouts 

compared to TLR2 wildtype mice. The authors reasoned, TLR2 might function 

as a crucial mediator of the Th2-cytokine-driven inflammatory component of 

asthma [163]. The importance of the interrelation between TLR2 activation and 

a Th2 biased immune response was already proposed by Redecke et al., who 

observed how TLR2 activation aggravated experimental asthma [164]. 

When viewed in combination, the results of these reports suggest a complex 

role of TLR2 in the development of allergic asthma. Some of these controversial 

results might arise, in part, from imprecise differentiation into whether results 

are consequences of TLR2 protein expression levels, gene polymorphisms or 

heterodimerization with either TLR1 or TLR6. Particular single nucleotide 

polymorphism, specific TLR ligands, gene-gene interactions and the 

combination of these factors probably collude to orchestrate Th immune 

responses, in interaction leading or not leading to the onset of allergic asthma in 

children. 
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4.4 Future prospects 

Recapitulating the immunological mechanisms that are contributing to atopy 

and allergy, it seems tempting to simply manipulate TLR pattern and Th1/Th2 

balance in order to interfere with the pathogenesis of asthma. Treatment with 

tailored TLR mRNA transcripts could represent such a conceivable therapeutic 

approach and has been introduced in an animal model in the present study. 

However, one of the main difficulties remains the dual role of TLRs. Depending 

on the disease, both excessive TLR signaling or insufficient TLR function can 

lead to pathological conditions. Hence, treating one condition might lead to the 

next, undesirable immune-mediated illness. Both TLR agonists (e.g. a TLR9 

agonist [165, 166]) and antagonists (e.g. for TLR2 or 4, reviewed in [167]) for 

various applications are currently evaluated in clinical trials. However, TLR1/2 

or TLR2/6 agonists are to date not yet part of these clinical studies. 

Systemically influenced TLR pattern may change TLR homeostasis entirely 

different in various organ systems (such as airways, urinary or gastrointestinal 

tract), thus therapeutic manipulation should be carefully considered. 

Downstream signaling mechanisms in terms of influencing Th1/Th2 responses 

can appear as a logical target for treating auto-inflammatory (mostly caused by 

exaggerated Th1 response) or atopic (driven by Th2 biased immune responses) 

diseases. Precise dosing and timing would be essential to ensure that treatment 

of one condition doesn’t result in the other. 

Even though much has been learned about TLRs and their respective ligands, 

their interaction is still complex. Cross-reactions of TLR signaling should be 

taken into consideration and also the fact that agonists might act differently in 

natural occurring combinations and doses than purified ligands as tested under 

sterile conditions. Furthermore, the actual ligand dose is also likely to influence 

signaling, as shown for LPS-stimulation of TLR4 [168]. It becomes evident that 

deep and thorough understanding of the role of TLRs is a crucial precondition 

when composing TLR-based therapies. 

The progress accomplished in the last years in designing highly effective 

chemically modified mRNA transcripts might represent the ideal tool for such 
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TLR-targeting therapies. Current efforts to introduce nanoparticles as vehicles 

for guiding mRNA to cellular destinations even increased the efficacy [130, 

146]. Further studies should now optimize custom-designed chemical mRNA 

modifications and application routes. Overall, this novel method might be 

available for broader fields of application in the future. 

However, the present data should be assessed considering some limitations 

this study comprises. The experimental design implies a rather small number of 

mice and matches the character of a pilot-study with implications for 

subsequent large-scale studies. Preliminary work [34] emphasizes the role of 

TLR SNPs in human asthma and their manifold impact on downstream 

signaling and onset of the disease. In the present study, conventional Balb/C 

mice and not humanized mice were used, with the consensus coding sequence 

(CCDS) murine Tlr genes as stated in the CCDS database at 

www.ncbi.nlm.nih.gov. 

Despite various challenges, the need for new, innovative treatment options is 

obvious: Asthma is a major burden worldwide and available asthma 

medications are often accompanied by disturbing side effects. Current 

treatment approaches affect asthma symptoms but are unable to prevent the 

development of the disease. They furthermore do not account for patient 

specific immune backgrounds and are sometimes not even approved for 

application in children. Especially cases of severe asthma are still hard to 

control and can be life threatening [169-171]. Controlled, site-specific 

modulation of TLR expression via chemically modified mRNA might represent 

such a therapeutic tool. This novel approach may furthermore have preventative 

potential. The concept introduced in this thesis might serve as a starting point 

for further large-scale studies to both validate the present results and broaden 

the analysis to gain more detailed information. The concept of this study could 

also be applicable to other atopic and immune-mediated diseases with 

implications for additional investigations aiming beyond allergic asthma. 
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5 Summary 

Asthma is the most common chronic disease in childhood. Environmental 

factors and genetic predisposition are key factors influencing the pathogenesis 

of the disease, operating in constant interaction. 

Considering the environmental factors, exposure to an environment rich in 

microbes in early life (and already during pregnancy [148]) reduces the risk of 

atopic asthma [13, 55, 172]. Beside environmental aspects, the atopic genetic 

predisposition to produce IgE-antibodies in response to environmental allergens 

[7], plays a crucial role in the pathogenesis and facilitates the onset of the 

disease. At the interface between genes and environment, Toll-like receptors 

(TLRs) are viewed as gate-keepers of the immune system. They are capable of 

recognizing microbial components and influence immune responses as well as 

gene expression via intracellular signaling. 

Studies investigating the role of TLRs in asthma pathogenesis suggest a 

protective role of TLR6 activation in mice [108]. Heterodimer variants of TLR1, 6 

and 10 (all capable of forming heterodimers with TLR2) and increased protein 

expression of these TLRs were found to have protective effects on childhood 

asthma [34]. 

The therapeutic administration of chemically modified mRNA represents a 

promising tool to interfere with these genetic processes therapeutically. Not only 

as a treatment strategy for severe lung diseases [129, 130] but also in other 

fields of application [143, 145] the therapeutical potential of mRNA has been 

demonstrated. In contrast to approaches in gene therapy utilizing AAV vectors, 

chemically modified mRNA circumvents the threat of genomic integration and 

yields high transfer efficiency combined with low immunogenicity. 

Based upon these findings, the present study was designed to test the effect of 

a preventative treatment with combinations of Tlr1, Tlr2 and Tlr6 mRNA in a 

HDM driven mouse model of asthma. Murine Tlrs were cloned into a plasmid 

vector in order to subsequently produce in vitro transcribed chemically modified 

Tlr1, Tlr2 and Tlr6 mRNA. Balb/c mice received mRNA and HDM extract 
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intratracheally. FACS analysis of lung and spleen cells, differential cell count of 

BALF and histology of whole lung sections were performed. Additionally, BALF 

cytokines were detected and lung function as well as airway resistance via IPL 

was measured. 

After treatment with Tlr1/2 mRNA decreased portions of both neutrophils and 

eosinophils in BALF were detected. In addition, eosinophils were also 

diminished in lung tissue cells. Furthermore considerably reduced tissue 

inflammation and significantly decreased mucus producing goblet cells were 

observed in this group. Application of Tlr1/2 mRNA resulted in markedly 

reduced airway resistance and hence improved lung function compared to 

untreated HDM controls. Mice treated with Tlr2 mRNA presented aggravated 

asthma symptoms with an elevated numbers of neutrophils in BALF and lung 

cells. Further symptoms were increased tissue inflammation and mucus 

production in lung histology as well as declined lung function. Administration of 

Tlr2/6 mRNA led to reduced portions of neutrophils in BALF yet elevated levels 

of these cells in lung tissue. Analysis of lung histology yielded a slight reduction 

of tissue inflammation but no decline of mucus production whereas lung 

function values were considerably improved in this group.  

Summing up, a protective effect of the treatment with chemically modified 

Tlr1/2 mRNA in an HDM induced mouse model of asthma was observed. 

Although application of Tlr2/6 mRNA was also able to improve lung function, 

further studies will be necessary to prove a clear effect. Administration of Tlr2 

mRNA however, resulted in an aggravated asthma phenotype. 

The concept of this study combines new insights into the role of TLRs in atopic 

asthma with novel therapeutic tools such as chemically modified mRNA 

transcripts. Early treatment with tailored mRNA transcripts could provide a new 

therapeutic and even preventative approach in asthma management. 

Modification of TLR expression via chemically modified mRNA might 

furthermore have protective effects on other atopic and inflammatory diseases, 

therefore representing a promising target of future research. 
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6 Zusammenfassung 

Asthma ist die häufigste chronische Erkrankung im Kindesalter. Umweltfaktoren 

und genetische Veranlagung beeinflussen entscheidend die Entstehung der 

Erkrankung und stehen in enger Wechselwirkung. 

Bezüglich der Umweltfaktoren verringert sich das Risiko, an atopischem 

Asthma zu erkranken, wenn der Organismus in früher Kindheit (oder schon 

während der Schwangerschaft [148]) einer Umgebung mit hoher mikrobieller 

Belastung ausgesetzt ist [13, 55, 172]. Neben Umweltfaktoren spielt die 

genetisch bedingte atopische Prädisposition eine entscheidende Rolle - eine 

überschießende IgE-Antikörperproduktion als Antwort auf Umweltallergene 

begünstigt hier die Entstehung der Erkrankung [7]. An der Schnittstelle 

zwischen Umwelt und Genetik fungieren Toll-like Rezeptoren (TLRs) als 

sogenannte „Torhüter“ des Immunsystems. Sie können mikrobielle Bestandteile 

aus der Umwelt erkennen und über intrazelluläre Signalwege sowohl die 

Immunantwort als auch die Genexpression modulieren. Studien zur Rolle der 

TLRs in der Asthma-Pathogenese deuten auf eine schützende Wirkung einer 

TLR6-Aktivierung im Mausmodell hin [108]. Heterodimer Varianten in TLR1, 6 

und 10 sowie erhöhte Expression dieser TLRs erwiesen sich als protektiver 

Faktor bezüglich Asthma im Kindesalter [34]. 

Chemisch modifizierte mRNA bietet einen vielversprechenden Ansatz, in diese 

genetischen Abläufe therapeutisch einzugreifen. Nicht nur in der Behandlung 

schwerer Lungenerkrankungen [129, 130] sondern auch in anderen 

Anwendungsgebieten [143, 145] wurde das therapeutische Potenzial mRNA 

basierter Therapie bereits demonstriert. Im Gegensatz zum Ansatz einer 

Gentherapie mit AAV-Vektoren, umgeht chemisch modifizierte mRNA die 

Gefahr der genomischen Integration bei gleichzeitig niedriger Immunogenität. 

Basierend auf diesen Erkenntnissen wurde die vorliegende Studie entwickelt, 

mit dem Ziel, den Effekt einer präventiven Behandlung mit Kombinationen von 

Tlr1, Tlr2 und Tlr6 mRNA in einem durch HDM induzierten Asthma-Mausmodell 

zu erforschen. Murine Tlrs wurden in einen Plasmidvektor geklont, um 
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anschließend in vitro transkribierte chemisch modifizierte Tlr1, Tlr2, und Tlr6 

mRNA herzustellen. Balb/c Mäuse erhielten mRNA und HDM Extrakt 

intratracheal. FACS Analysen von Lungen- und Milz-Zellen, sowie eine 

differentielle Zellzählung der BALF wurden durchgeführt. Außerdem wurden die 

Histologie von Lungenabschnitten untersucht, BALF-Zytokine detektiert und die 

Lungenfunktion und Atemwegswiderstände mittels IPL gemessen. 

Nach der Behandlung mit Tlr1/2 mRNA zeigte sich ein Rückgang sowohl von 

Neutrophilen als auch Eosinophilen in der BALF. Auch in den 

Lungengewebszellen ging die Zahl der Eosinophilen zurück. Zusätzlich konnte 

in dieser Gruppe in der Lungenhistologie ein deutlicher Rückgang der 

Gewebsentzündung sowie eine signifikant reduzierte Zahl Mukus-

produzierender Becherzellen festgestellt werden. In der IPL zeigten sich 

erheblich reduzierte Atemwegswiderstände der Tlr1/2 mRNA Gruppe, also eine 

verbesserte Lungenfunktion im Vergleich zu unbehandelten HDM Kontrolltieren. 

Die Behandlung mit Tlr2 mRNA führte zu verschlechterten Asthmasymptomen 

mit einem Anstieg der Neutrophilen in BALF und Lungengewebe, gesteigerter 

Gewebsentzündung und Mukusproduktion sowie höheren 

Atemwegswiderständen als in der Asthmakontrollgruppe. Die Gabe von Tlr2/6 

mRNA führte zwar in der BALF zu erniedrigten Anteilen an Neutrophilen, 

welche jedoch im Lungengewebe erhöht waren. Die Analyse der 

Lungenhistologie zeigte einen leichten Rückgang der Gewebsentzündung mit 

etwa unveränderter Mukusproduktion. Die Lungenfunktion dieser Gruppe 

lieferte wiederum deutlich verbesserte Werte im Vergleich zur HDM 

Kontrollgruppe.  

Zusammenfassend zeigte sich in dieser Studie ein protektiver Effekt der 

Behandlung mit chemisch modifizierter Tlr1/2 mRNA auf Asthma in einem 

HDM-induzierten Mausmodell. Eine Behandlung mit Tlr2/6 mRNA verbesserte 

zwar ebenfalls die Lungenfunktion, weiterführende Studien sind hier allerdings 

notwendig um einen eindeutigen Effekt nachzuweisen. Die Gabe von Tlr2 

mRNA hingegen hatte einen aggravierten Asthmaphänotyp zur Folge. 
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Die vorliegende Studie liefert neue Einblicke in die Rolle von TLRs in 

atopischem Asthma kombiniert mit neuen therapeutischen Möglichkeiten, wie 

chemisch modifizierter mRNA. Eine frühe Therapie mit maßgeschneiderten 

mRNA Transkripten könnte einen neuen therapeutischen oder sogar 

präventiven Behandlungsansatz im Asthmamanagement liefern. Die 

Modifikation der TLR-Expression mittels modifizierter mRNA könnte 

desweiteren schützende Effekte auf weitere Erkrankungen des atopischen 

Formenkreises bieten und stellt folglich einen vielversprechenden Ansatzpunkt 

für weiterführende Studien dar. 



 

 87 

7 Literature 

1. The Global Asthma Report 2014. 2014, Global Asthma Network: 
Auckland, Newzealand. 

2. Bousquet, J.a.K., N., Global surveillance, prevention and control of 
CHRONIC RESPIRATORY DISEASES, A comprehensive approach. 
2007, World Health Organisation  

3. Devenny, A., H. Wassall, T. Ninan, M. Omran, S.D. Khan, and G. 
Russell, Respiratory symptoms and atopy in children in Aberdeen: 
questionnaire studies of a defined school population repeated over 35 
years. Bmj, 2004. 329(7464): p. 489-90. 

4. Pawankar, R., G.W. Canonica, S.T. Holgate, and R.F. Lockey, WAO 
White Book on Allergy 2011-2012: Executive Summary 2011, World 
Allergy Organisation. 

5. Lungeninformationsdienst. Wie häufig ist Asthma? 2012  [cited 2015 
20.02.]; Available from: 
http://www.lungeninformationsdienst.de/krankheiten/asthma/verbreitung/i
ndex.html. 

6. American Lung Association. Asthma and Children Fact Sheet.  February 
2015]; Available from: http://www.lung.org/lung-
disease/asthma/resources/facts-and-figures/asthma-children-fact-
sheet.html. 

7. Kay, A.B., Allergy and allergic diseases. First of two parts. N Engl J Med, 
2001. 344(1): p. 30-7. 

8. Rackemann, F.M., A working classification of asthma. Am J Med, 1947. 
3(5): p. 601-6. 

9. Romanet-Manent, S., D. Charpin, A. Magnan, A. Lanteaume, and D. 
Vervloet, Allergic vs nonallergic asthma: what makes the difference? 
Allergy, 2002. 57(7): p. 607-13. 

10. Herold, G., Innere Medizin. 1 ed. Vol. 1. 2014: Herold, Gerd; Köln, 
Germany. 

11. Amin, K., D. Ludviksdottir, C. Janson, O. Nettelbladt, E. Bjornsson, G.M. 
Roomans, G. Boman, L. Seveus, and P. Venge, Inflammation and 
structural changes in the airways of patients with atopic and nonatopic 
asthma. BHR Group. Am J Respir Crit Care Med, 2000. 162(6): p. 2295-
301. 

12. American Academy of Allergy Asthma and Immunology. Asthma 
Symptoms and Diagnosis. 2015  [cited 2015 02/23]; Available from: 
http://www.aaaai.org/conditions-and-treatments/asthma.aspx. 

13. Strachan, D.P., Hay fever, hygiene, and household size. BMJ, 1989. 
299(6710): p. 1259-60. 

14. Karmaus, W. and C. Botezan, Does a higher number of siblings protect 
against the development of allergy and asthma? A review. J Epidemiol 
Community Health, 2002. 56(3): p. 209-17. 

http://www.lungeninformationsdienst.de/krankheiten/asthma/verbreitung/index.html
http://www.lungeninformationsdienst.de/krankheiten/asthma/verbreitung/index.html
http://www.lung.org/lung-disease/asthma/resources/facts-and-figures/asthma-children-fact-sheet.html
http://www.lung.org/lung-disease/asthma/resources/facts-and-figures/asthma-children-fact-sheet.html
http://www.lung.org/lung-disease/asthma/resources/facts-and-figures/asthma-children-fact-sheet.html
http://www.aaaai.org/conditions-and-treatments/asthma.aspx


7 Literature 

88 

15. Flynn, M.G., Respiratory symptoms, bronchial responsiveness, and 
atopy in Fijian and Indian children. Am J Respir Crit Care Med, 1994. 
150(2): p. 415-20. 

16. Shaheen, S.O., P. Aaby, A.J. Hall, D.J. Barker, C.B. Heyes, A.W. Shiell, 
and A. Goudiaby, Measles and atopy in Guinea-Bissau. Lancet, 1996. 
347(9018): p. 1792-6. 

17. Illi, S., E. von Mutius, S. Lau, R. Bergmann, B. Niggemann, C. 
Sommerfeld, and U. Wahn, Early childhood infectious diseases and the 
development of asthma up to school age: a birth cohort study. BMJ, 
2001. 322(7283): p. 390-5. 

18. Sigurs, N., R. Bjarnason, F. Sigurbergsson, and B. Kjellman, Respiratory 
syncytial virus bronchiolitis in infancy is an important risk factor for 
asthma and allergy at age 7. Am J Respir Crit Care Med, 2000. 161(5): 
p. 1501-7. 

19. Dold, S., M. Wjst, E. von Mutius, P. Reitmeir, and E. Stiepel, Genetic risk 
for asthma, allergic rhinitis, and atopic dermatitis. Arch Dis Child, 1992. 
67(8): p. 1018-22. 

20. Litonjua, A.A., V.J. Carey, H.A. Burge, S.T. Weiss, and D.R. Gold, 
Parental history and the risk for childhood asthma. Does mother confer 
more risk than father? Am J Respir Crit Care Med, 1998. 158(1): p. 176-
81. 

21. Lim, R.H., L. Kobzik, and M. Dahl, Risk for asthma in offspring of 
asthmatic mothers versus fathers: a meta-analysis. PLoS One, 2010. 
5(4): p. e10134. 

22. Holgate, S.T., Genetic and environmental interaction in allergy and 
asthma. J Allergy Clin Immunol, 1999. 104(6): p. 1139-46. 

23. Ober, C., Perspectives on the past decade of asthma genetics. J Allergy 
Clin Immunol, 2005. 116(2): p. 274-8. 

24. Moffatt, M.F., M. Kabesch, L. Liang, A.L. Dixon, D. Strachan, S. Heath, 
M. Depner, A. von Berg, A. Bufe, E. Rietschel, A. Heinzmann, B. Simma, 
T. Frischer, S.A. Willis-Owen, K.C. Wong, T. Illig, C. Vogelberg, S.K. 
Weiland, E. von Mutius, G.R. Abecasis, M. Farrall, I.G. Gut, G.M. 
Lathrop, and W.O. Cookson, Genetic variants regulating ORMDL3 
expression contribute to the risk of childhood asthma. Nature, 2007. 
448(7152): p. 470-3. 

25. Zhao, Y.F., Y.M. Luo, W. Xiong, and X.L. Wu, Genetic variation in 
ORMDL3 gene may contribute to the risk of asthma: a meta-analysis. 
Hum Immunol, 2014. 75(9): p. 960-7. 

26. Dixon, A.L., L. Liang, M.F. Moffatt, W. Chen, S. Heath, K.C. Wong, J. 
Taylor, E. Burnett, I. Gut, M. Farrall, G.M. Lathrop, G.R. Abecasis, and 
W.O. Cookson, A genome-wide association study of global gene 
expression. Nat Genet, 2007. 39(10): p. 1202-7. 

27. Verlaan, D.J., S. Berlivet, G.M. Hunninghake, A.M. Madore, M. Lariviere, 
S. Moussette, E. Grundberg, T. Kwan, M. Ouimet, B. Ge, R. Hoberman, 
M. Swiatek, J. Dias, K.C. Lam, V. Koka, E. Harmsen, M. Soto-Quiros, L. 
Avila, J.C. Celedon, S.T. Weiss, K. Dewar, D. Sinnett, C. Laprise, B.A. 
Raby, T. Pastinen, and A.K. Naumova, Allele-specific chromatin 
remodeling in the ZPBP2/GSDMB/ORMDL3 locus associated with the 



 

 89 

risk of asthma and autoimmune disease. Am J Hum Genet, 2009. 85(3): 
p. 377-93. 

28. Halapi, E., D.F. Gudbjartsson, G.M. Jonsdottir, U.S. Bjornsdottir, G. 
Thorleifsson, H. Helgadottir, C. Williams, G.H. Koppelman, A. 
Heinzmann, H.M. Boezen, A. Jonasdottir, T. Blondal, S.A. Gudjonsson, 
T. Thorlacius, A.P. Henry, J. Altmueller, M. Krueger, H.D. Shin, S.T. Uh, 
H.S. Cheong, B. Jonsdottir, B.R. Ludviksson, D. Ludviksdottir, D. 
Gislason, C.S. Park, K. Deichmann, P.J. Thompson, M. Wjst, I.P. Hall, 
D.S. Postma, T. Gislason, A. Kong, I. Jonsdottir, U. Thorsteinsdottir, and 
K. Stefansson, A sequence variant on 17q21 is associated with age at 
onset and severity of asthma. Eur J Hum Genet, 2010. 18(8): p. 902-8. 

29. Granell, R., A.J. Henderson, N. Timpson, B. St Pourcain, J.P. Kemp, 
S.M. Ring, K. Ho, S.B. Montgomery, E.T. Dermitzakis, D.M. Evans, and 
J.A. Sterne, Examination of the relationship between variation at 17q21 
and childhood wheeze phenotypes. J Allergy Clin Immunol, 2013. 131(3): 
p. 685-94. 

30. Moffatt, M.F., I.G. Gut, F. Demenais, D.P. Strachan, E. Bouzigon, S. 
Heath, E. von Mutius, M. Farrall, M. Lathrop, and W.O. Cookson, A 
large-scale, consortium-based genomewide association study of asthma. 
N Engl J Med, 2010. 363(13): p. 1211-21. 

31. Torgerson, D.G., E.J. Ampleford, G.Y. Chiu, W.J. Gauderman, C.R. 
Gignoux, P.E. Graves, B.E. Himes, A.M. Levin, R.A. Mathias, D.B. 
Hancock, J.W. Baurley, C. Eng, D.A. Stern, J.C. Celedon, N. Rafaels, D. 
Capurso, D.V. Conti, L.A. Roth, M. Soto-Quiros, A. Togias, X. Li, R.A. 
Myers, I. Romieu, D.J. Van Den Berg, D. Hu, N.N. Hansel, R.D. 
Hernandez, E. Israel, M.T. Salam, J. Galanter, P.C. Avila, L. Avila, J.R. 
Rodriquez-Santana, R. Chapela, W. Rodriguez-Cintron, G.B. Diette, N.F. 
Adkinson, R.A. Abel, K.D. Ross, M. Shi, M.U. Faruque, G.M. Dunston, 
H.R. Watson, V.J. Mantese, S.C. Ezurum, L. Liang, I. Ruczinski, J.G. 
Ford, S. Huntsman, K.F. Chung, H. Vora, W.J. Calhoun, M. Castro, J.J. 
Sienra-Monge, B. del Rio-Navarro, K.A. Deichmann, A. Heinzmann, S.E. 
Wenzel, W.W. Busse, J.E. Gern, R.F. Lemanske, Jr., T.H. Beaty, E.R. 
Bleecker, B.A. Raby, D.A. Meyers, S.J. London, F.D. Gilliland, E.G. 
Burchard, F.D. Martinez, S.T. Weiss, L.K. Williams, K.C. Barnes, C. 
Ober, and D.L. Nicolae, Meta-analysis of genome-wide association 
studies of asthma in ethnically diverse North American populations. Nat 
Genet, 2011. 43(9): p. 887-92. 

32. Ober, C. and T.C. Yao, The genetics of asthma and allergic disease: a 
21st century perspective. Immunol Rev, 2011. 242(1): p. 10-30. 

33. Hinds, D.A., G. McMahon, A.K. Kiefer, C.B. Do, N. Eriksson, D.M. Evans, 
B. St Pourcain, S.M. Ring, J.L. Mountain, U. Francke, G. Davey-Smith, 
N.J. Timpson, and J.Y. Tung, A genome-wide association meta-analysis 
of self-reported allergy identifies shared and allergy-specific susceptibility 
loci. Nat Genet, 2013. 45(8): p. 907-11. 

34. Kormann, M.S., M. Depner, D. Hartl, N. Klopp, T. Illig, J. Adamski, C. 
Vogelberg, S.K. Weiland, E. von Mutius, and M. Kabesch, Toll-like 
receptor heterodimer variants protect from childhood asthma. J Allergy 
Clin Immunol, 2008. 122(1): p. 86-92, 92 e1-8. 



7 Literature 

90 

35. Palmer, C.N., A.D. Irvine, A. Terron-Kwiatkowski, Y. Zhao, H. Liao, S.P. 
Lee, D.R. Goudie, A. Sandilands, L.E. Campbell, F.J. Smith, G.M. 
O'Regan, R.M. Watson, J.E. Cecil, S.J. Bale, J.G. Compton, J.J. 
DiGiovanna, P. Fleckman, S. Lewis-Jones, G. Arseculeratne, A. 
Sergeant, C.S. Munro, B. El Houate, K. McElreavey, L.B. Halkjaer, H. 
Bisgaard, S. Mukhopadhyay, and W.H. McLean, Common loss-of-
function variants of the epidermal barrier protein filaggrin are a major 
predisposing factor for atopic dermatitis. Nat Genet, 2006. 38(4): p. 441-
6. 

36. Marenholz, I., R. Nickel, F. Ruschendorf, F. Schulz, J. Esparza-Gordillo, 
T. Kerscher, C. Gruber, S. Lau, M. Worm, T. Keil, M. Kurek, E. Zaluga, 
U. Wahn, and Y.A. Lee, Filaggrin loss-of-function mutations predispose 
to phenotypes involved in the atopic march. J Allergy Clin Immunol, 
2006. 118(4): p. 866-71. 

37. Palmer, C.N., T. Ismail, S.P. Lee, A. Terron-Kwiatkowski, Y. Zhao, H. 
Liao, F.J. Smith, W.H. McLean, and S. Mukhopadhyay, Filaggrin null 
mutations are associated with increased asthma severity in children and 
young adults. J Allergy Clin Immunol, 2007. 120(1): p. 64-8. 

38. Heinzmann, A., X.Q. Mao, M. Akaiwa, R.T. Kreomer, P.S. Gao, K. 
Ohshima, R. Umeshita, Y. Abe, S. Braun, T. Yamashita, M.H. Roberts, 
R. Sugimoto, K. Arima, Y. Arinobu, B. Yu, S. Kruse, T. Enomoto, Y. 
Dake, M. Kawai, S. Shimazu, S. Sasaki, C.N. Adra, M. Kitaichi, H. Inoue, 
K. Yamauchi, N. Tomichi, F. Kurimoto, N. Hamasaki, J.M. Hopkin, K. 
Izuhara, T. Shirakawa, and K.A. Deichmann, Genetic variants of IL-13 
signalling and human asthma and atopy. Hum Mol Genet, 2000. 9(4): p. 
549-59. 

39. Graves, P.E., M. Kabesch, M. Halonen, C.J. Holberg, M. Baldini, C. 
Fritzsch, S.K. Weiland, R.P. Erickson, E. von Mutius, and F.D. Martinez, 
A cluster of seven tightly linked polymorphisms in the IL-13 gene is 
associated with total serum IgE levels in three populations of white 
children. J Allergy Clin Immunol, 2000. 105(3): p. 506-13. 

40. DeMeo, D.L., C. Lange, E.K. Silverman, J.M. Senter, J.M. Drazen, M.J. 
Barth, N. Laird, and S.T. Weiss, Univariate and multivariate family-based 
association analysis of the IL-13 ARG130GLN polymorphism in the 
Childhood Asthma Management Program. Genet Epidemiol, 2002. 23(4): 
p. 335-48. 

41. Horwood, L.J., D.M. Fergusson, and F.T. Shannon, Social and familial 
factors in the development of early childhood asthma. Pediatrics, 1985. 
75(5): p. 859-68. 

42. Jinot, J. and S. Bayard, Respiratory health effects of exposure to 
environmental tobacco smoke. Rev Environ Health, 1996. 11(3): p. 89-
100. 

43. Aligne, C.A. and J.J. Stoddard, Tobacco and children. An economic 
evaluation of the medical effects of parental smoking. Arch Pediatr 
Adolesc Med, 1997. 151(7): p. 648-53. 

44. DiFranza, J.R., C.A. Aligne, and M. Weitzman, Prenatal and postnatal 
environmental tobacco smoke exposure and children's health. Pediatrics, 
2004. 113(4 Suppl): p. 1007-15. 



 

 91 

45. Strachan, D.P. and D.G. Cook, Health effects of passive smoking. 6. 
Parental smoking and childhood asthma: longitudinal and case-control 
studies. Thorax, 1998. 53(3): p. 204-12. 

46. Larsson, L., Incidence of asthma in Swedish teenagers: relation to sex 
and smoking habits. Thorax, 1995. 50(3): p. 260-4. 

47. Strachan, D.P., B.K. Butland, and H.R. Anderson, Incidence and 
prognosis of asthma and wheezing illness from early childhood to age 33 
in a national British cohort. BMJ, 1996. 312(7040): p. 1195-9. 

48. Deng, Q., C. Lu, D. Norback, C.G. Bornehag, Y. Zhang, W. Liu, H. Yuan, 
and J. Sundell, Early life exposure to ambient air pollution and childhood 
asthma in China. Environ Res, 2015. 143(Pt A): p. 83-92. 

49. Holgate, S.T., Pathogenesis of asthma. Clin Exp Allergy, 2008. 38(6): p. 
872-97. 

50. Eder, W., M.J. Ege, and E. von Mutius, The asthma epidemic. N Engl J 
Med, 2006. 355(21): p. 2226-35. 

51. Fransoo, R.R., P.J. Martens, H.J. Prior, A. Katz, E. Burland, N.C. Nickel, 
and D. Chateau, The rising prevalence of asthma: true increase, 
diagnostic exchange or diagnostic accuracy? Healthc Policy, 2013. 8(4): 
p. 27-34. 

52. Asher, M.I., S. Montefort, B. Bjorksten, C.K. Lai, D.P. Strachan, S.K. 
Weiland, and H. Williams, Worldwide time trends in the prevalence of 
symptoms of asthma, allergic rhinoconjunctivitis, and eczema in 
childhood: ISAAC Phases One and Three repeat multicountry cross-
sectional surveys. Lancet, 2006. 368(9537): p. 733-43. 

53. Ponsonby, A.L., D. Couper, T. Dwyer, and A. Carmichael, Cross 
sectional study of the relation between sibling number and asthma, hay 
fever, and eczema. Arch Dis Child, 1998. 79(4): p. 328-33. 

54. Rona, R.J., J.M. Hughes, and S. Chinn, Association between asthma 
and family size between 1977 and 1994. J Epidemiol Community Health, 
1999. 53(1): p. 15-9. 

55. Braun-Fahrlander, C., M. Gassner, L. Grize, U. Neu, F.H. Sennhauser, 
H.S. Varonier, J.C. Vuille, and B. Wuthrich, Prevalence of hay fever and 
allergic sensitization in farmer's children and their peers living in the 
same rural community. SCARPOL team. Swiss Study on Childhood 
Allergy and Respiratory Symptoms with Respect to Air Pollution. Clin Exp 
Allergy, 1999. 29(1): p. 28-34. 

56. Von Ehrenstein, O.S., E. Von Mutius, S. Illi, L. Baumann, O. Bohm, and 
R. von Kries, Reduced risk of hay fever and asthma among children of 
farmers. Clin Exp Allergy, 2000. 30(2): p. 187-93. 

57. Leynaert, B., C. Neukirch, D. Jarvis, S. Chinn, P. Burney, and F. 
Neukirch, Does living on a farm during childhood protect against asthma, 
allergic rhinitis, and atopy in adulthood? Am J Respir Crit Care Med, 
2001. 164(10 Pt 1): p. 1829-34. 

58. Pavilonis, B.T., W.T. Sanderson, and J.A. Merchant, Relative exposure 
to swine animal feeding operations and childhood asthma prevalence in 
an agricultural cohort. Environ Res, 2013. 122: p. 74-80. 



7 Literature 

92 

59. Wells, A.D., J.A. Poole, and D.J. Romberger, Influence of farming 
exposure on the development of asthma and asthma-like symptoms. Int 
Immunopharmacol, 2014. 

60. Ege, M.J., M. Mayer, A.C. Normand, J. Genuneit, W.O. Cookson, C. 
Braun-Fahrlander, D. Heederik, R. Piarroux, and E. von Mutius, 
Exposure to environmental microorganisms and childhood asthma. N 
Engl J Med, 2011. 364(8): p. 701-9. 

61. Prescott, S.L., C. Macaubas, B.J. Holt, T.B. Smallacombe, R. Loh, P.D. 
Sly, and P.G. Holt, Transplacental priming of the human immune system 
to environmental allergens: universal skewing of initial T cell responses 
toward the Th2 cytokine profile. J Immunol, 1998. 160(10): p. 4730-7. 

62. Holt, P.G., C. Macaubas, P.A. Stumbles, and P.D. Sly, The role of allergy 
in the development of asthma. Nature, 1999. 402(6760 Suppl): p. B12-7. 

63. Holt, P.G., Environmental factors and primary T-cell sensitisation to 
inhalant allergens in infancy: reappraisal of the role of infections and air 
pollution. Pediatr Allergy Immunol, 1995. 6(1): p. 1-10. 

64. Holt, P.G. and C. Macaubas, Development of long-term tolerance versus 
sensitisation to environmental allergens during the perinatal period. Curr 
Opin Immunol, 1997. 9(6): p. 782-7. 

65. Rankin, J.A., D.E. Picarella, G.P. Geba, U.A. Temann, B. Prasad, B. 
DiCosmo, A. Tarallo, B. Stripp, J. Whitsett, and R.A. Flavell, Phenotypic 
and physiologic characterization of transgenic mice expressing 
interleukin 4 in the lung: lymphocytic and eosinophilic inflammation 
without airway hyperreactivity. Proc Natl Acad Sci U S A, 1996. 93(15): 
p. 7821-5. 

66. Cohn, L., R.J. Homer, A. Marinov, J. Rankin, and K. Bottomly, Induction 
of airway mucus production By T helper 2 (Th2) cells: a critical role for 
interleukin 4 in cell recruitment but not mucus production. J Exp Med, 
1997. 186(10): p. 1737-47. 

67. Cohn, L., J.S. Tepper, and K. Bottomly, IL-4-independent induction of 
airway hyperresponsiveness by Th2, but not Th1, cells. J Immunol, 1998. 
161(8): p. 3813-6. 

68. Gonzalo, J.A., C.M. Lloyd, L. Kremer, E. Finger, A.C. Martinez, M.H. 
Siegelman, M. Cybulsky, and J.C. Gutierrez-Ramos, Eosinophil 
recruitment to the lung in a murine model of allergic inflammation. The 
role of T cells, chemokines, and adhesion receptors. J Clin Invest, 1996. 
98(10): p. 2332-45. 

69. Robinson, D.S., Q. Hamid, S. Ying, A. Tsicopoulos, J. Barkans, A.M. 
Bentley, C. Corrigan, S.R. Durham, and A.B. Kay, Predominant TH2-like 
bronchoalveolar T-lymphocyte population in atopic asthma. N Engl J 
Med, 1992. 326(5): p. 298-304. 

70. Bottcher, M.F., J. Bjurstrom, X.M. Mai, L. Nilsson, and M.C. Jenmalm, 
Allergen-induced cytokine secretion in atopic and non-atopic asthmatic 
children. Pediatr Allergy Immunol, 2003. 14(5): p. 345-50. 

71. Dugas, B., J.C. Renauld, J. Pene, J.Y. Bonnefoy, C. Peti-Frere, P. 
Braquet, J. Bousquet, J. Van Snick, and J.M. Mencia-Huerta, Interleukin-
9 potentiates the interleukin-4-induced immunoglobulin (IgG, IgM and 



 

 93 

IgE) production by normal human B lymphocytes. Eur J Immunol, 1993. 
23(7): p. 1687-92. 

72. Pene, J., F. Rousset, F. Briere, I. Chretien, J.Y. Bonnefoy, H. Spits, T. 
Yokota, N. Arai, K. Arai, J. Banchereau, and et al., IgE production by 
normal human lymphocytes is induced by interleukin 4 and suppressed 
by interferons gamma and alpha and prostaglandin E2. Proc Natl Acad 
Sci U S A, 1988. 85(18): p. 6880-4. 

73. Punnonen, J., G. Aversa, B.G. Cocks, A.N. McKenzie, S. Menon, G. 
Zurawski, R. de Waal Malefyt, and J.E. de Vries, Interleukin 13 induces 
interleukin 4-independent IgG4 and IgE synthesis and CD23 expression 
by human B cells. Proc Natl Acad Sci U S A, 1993. 90(8): p. 3730-4. 

74. Punnonen, J., R. de Waal Malefyt, P. van Vlasselaer, J.F. Gauchat, and 
J.E. de Vries, IL-10 and viral IL-10 prevent IL-4-induced IgE synthesis by 
inhibiting the accessory cell function of monocytes. J Immunol, 1993. 
151(3): p. 1280-9. 

75. Sporik, R., J.M. Ingram, W. Price, J.H. Sussman, R.W. Honsinger, and 
T.A. Platts-Mills, Association of asthma with serum IgE and skin test 
reactivity to allergens among children living at high altitude. Tickling the 
dragon's breath. Am J Respir Crit Care Med, 1995. 151(5): p. 1388-92. 

76. Busse, W.W. and R.F. Lemanske, Jr., Asthma. N Engl J Med, 2001. 
344(5): p. 350-62. 

77. Boyce, J.A., Mast cells: beyond IgE. J Allergy Clin Immunol, 2003. 
111(1): p. 24-32; quiz 33. 

78. National Heart Blood and Lung Institute, Expert Panel Report 3 (EPR-3): 
Guidelines for the Diagnosis and Management of Asthma-Summary 
Report 2007. J Allergy Clin Immunol, 2007. 120(5 Suppl): p. S94-138. 

79. Robinson, D.S., The role of the mast cell in asthma: induction of airway 
hyperresponsiveness by interaction with smooth muscle? J Allergy Clin 
Immunol, 2004. 114(1): p. 58-65. 

80. Galli, S.J., J. Kalesnikoff, M.A. Grimbaldeston, A.M. Piliponsky, C.M. 
Williams, and M. Tsai, Mast cells as "tunable" effector and 
immunoregulatory cells: recent advances. Annu Rev Immunol, 2005. 23: 
p. 749-86. 

81. Cohn, L., J.A. Elias, and G.L. Chupp, Asthma: mechanisms of disease 
persistence and progression. Annu Rev Immunol, 2004. 22: p. 789-815. 

82. Virchow, J.C., A. Mehta, L. Ljungblad, and H. Mitfessel, A subgroup 
analysis of the MONICA study: a 12-month, open-label study of add-on 
montelukast treatment in asthma patients. J Asthma, 2010. 47(9): p. 986-
93. 

83. Strek, M.E., Difficult asthma. Proc Am Thorac Soc, 2006. 3(1): p. 116-23. 
84. Zhao, J., M. Takamura, A. Yamaoka, Y. Odajima, and Y. Iikura, Altered 

eosinophil levels as a result of viral infection in asthma exacerbation in 
childhood. Pediatr Allergy Immunol, 2002. 13(1): p. 47-50. 

85. Buhl, R., D. Berdel, C.P. Criee, A. Gillissen, P. Kardos, C. Kroegel, W. 
Leupold, H. Lindemann, H. Magnussen, D. Nowak, D. Pfeiffer-Kascha, K. 
Rabe, M. Rolke, G. Schultze-Werninghaus, H. Sitter, D. Ukena, C. 
Vogelmeier, T. Welte, R. Wettengel, and H. Worth, [Guidelines for 



7 Literature 

94 

diagnosis and treatment of asthma patients]. Pneumologie, 2006. 60(3): 
p. 139-77. 

86. Anderson, K.V., G. Jurgens, and C. Nusslein-Volhard, Establishment of 
dorsal-ventral polarity in the Drosophila embryo: genetic studies on the 
role of the Toll gene product. Cell, 1985. 42(3): p. 779-89. 

87. Medzhitov, R., P. Preston-Hurlburt, and C.A. Janeway, Jr., A human 
homologue of the Drosophila Toll protein signals activation of adaptive 
immunity. Nature, 1997. 388(6640): p. 394-7. 

88. Murphy, K.P., Janeway's Immunobiology. 8 ed. 2012: Garland Science. 
868. 

89. Takeuchi, O., S. Sato, T. Horiuchi, K. Hoshino, K. Takeda, Z. Dong, R.L. 
Modlin, and S. Akira, Cutting edge: role of Toll-like receptor 1 in 
mediating immune response to microbial lipoproteins. J Immunol, 2002. 
169(1): p. 10-4. 

90. Elass, E., L. Aubry, M. Masson, A. Denys, Y. Guerardel, E. Maes, D. 
Legrand, J. Mazurier, and L. Kremer, Mycobacterial lipomannan induces 
matrix metalloproteinase-9 expression in human macrophagic cells 
through a Toll-like receptor 1 (TLR1)/TLR2- and CD14-dependent 
mechanism. Infect Immun, 2005. 73(10): p. 7064-8. 

91. Takeuchi, O., T. Kawai, P.F. Muhlradt, M. Morr, J.D. Radolf, A. 
Zychlinsky, K. Takeda, and S. Akira, Discrimination of bacterial 
lipoproteins by Toll-like receptor 6. Int Immunol, 2001. 13(7): p. 933-40. 

92. Henneke, P., S. Morath, S. Uematsu, S. Weichert, M. Pfitzenmaier, O. 
Takeuchi, A. Muller, C. Poyart, S. Akira, R. Berner, G. Teti, A. Geyer, T. 
Hartung, P. Trieu-Cuot, D.L. Kasper, and D.T. Golenbock, Role of 
lipoteichoic acid in the phagocyte response to group B streptococcus. J 
Immunol, 2005. 174(10): p. 6449-55. 

93. Alexopoulou, L., A.C. Holt, R. Medzhitov, and R.A. Flavell, Recognition of 
double-stranded RNA and activation of NF-kappaB by Toll-like receptor 
3. Nature, 2001. 413(6857): p. 732-8. 

94. Poltorak, A., X. He, I. Smirnova, M.Y. Liu, C. Van Huffel, X. Du, D. 
Birdwell, E. Alejos, M. Silva, C. Galanos, M. Freudenberg, P. Ricciardi-
Castagnoli, B. Layton, and B. Beutler, Defective LPS signaling in 
C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science, 
1998. 282(5396): p. 2085-8. 

95. Hayashi, F., K.D. Smith, A. Ozinsky, T.R. Hawn, E.C. Yi, D.R. Goodlett, 
J.K. Eng, S. Akira, D.M. Underhill, and A. Aderem, The innate immune 
response to bacterial flagellin is mediated by Toll-like receptor 5. Nature, 
2001. 410(6832): p. 1099-103. 

96. Heil, F., H. Hemmi, H. Hochrein, F. Ampenberger, C. Kirschning, S. 
Akira, G. Lipford, H. Wagner, and S. Bauer, Species-specific recognition 
of single-stranded RNA via toll-like receptor 7 and 8. Science, 2004. 
303(5663): p. 1526-9. 

97. Eberle, F., M. Sirin, M. Binder, and A.H. Dalpke, Bacterial RNA is 
recognized by different sets of immunoreceptors. Eur J Immunol, 2009. 
39(9): p. 2537-47. 

98. Gantier, M.P., A.T. Irving, M. Kaparakis-Liaskos, D. Xu, V.A. Evans, P.U. 
Cameron, J.A. Bourne, R.L. Ferrero, M. John, M.A. Behlke, and B.R. 



 

 95 

Williams, Genetic modulation of TLR8 response following bacterial 
phagocytosis. Hum Mutat, 2010. 31(9): p. 1069-79. 

99. Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. 
Matsumoto, K. Hoshino, H. Wagner, K. Takeda, and S. Akira, A Toll-like 
receptor recognizes bacterial DNA. Nature, 2000. 408(6813): p. 740-5. 

100. Yarovinsky, F., D. Zhang, J.F. Andersen, G.L. Bannenberg, C.N. Serhan, 
M.S. Hayden, S. Hieny, F.S. Sutterwala, R.A. Flavell, S. Ghosh, and A. 
Sher, TLR11 activation of dendritic cells by a protozoan profilin-like 
protein. Science, 2005. 308(5728): p. 1626-9. 

101. Koblansky, A.A., D. Jankovic, H. Oh, S. Hieny, W. Sungnak, R. Mathur, 
M.S. Hayden, S. Akira, A. Sher, and S. Ghosh, Recognition of profilin by 
Toll-like receptor 12 is critical for host resistance to Toxoplasma gondii. 
Immunity, 2013. 38(1): p. 119-30. 

102. Hochrein, H. and C.J. Kirschning, Bacteria evade immune recognition via 
TLR13 and binding of their 23S rRNA by MLS antibiotics by the same 
mechanisms. Oncoimmunology, 2013. 2(3): p. e23141. 

103. Signorino, G., N. Mohammadi, F. Patane, M. Buscetta, M. Venza, I. 
Venza, G. Mancuso, A. Midiri, L. Alexopoulou, G. Teti, C. Biondo, and C. 
Beninati, Role of Toll-like receptor 13 in innate immune recognition of 
group B streptococci. Infect Immun, 2014. 82(12): p. 5013-22. 

104. Akira, S., Toll-like receptor signaling. J Biol Chem, 2003. 278(40): p. 
38105-8. 

105. Stewart, C.R., L.M. Stuart, K. Wilkinson, J.M. van Gils, J. Deng, A. Halle, 
K.J. Rayner, L. Boyer, R. Zhong, W.A. Frazier, A. Lacy-Hulbert, J. El 
Khoury, D.T. Golenbock, and K.J. Moore, CD36 ligands promote sterile 
inflammation through assembly of a Toll-like receptor 4 and 6 
heterodimer. Nat Immunol, 2010. 11(2): p. 155-61. 

106. Wang, Y.C., Y. Zhou, H. Fang, S. Lin, P.F. Wang, R.P. Xiong, J. Chen, 
X.Y. Xiong, F.L. Lv, Q.L. Liang, and Q.W. Yang, Toll-like receptor 2/4 
heterodimer mediates inflammatory injury in intracerebral hemorrhage. 
Ann Neurol, 2014. 75(6): p. 876-89. 

107. Janeway, C.A., Jr. and R. Medzhitov, Innate immune recognition. Annu 
Rev Immunol, 2002. 20: p. 197-216. 

108. Moreira, A.P., K.A. Cavassani, U.B. Ismailoglu, R. Hullinger, M.P. 
Dunleavy, D.A. Knight, S.L. Kunkel, S. Uematsu, S. Akira, and C.M. 
Hogaboam, The protective role of TLR6 in a mouse model of asthma is 
mediated by IL-23 and IL-17A. J Clin Invest, 2011. 121(11): p. 4420-32. 

109. Eder, W., W. Klimecki, L. Yu, E. von Mutius, J. Riedler, C. Braun-
Fahrlander, D. Nowak, and F.D. Martinez, Toll-like receptor 2 as a major 
gene for asthma in children of European farmers. J Allergy Clin Immunol, 
2004. 113(3): p. 482-8. 

110. Hussein, Y.M., H.A. Awad, S.M. Shalaby, A.S. Ali, and S.S. Alzahrani, 
Toll-like receptor 2 and Toll-like receptor 4 polymorphisms and 
susceptibility to asthma and allergic rhinitis: a case-control analysis. Cell 
Immunol, 2012. 274(1-2): p. 34-8. 

111. Fageras Bottcher, M., M. Hmani-Aifa, A. Lindstrom, M.C. Jenmalm, X.M. 
Mai, L. Nilsson, H.A. Zdolsek, B. Bjorksten, P. Soderkvist, and O. 
Vaarala, A TLR4 polymorphism is associated with asthma and reduced 



7 Literature 

96 

lipopolysaccharide-induced interleukin-12(p70) responses in Swedish 
children. J Allergy Clin Immunol, 2004. 114(3): p. 561-7. 

112. Ferreira, D.S., R. Annoni, L.F. Silva, M. Buttignol, A.B. Santos, M.C. 
Medeiros, L.N. Andrade, C.Y. Yick, P.J. Sterk, J.L. Sampaio, M. 
Dolhnikoff, S.E. Wenzel, and T. Mauad, Toll-like receptors 2, 3 and 4 and 
thymic stromal lymphopoietin expression in fatal asthma. Clin Exp 
Allergy, 2012. 42(10): p. 1459-71. 

113. Kormann, M.S., R. Ferstl, M. Depner, N. Klopp, S. Spiller, T. Illig, C. 
Vogelberg, E. von Mutius, C.J. Kirschning, and M. Kabesch, Rare TLR2 
mutations reduce TLR2 receptor function and can increase atopy risk. 
Allergy, 2009. 64(4): p. 636-42. 

114. Wilson, R.H., S. Maruoka, G.S. Whitehead, J.F. Foley, G.P. Flake, M.L. 
Sever, D.C. Zeldin, M. Kraft, S. Garantziotis, H. Nakano, and D.N. Cook, 
The Toll-like receptor 5 ligand flagellin promotes asthma by priming 
allergic responses to indoor allergens. Nat Med, 2012. 18(11): p. 1705-
10. 

115. Bezemer, G.F., S. Sagar, J. van Bergenhenegouwen, N.A. Georgiou, J. 
Garssen, A.D. Kraneveld, and G. Folkerts, Dual role of Toll-like receptors 
in asthma and chronic obstructive pulmonary disease. Pharmacol Rev, 
2012. 64(2): p. 337-58. 

116. Noreen, M. and M. Arshad, Association of TLR1, TLR2, TLR4, TLR6, 
and TIRAP polymorphisms with disease susceptibility. Immunol Res, 
2015. 

117. Bjornvold, M., M.C. Munthe-Kaas, T. Egeland, G. Joner, K. Dahl-
Jorgensen, P.R. Njolstad, H.E. Akselsen, K. Gervin, K.C. Carlsen, K.H. 
Carlsen, and D.E. Undlien, A TLR2 polymorphism is associated with type 
1 diabetes and allergic asthma. Genes Immun, 2009. 10(2): p. 181-7. 

118. Cook, D.N., D.S. Pisetsky, and D.A. Schwartz, Toll-like receptors in the 
pathogenesis of human disease. Nat Immunol, 2004. 5(10): p. 975-9. 

119. Gabrilovich, M.I., J. Walrath, J. van Lunteren, D. Nethery, M. Seifu, J.A. 
Kern, C.V. Harding, L. Tuscano, H. Lee, S.D. Williams, W. Mackay, J.F. 
Tomashefski, Jr., and R.F. Silver, Disordered Toll-like receptor 2 
responses in the pathogenesis of pulmonary sarcoidosis. Clin Exp 
Immunol, 2013. 173(3): p. 512-22. 

120. Lin, Y.T., A. Verma, and C.P. Hodgkinson, Toll-like receptors and human 
disease: lessons from single nucleotide polymorphisms. Curr Genomics, 
2012. 13(8): p. 633-45. 

121. Schwartz, D.A. and D.N. Cook, Polymorphisms of the Toll-like receptors 
and human disease. Clin Infect Dis, 2005. 41 Suppl 7: p. S403-7. 

122. Rosenecker, J., S. Huth, and C. Rudolph, Gene therapy for cystic fibrosis 
lung disease: current status and future perspectives. Curr Opin Mol Ther, 
2006. 8(5): p. 439-45. 

123. Bainbridge, J.W., A.J. Smith, S.S. Barker, S. Robbie, R. Henderson, K. 
Balaggan, A. Viswanathan, G.E. Holder, A. Stockman, N. Tyler, S. 
Petersen-Jones, S.S. Bhattacharya, A.J. Thrasher, F.W. Fitzke, B.J. 
Carter, G.S. Rubin, A.T. Moore, and R.R. Ali, Effect of gene therapy on 
visual function in Leber's congenital amaurosis. N Engl J Med, 2008. 
358(21): p. 2231-9. 



 

 97 

124. McCormack, M.P. and T.H. Rabbitts, Activation of the T-cell oncogene 
LMO2 after gene therapy for X-linked severe combined 
immunodeficiency. N Engl J Med, 2004. 350(9): p. 913-22. 

125. Sanders, N., C. Rudolph, K. Braeckmans, S.C. De Smedt, and J. 
Demeester, Extracellular barriers in respiratory gene therapy. Adv Drug 
Deliv Rev, 2009. 61(2): p. 115-27. 

126. Kariko, K., H. Muramatsu, F.A. Welsh, J. Ludwig, H. Kato, S. Akira, and 
D. Weissman, Incorporation of pseudouridine into mRNA yields superior 
nonimmunogenic vector with increased translational capacity and 
biological stability. Mol Ther, 2008. 16(11): p. 1833-40. 

127. Kormann, M.S., G. Hasenpusch, M.K. Aneja, G. Nica, A.W. Flemmer, S. 
Herber-Jonat, M. Huppmann, L.E. Mays, M. Illenyi, A. Schams, M. 
Griese, I. Bittmann, R. Handgretinger, D. Hartl, J. Rosenecker, and C. 
Rudolph, Expression of therapeutic proteins after delivery of chemically 
modified mRNA in mice. Nat Biotechnol, 2011. 29(2): p. 154-7. 

128. Kariko, K., M. Buckstein, H. Ni, and D. Weissman, Suppression of RNA 
recognition by Toll-like receptors: the impact of nucleoside modification 
and the evolutionary origin of RNA. Immunity, 2005. 23(2): p. 165-75. 

129. Mays, L.E., S. Ammon-Treiber, B. Mothes, M. Alkhaled, J. Rottenberger, 
E.S. Muller-Hermelink, M. Grimm, M. Mezger, S. Beer-Hammer, E. von 
Stebut, N. Rieber, B. Nurnberg, M. Schwab, R. Handgretinger, M. Idzko, 
D. Hartl, and M.S. Kormann, Modified Foxp3 mRNA protects against 
asthma through an IL-10-dependent mechanism. J Clin Invest, 2013. 
123(3): p. 1216-28. 

130. Mahiny, A.J., A. Dewerth, L.E. Mays, M. Alkhaled, B. Mothes, E. 
Malaeksefat, B. Loretz, J. Rottenberger, D.M. Brosch, P. Reautschnig, P. 
Surapolchai, F. Zeyer, A. Schams, M. Carevic, M. Bakele, M. Griese, M. 
Schwab, B. Nurnberg, S. Beer-Hammer, R. Handgretinger, D. Hartl, C.M. 
Lehr, and M.S. Kormann, In vivo genome editing using nuclease-
encoding mRNA corrects SP-B deficiency. Nat Biotechnol, 2015. 33(6): 
p. 584-6. 

131. Guhaniyogi, J. and G. Brewer, Regulation of mRNA stability in 
mammalian cells. Gene, 2001. 265(1-2): p. 11-23. 

132. Mülhardt, C., Der Experimentator Molekularbiologie/Genomics. 6 ed. 
2009, Heidelberg: Spektrum Akademischer Verlag. 331. 

133. Birnboim, H.C. and J. Doly, A rapid alkaline extraction procedure for 
screening recombinant plasmid DNA. Nucleic Acids Res, 1979. 7(6): p. 
1513-23. 

134. Schenborn, E.T. and R.C. Mierendorf, Jr., A novel transcription property 
of SP6 and T7 RNA polymerases: dependence on template structure. 
Nucleic Acids Res, 1985. 13(17): p. 6223-36. 

135. Vandeventer, P.E., J.S. Lin, T.J. Zwang, A. Nadim, M.S. Johal, and A. 
Niemz, Multiphasic DNA adsorption to silica surfaces under varying 
buffer, pH, and ionic strength conditions. J Phys Chem B, 2012. 116(19): 
p. 5661-70. 

136. Strachan, T. and A.P. Read, Molekulare Humangenetik. 3 ed. 2005: 
Elsevier. 800. 



7 Literature 

98 

137. Felgner, P.L., T.R. Gadek, M. Holm, R. Roman, H.W. Chan, M. Wenz, 
J.P. Northrop, G.M. Ringold, and M. Danielsen, Lipofection: a highly 
efficient, lipid-mediated DNA-transfection procedure. Proc Natl Acad Sci 
U S A, 1987. 84(21): p. 7413-7. 

138. Dalby, B., S. Cates, A. Harris, E.C. Ohki, M.L. Tilkins, P.J. Price, and 
V.C. Ciccarone, Advanced transfection with Lipofectamine 2000 reagent: 
primary neurons, siRNA, and high-throughput applications. Methods, 
2004. 33(2): p. 95-103. 

139. Givan, A.L., Principles of flow cytometry: an overview. Methods Cell Biol, 
2001. 63: p. 19-50. 

140. Vignali, D.A., Multiplexed particle-based flow cytometric assays. J 
Immunol Methods, 2000. 243(1-2): p. 243-55. 

141. Zeyer, F., B. Mothes, C. Will, M. Carevic, J. Rottenberger, B. Nurnberg, 
D. Hartl, R. Handgretinger, S. Beer-Hammer, and M.S. Kormann, mRNA-
Mediated Gene Supplementation of Toll-Like Receptors as Treatment 
Strategy for Asthma In Vivo. PLoS One, 2016. 11(4): p. e0154001. 

142. Warren, L., P.D. Manos, T. Ahfeldt, Y.H. Loh, H. Li, F. Lau, W. Ebina, 
P.K. Mandal, Z.D. Smith, A. Meissner, G.Q. Daley, A.S. Brack, J.J. 
Collins, C. Cowan, T.M. Schlaeger, and D.J. Rossi, Highly efficient 
reprogramming to pluripotency and directed differentiation of human cells 
with synthetic modified mRNA. Cell Stem Cell, 2010. 7(5): p. 618-30. 

143. Kariko, K., H. Muramatsu, J.M. Keller, and D. Weissman, Increased 
erythropoiesis in mice injected with submicrogram quantities of 
pseudouridine-containing mRNA encoding erythropoietin. Mol Ther, 
2012. 20(5): p. 948-53. 

144. Andries, O., S. Mc Cafferty, S.C. De Smedt, R. Weiss, N.N. Sanders, 
and T. Kitada, N(1)-methylpseudouridine-incorporated mRNA 
outperforms pseudouridine-incorporated mRNA by providing enhanced 
protein expression and reduced immunogenicity in mammalian cell lines 
and mice. J Control Release, 2015. 217: p. 337-44. 

145. Wang, Y., H.H. Su, Y. Yang, Y. Hu, L. Zhang, P. Blancafort, and L. 
Huang, Systemic delivery of modified mRNA encoding herpes simplex 
virus 1 thymidine kinase for targeted cancer gene therapy. Mol Ther, 
2013. 21(2): p. 358-67. 

146. Pardi, N., S. Tuyishime, H. Muramatsu, K. Kariko, B.L. Mui, Y.K. Tam, 
T.D. Madden, M.J. Hope, and D. Weissman, Expression kinetics of 
nucleoside-modified mRNA delivered in lipid nanoparticles to mice by 
various routes. J Control Release, 2015. 217: p. 345-51. 

147. Ege, M.J., C. Bieli, R. Frei, R.T. van Strien, J. Riedler, E. Ublagger, D. 
Schram-Bijkerk, B. Brunekreef, M. van Hage, A. Scheynius, G. 
Pershagen, M.R. Benz, R. Lauener, E. von Mutius, and C. Braun-
Fahrlander, Prenatal farm exposure is related to the expression of 
receptors of the innate immunity and to atopic sensitization in school-age 
children. J Allergy Clin Immunol, 2006. 117(4): p. 817-23. 

148. Conrad, M.L., R. Ferstl, R. Teich, S. Brand, N. Blumer, A.O. Yildirim, 
C.C. Patrascan, A. Hanuszkiewicz, S. Akira, H. Wagner, O. Holst, E. von 
Mutius, P.I. Pfefferle, C.J. Kirschning, H. Garn, and H. Renz, Maternal 
TLR signaling is required for prenatal asthma protection by the 



 

 99 

nonpathogenic microbe Acinetobacter lwoffii F78. J Exp Med, 2009. 
206(13): p. 2869-77. 

149. Wang, P., D. You, J. Saravia, H. Shen, and S.A. Cormier, Maternal 
exposure to combustion generated PM inhibits pulmonary Th1 
maturation and concomitantly enhances postnatal asthma development 
in offspring. Part Fibre Toxicol, 2013. 10: p. 29. 

150. Koller, B., M. Kappler, P. Latzin, A. Gaggar, M. Schreiner, S. Takyar, M. 
Kormann, M. Kabesch, D. Roos, M. Griese, and D. Hartl, TLR expression 
on neutrophils at the pulmonary site of infection: TLR1/TLR2-mediated 
up-regulation of TLR5 expression in cystic fibrosis lung disease. J 
Immunol, 2008. 181(4): p. 2753-63. 

151. Peng, Y. and L. Zhang, Activation of the TLR1/2 pathway induces the 
shaping of the immune response status of peripheral blood leukocytes. 
Exp Ther Med, 2014. 7(6): p. 1708-1712. 

152. Stiehm, M., K. Peters, K.H. Wiesmuller, A. Bufe, and M. Peters, A novel 
synthetic lipopeptide is allergy-protective by the induction of LPS-
tolerance. Clin Exp Allergy, 2013. 43(7): p. 785-97. 

153. Tantisira, K., W.T. Klimecki, R. Lazarus, L.J. Palmer, B.A. Raby, D.J. 
Kwiatkowski, E. Silverman, D. Vercelli, F.D. Martinez, and S.T. Weiss, 
Toll-like receptor 6 gene (TLR6): single-nucleotide polymorphism 
frequencies and preliminary association with the diagnosis of asthma. 
Genes Immun, 2004. 5(5): p. 343-6. 

154. Molet, S., Q. Hamid, F. Davoine, E. Nutku, R. Taha, N. Page, R. 
Olivenstein, J. Elias, and J. Chakir, IL-17 is increased in asthmatic 
airways and induces human bronchial fibroblasts to produce cytokines. J 
Allergy Clin Immunol, 2001. 108(3): p. 430-8. 

155. Schnyder-Candrian, S., D. Togbe, I. Couillin, I. Mercier, F. Brombacher, 
V. Quesniaux, F. Fossiez, B. Ryffel, and B. Schnyder, Interleukin-17 is a 
negative regulator of established allergic asthma. J Exp Med, 2006. 
203(12): p. 2715-25. 

156. Lauener, R.P., T. Birchler, J. Adamski, C. Braun-Fahrlander, A. Bufe, U. 
Herz, E. von Mutius, D. Nowak, J. Riedler, M. Waser, F.H. Sennhauser, 
and A.s. group, Expression of CD14 and Toll-like receptor 2 in farmers' 
and non-farmers' children. Lancet, 2002. 360(9331): p. 465-6. 

157. Akdis, C.A., F. Kussebi, B. Pulendran, M. Akdis, R.P. Lauener, C.B. 
Schmidt-Weber, S. Klunker, G. Isitmangil, N. Hansjee, T.A. Wynn, S. 
Dillon, P. Erb, G. Baschang, K. Blaser, and S.S. Alkan, Inhibition of T 
helper 2-type responses, IgE production and eosinophilia by synthetic 
lipopeptides. Eur J Immunol, 2003. 33(10): p. 2717-26. 

158. Patel, M., D. Xu, P. Kewin, B. Choo-Kang, C. McSharry, N.C. Thomson, 
and F.Y. Liew, TLR2 agonist ameliorates established allergic airway 
inflammation by promoting Th1 response and not via regulatory T cells. J 
Immunol, 2005. 174(12): p. 7558-63. 

159. Liu, C.F., D. Drocourt, G. Puzo, J.Y. Wang, and M. Riviere, Innate 
immune response of alveolar macrophage to house dust mite allergen is 
mediated through TLR2/-4 co-activation. PLoS One, 2013. 8(10): p. 
e75983. 



7 Literature 

100 

160. Nuolivirta, K., J. Vuononvirta, V. Peltola, P. Koponen, M. Helminen, Q. 
He, and M. Korppi, Toll-like receptor 2 subfamily genotypes are not 
associated with severity of bronchiolitis or postbronchiolitis wheezing in 
infants. Acta Paediatr, 2013. 102(12): p. 1160-4. 

161. Lauhkonen, E., P. Koponen, J. Vuononvirta, J. Terasjarvi, K. Nuolivirta, 
J.O. Toikka, M. Helminen, Q. He, and M. Korppi, Gene Polymorphism of 
Toll-Like Receptors and Lung Function at Five to Seven Years of Age 
after Infant Bronchiolitis. PLoS One, 2016. 11(1): p. e0146526. 

162. Cui, X.Y., X. Chen, C.J. Yu, J. Yang, Z.P. Lin, M. Yin, and L. Cheng, 
Increased expression of toll-like receptors 2 and 4 and related cytokines 
in persistent allergic rhinitis. Otolaryngol Head Neck Surg, 2015. 152(2): 
p. 233-8. 

163. Li, X., Q. Chen, C. Chu, H. You, M. Jin, X. Zhao, X. Zhu, W. Zhou, and 
W. Ji, Ovalbumin-induced experimental allergic asthma is Toll-like 
receptor 2 dependent. Allergy Asthma Proc, 2014. 35(2): p. e15-20. 

164. Redecke, V., H. Hacker, S.K. Datta, A. Fermin, P.M. Pitha, D.H. Broide, 
and E. Raz, Cutting edge: activation of Toll-like receptor 2 induces a Th2 
immune response and promotes experimental asthma. J Immunol, 2004. 
172(5): p. 2739-43. 

165. Friedberg, J.W., J.L. Kelly, D. Neuberg, D.R. Peterson, J.L. Kutok, R. 
Salloum, T. Brenn, D.C. Fisher, E. Ronan, V. Dalton, L. Rich, D. Marquis, 
P. Sims, P.G. Rothberg, J. Liesveld, R.I. Fisher, R. Coffman, T. 
Mosmann, and A.S. Freedman, Phase II study of a TLR-9 agonist (1018 
ISS) with rituximab in patients with relapsed or refractory follicular 
lymphoma. Br J Haematol, 2009. 146(3): p. 282-91. 

166. Kline, J.N. and A.M. Krieg, Toll-like receptor 9 activation with CpG 
oligodeoxynucleotides for asthma therapy. Drug News Perspect, 2008. 
21(8): p. 434-9. 

167. Basith, S., B. Manavalan, G. Lee, S.G. Kim, and S. Choi, Toll-like 
receptor modulators: a patent review (2006-2010). Expert Opin Ther Pat, 
2011. 21(6): p. 927-44. 

168. Dong, L., H. Li, S. Wang, and Y. Li, Different doses of 
lipopolysaccharides regulate the lung inflammation of asthmatic mice via 
TLR4 pathway in alveolar macrophages. J Asthma, 2009. 46(3): p. 229-
33. 

169. Fleming, L., C. Murray, A.T. Bansal, S. Hashimoto, H. Bisgaard, A. Bush, 
U. Frey, G. Hedlin, F. Singer, W.M. van Aalderen, N.H. Vissing, Z. 
Zolkipli, A. Selby, S. Fowler, D. Shaw, K.F. Chung, A.R. Sousa, S. 
Wagers, J. Corfield, I. Pandis, A. Rowe, E. Formaggio, P.J. Sterk, and G. 
Roberts, The burden of severe asthma in childhood and adolescence: 
results from the paediatric U-BIOPRED cohorts. Eur Respir J, 2015. 

170. Guilbert, T.W., L.B. Bacharier, and A.M. Fitzpatrick, Severe asthma in 
children. J Allergy Clin Immunol Pract, 2014. 2(5): p. 489-500. 

171. Holgate, S.T. and R. Polosa, The mechanisms, diagnosis, and 
management of severe asthma in adults. Lancet, 2006. 368(9537): p. 
780-93. 

172. Ege, M.J., D.P. Strachan, W.O. Cookson, M.F. Moffatt, I. Gut, M. 
Lathrop, M. Kabesch, J. Genuneit, G. Buchele, B. Sozanska, A. 



 

 101 

Boznanski, P. Cullinan, E. Horak, C. Bieli, C. Braun-Fahrlander, D. 
Heederik, and E. von Mutius, Gene-environment interaction for childhood 
asthma and exposure to farming in Central Europe. J Allergy Clin 
Immunol, 2011. 127(1): p. 138-44, 144 e1-4. 



8 Figures 

102 

8 Figures 

Fig. 1 Normal airway in comparison to an asthmatic bronchiole .................... 3 

Fig. 2  Structure of the TLR protein .............................................................. 14 

Fig. 3 Signaling pathway of TLRs ................................................................ 16 

Fig. 4 Plasmid Cloning by Restriction Enzyme Digest ................................. 22 

Fig. 5 Gating strategy for in vitro experiments to detect TLR expression 
in MLE12 and A549 cells ................................................................... 43 

Fig. 6 Gating strategy for in vivo experiments to analyze TLR 
expression on lymphocytes, monocytes, PBMCs and neutrophils ..... 44 

Fig. 7  Flow cytometry gating strategy for in vivo experiments to detect 
T cells, B cells, eosinophils and dendritic cells from lung and 
spleen tissue ...................................................................................... 46 

Fig. 8 Gating strategy for in vivo experiments to detect CD4+ CD25+ 
Foxp3+ Tregs ..................................................................................... 47 

Fig. 9 Timeline illustrating the injection schedule of the HDM induced 
mouse model of asthma .................................................................... 49 

Fig. 10 Lung function and airway resistance was measured using the ex 
vivo IPL method ................................................................................. 51 

Fig. 11 Representative smear of BAL cells after cytospin procedure ............ 54 

Fig. 12 Isolation of the Tlr2 fragment from an agarose gel ............................ 56 

Fig. 13 Gel electrophoresis of pVAX.A120_Tlr2 plasmids from various 
bacterial clones after restriction enzyme digestion ............................ 57 

Fig. 14 Sequence data of plasmids was analyzed using ApE software ......... 58 

Fig. 15 Gel electrophoresis of Tlr1, 2 and 6 mRNA after in vitro 
transcription ....................................................................................... 59 

Fig. 16 TLR expression in A549 cells after transfection with Tlr mRNA......... 60 

Fig. 17 TLR expression in MLE12 cells after transfection with Tlr mRNA ...... 61 

Fig. 18 Injection schedule for the HDM induced mouse model of asthma ..... 62 

Fig. 19 Inflammatory cells in BALF ................................................................ 62 

Fig. 20 Representative micrographs of BALF cellspin preparations .............. 63 

Fig. 21 Cells of BALF presented as parts of whole ........................................ 64 

Fig. 22 Cytokine levels in BALF analysed using ELISA ................................. 65 

Fig. 23 Cytokine levels in BALF analysed using a Bio-Plex cytokine 
panel .................................................................................................. 66 

Fig. 24 Inflammatory cells in lung tissue ........................................................ 68 



 

 103 

Fig. 25 Inflammatory cells in spleen tissue .................................................... 68 

Fig. 26 Inflammation and mucus production in lung sections ........................ 70 

Fig. 27 Scoring for mucus producing PAS+ goblet cells ................................. 71 

Fig. 28 Airway resistance values in response to MCh ................................... 72 

Supplement Figures 

Supplement Fig. 1 TLR expression in lung tissue cells at the end of the 
study ............................................................................. 113 

Supplement Fig. 2 Treatment with Tlr mRNA alone does not lead to 
increased lung inflammation ......................................... 114 

Supplement Fig. 3 Airway resistance values in response to MCh, 
Bachelor thesis C. Will .................................................. 115 

Supplement Fig. 4 Inflammatory cells in BAL, Bachelor thesis C. Will ....... 116 



9 Tables 

104 

9 Tables 

Table 1 Allergic and non-allergic factors that may trigger or worsen 
asthma symptoms ............................................................................. 11 

Table 2 Ligands and localization of TLRs ....................................................... 12 

Table 3 Original plasmids encoding mouse Tlr1, 2 and 6 ............................... 23 

Table 4 Ingredients of Buffer RF1 .................................................................. 24 

Table 5 Ingredients of Buffer RF2 .................................................................. 25 

Table 6 Protocol to isolate plasmid DNA using a Mini or Mega Kit ................. 26 

Table 7 Standard protocol for restriction enzyme digestion ............................ 30 

Table 8 Application of different restriction enzymes for cloning procedure ..... 31 

Table 9 Standard protocol to purify enzymatic reaction products ................... 32 

Table 10 Protocol to generate blunt DNA fragments and vectors ..................... 34 

Table 11 Protocol for dephosphorylation of a DNA vector ................................ 34 

Table 12 Protocol for ligation ............................................................................ 35 

Table 13 Primers used for sequencing in this study ......................................... 36 

Table 14 Protocol for mRNA in vitro transcription of a T7 promoter 
containing linearized plasmid DNA using the MEGAscript kit ............ 38 

Table 15 Antibodies to stain cells from whole lung and spleen tissues for 
T cells, T regs, B cells, eosinophils and dendritic cells ...................... 42 

Table 16 Antibodies for cell differentiation by flow cytometry ........................... 45 

Table 17 Groups of mice and their respective treatment following the 
injection schedule as stated in Fig. 9 ................................................. 49 

Table 18 Solution to digest lung tissue prior to lung cell staining for flow 
cytometry analysis ............................................................................. 50 

Table 19 Chemokines investigated in this study via ELISA and suppliers of 
respective kits .................................................................................... 52 

 



 

 105 

10 Erklärung zum Eigenanteil 

Diese Arbeit wurde in der Universitätsklinik für Kinder- und Jugendmedizin, 

Abteilung 1, Sektion Pädiatrische Infektiologie & Immunologie, unter Betreuung 

von Prof. Michael Kormann durchgeführt. 

Die Konzeption der Studie erfolgte durch Prof. Kormann und mich. 

Die Methode „IPL“ zur Lungenfunktionsprüfung wurde von Dipl.-Biol. Benedikt 

Mothes, Institut für Pharmakologie und experimentelle Therapie der Universität 

Tübingen, durchgeführt und ausgewertet. Benedikt Mothes erstellte graphisch 

Figure 27, Figure 28 sowie Supplement Figure 3. Prof. Kormann führte die 

Tierversuche durch, wobei ich assistierte. Jennifer Rottenberger, MTA, führte 

die Paraffineinbettung und Färbung der Histologie durch. Sämtliche weiteren 

Versuche wurden nach Einarbeitung durch Prof. Kormann sowie verschiedenen 

Labormitgliedern von mir eigenständig durchgeführt. Die statistische 

Auswertung erfolgte nach Anleitung durch Prof. Kormann durch mich. 

Ich versichere, das Manuskript selbständig verfasst zu haben und keine 

weiteren als die von mir angegebenen Quellen verwendet zu haben. 

Teile der vorliegenden Studie wurden in folgendem Publikationsorgan 

veröffentlicht: Zeyer, F., B. Mothes, C. Will, M. Carevic, J. Rottenberger, B. 

Nurnberg, D. Hartl, R. Handgretinger, S. Beer-Hammer, and M.S. Kormann 

(2016).”mRNA-Mediated Gene Supplementation of Toll-Like Receptors as 

Treatment Strategy for Asthma In Vivo.” PLoS One, 11(4): p. e0154001. In 

dieser Veröffentlichung wurden Figure 2B, 2C und 2D von Benedikt Mothes 

erstellt. Alle weiteren Abbildung stammen von mir. Das Manuskript dieser 

Veröffentlichung wurde von mir verfasst und von Benedikt Mothes, Prof. Sandra 

Beer-Hammer und Prof. Kormann korrigiert. 

 

 

Tübingen, den 



11 Publications 

106 

11 Publications 

Mahiny, A.J., A. Dewerth, L.E. Mays, M. Alkhaled, B. Mothes, E. Malaeksefat, 

B. Loretz, J. Rottenberger, D.M. Brosch, P. Reautschnig, P. Surapolchai, F. 

Zeyer, A. Schams, M. Carevic, M. Bakele, M. Griese, M. Schwab, B. Nurnberg, 

S. Beer-Hammer, R. Handgretinger, D. Hartl, C.M. Lehr, and M.S. Kormann 

(2015). “In vivo genome editing using nuclease-encoding mRNA corrects SP-B 

deficiency.” Nat Biotechnol, 33(6): p. 584-6. 

Zeyer, F., B. Mothes, C. Will, M. Carevic, J. Rottenberger, B. Nurnberg, D. 

Hartl, R. Handgretinger, S. Beer-Hammer, and M.S. Kormann (2016).”mRNA-

Mediated Gene Supplementation of Toll-Like Receptors as Treatment Strategy 

for Asthma In Vivo.” PLoS One, 11(4): p. e0154001 



 

 107 

Supplement 

Coding sequence of murine Tlr1 insert 

ATGACTAAACCAAATTCCCTCATCTTCTACTGTATCATTGTTTTAGGACTGA

CACTTATGAAAATCCAATTATCTGAGGAATGTGAGCTTATCATAAAGAGGC

CAAACGCAAACCTTACCAGAGTGCCCAAGGACCTACCCTTGCAAACAACTA

CTTTAGATCTATCACAAAACAATATATCTGAGCTTCAGACTTCTGACATCCT

CTCATTGTCCAAGCTGAGGGTCCTGATAATGTCCTACAACAGACTCCAGTA

TCTTAATATCAGTGTTTTCAAATTCAACACAGAGCTGGAATATTTGGATTTG

TCCCACAATGAGCTAAAGGTGATCTTGTGCCACCCAACAGTCAGCCTCAA

GCATTTGGACCTCTCCTTTAATGCCTTTGATGCCCTGCCTATATGCAAAGA

ATTTGGCAACATGTCCCAACTACAGTTCCTGGGGTTGAGCGGTTCTCGGG

TACAAAGTTCAAGTGTGCAGCTGATTGCTCATTTGAACATCAGTAAGGTTTT

GCTGGTGTTAGGAGATGCTTATGGGGAAAAAGAAGACCCCGAATCTCTTC

GGCACGTTAGCACTGAGACTCTGCATATTGTTTTCCCGTCGAAAAGAGAAT

TCCGTTTTCTTCTGGATGTGTCCGTCAGCACTACGATCGGTTTGGAACTGT

CTAACATCAAGTGTGTGCTTGAAGACCAGGGCTGCTCTTATTTCTTACGTG

CTTTGTCAAAGCTTGGAAAGAATCTGAAGCTCTCAAATCTTACCCTGAACA

ATGTGGAAACAACGTGGAATTCCTTCATTAATATCCTCCAGATAGTTTGGC

ATACGCCAGTCAAATATTTCTCAATTTCAAATGTGAAGCTACAAGGTCAACT

TGCCTTCAGGATGTTCAATTATTCTGACACTTCTCTGAAGGCTTTGTCGATA

CATCAAGTTGTCACTGATGTCTTCAGCTTCCCCCAAAGTTACATATACAGTA

TCTTTGCCAATATGAACATCCAAAACTTTACAATGTCTGGAACACACATGGT

CCACATGCTGTGCCCGTCCCAAGTTAGCCCATTTCTGCATGTGGACTTTAC

AGATAACCTTTTAACAGACATGGTTTTTAAAGACTGTAGAAACTTAGTTAGA

TTGAAAACACTTAGTTTACAAAAGAATCAGTTAAAAAACCTTGAGAATATAA

TCCTCACATCTGCAAAGATGACATCCCTACAAAAACTAGACATTAGCCAGA

ATTCTCTAAGGTACAGCGATGGGGGAATCCCATGCGCCTGGACCCAGAGT

TTGTTAGTTTTAAATTTGTCTTCGAATATGCTTACAGGCTCTGTCTTCAGAT

GCTTACCTCCCAAAGTCAAGGTCCTTGACCTTCACAACAACAGGATAATGA

GCATCCCTAAAGATGTCACCCACCTGCAGGCTTTGCAGGAACTCAATGTA

GCATCCAACTCCTTAACTGACCTTCCTGGGTGCGGGGCCTTCAGCAGCCT
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TTCTGTGCTGGTCATCGACCATAACTCAGTTTCCCATCCCTCTGAGGATTT

CTTCCAGAGCTGTCAGAATATTAGATCCCTAACAGCGGGAAACAACCCATT

CCAATGCACATGTGAGCTGAGGGACTTTGTCAAGAACATAGGCTGGGTAG

CAAGAGAAGTGGTGGAGGGCTGGCCTGACTCTTACAGGTGTGACTACCCA

GAAAGCTCTAGGGGAACTGCACTGAGGGACTTCCACATGTCTCCACTATC

CTGTGATACTGTTCTGCTGACTGTCACCATCGGGGCCACTATGCTGGTGC

TGGCTGTCACTGGGGCTTTCCTCTGTCTCTACTTTGACCTGCCCTGGTATG

TGAGGATGCTGTGTCAGTGGACACAGACCAGGCACAGGGCCAGGCACAT

CCCCTTAGAGGAACTCCAGAGAAACCTCCAGTTCCATGCTTTTGTCTCATA

CAGTGGGCATGATTCTGCCTGGGTGAAGAACGAATTACTACCCAACCTAG

AGAAAGATGACATCCAGATTTGCCTCCATGAGAGGAACTTTGTCCCTGGCA

AGAGCATTGTGGAGAACATCATCAATTTCATTGAGAAGAGTTACAAGTCCA

TCTTTGTGCTGTCTCCCCACTTCATCCAGAGTGAGTGGTGTCATTATGAAC

TCTATTTTGCCCATCACAATCTCTTCCATGAAGGCTCTGATAACTTAATCCT

CATCTTGCTGGCACCCATTCCCCAGTACTCCATCCCTACCAATTACCACAA

GCTCAAAACTCTCATGTCACGAAGGACCTATCTGGAATGGCCCACAGAGA

AGAACAAGCATGGACTTTTTTGGGCAAACCTAAGAGCATCCATTAATGTTA

AGCTGGTTAACCAGGCAGAAGGAACGTGTTACACACAGCAATAA 
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Coding sequence of murine Tlr2 insert 

ATGCTACGAGCTCTTTGGCTCTTCTGGATCTTGGTGGCCATAACAGTCCTC

TTCAGCAAACGCTGTTCTGCTCAGGAGTCTCTGTCATGTGATGCTTCTGGG

GTGTGTGATGGCCGCTCCAGGTCTTTCACCTCTATTCCCTCCGGACTCACA

GCAGCCATGAAAAGCCTTGACCTGTCTTTCAACAAGATCACCTACATTGGC

CATGGTGACCTCCGAGCGTGTGCGAACCTCCAGGTTCTGATGTTGAAGTC

CAGCAGAATCAATACAATAGAGGGAGACGCCTTTTATTCTCTGGGCAGTCT

TGAACATTTGGATTTGTCTGATAATCACCTATCTAGTTTATCTTCCTCCTGG

TTCGGGCCCCTTTCCTCTTTGAAATACTTAAACTTAATGGGAAATCCTTACC

AGACACTGGGGGTAACATCGCTTTTTCCCAATCTCACAAATTTACAAACCC

TCAGGATAGGAAATGTAGAGACTTTCAGTGAGATAAGGAGAATAGATTTTG

CTGGGCTGACTTCTCTCAATGAACTTGAAATTAAGGCATTAAGTCTCCGGA

ATTATCAGTCCCAAAGTCTAAAGTCGATCCGCGACATCCATCACCTGACTC

TTCACTTAAGCGAGTCTGCTTTCCTGCTGGAGATTTTTGCAGATATTCTGA

GTTCTGTGAGATATTTAGAACTAAGAGATACTAACTTGGCCAGGTTCCAGT

TTTCACCACTGCCCGTAGATGAAGTCAGCTCACCGATGAAGAAGCTGGCA

TTCCGAGGCTCGGTTCTCACTGATGAAAGCTTTAACGAGCTCCTGAAGCTG

TTGCGTTACATCTTGGAACTGTCGGAGGTAGAGTTCGACGACTGTACCCTC

AATGGGCTCGGCGATTTCAACCCCTCGGAGTCAGACGTAGTGAGCGAGCT

GGGTAAAGTAGAAACAGTCACTATCCGGAGGTTGCATATCCCCCAGTTCTA

TTTGTTTTATGACCTGAGTACTGTCTATTCCCTCCTGGAGAAGGTGAAGCG

AATCACAGTAGAGAACAGCAAGGTCTTCCTGGTTCCCTGCTCGTTCTCCCA

GCATTTAAAATCATTAGAATTCTTAGACCTCAGCGAAAATCTGATGGTTGAA

GAATATTTGAAGAACTCAGCCTGTAAGGGAGCCTGGCCTTCTCTACAAACC

TTAGTTTTGAGCCAGAATCATTTGAGATCAATGCAAAAAACAGGAGAGATTT

TGCTGACTCTGAAAAACCTGACCTCTCTTGACATCAGCAGGAACACTTTTC

ATCCGATGCCCGACAGCTGTCAGTGGCCAGAAAAGATGCGCTTCCTGAAT

TTGTCCAGTACAGGGATCCGGGTGGTAAAAACGTGCATTCCTCAGACGCT

GGAGGTGTTGGATGTTAGTAACAACAATCTTGACTCATTTTCTTTGTTCTTG

CCTCGGCTGCAAGAGCTCTATATTTCCAGAAATAAGCTGAAAACACTCCCA

GATGCTTCGTTGTTCCCTGTGTTGCTGGTCATGAAAATCAGAGAGAATGCA

GTAAGTACTTTCTCTAAAGACCAACTTGGTTCTTTTCCCAAACTGGAGACTC
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TGGAAGCAGGCGACAACCACTTTGTTTGCTCCTGCGAACTCCTATCCTTTA

CTATGGAGACGCCAGCTCTGGCTCAAATCCTGGTTGACTGGCCAGACAGC

TACCTGTGTGACTCTCCGCCTCGCCTGCACGGCCACAGGCTTCAGGATGC

CCGGCCCTCCGTCTTGGAATGTCACCAGGCTGCACTGGTGTCTGGAGTCT

GCTGTGCCCTTCTCCTGTTGATCTTGCTCGTAGGTGCCCTGTGCCACCATT

TCCACGGACTGTGGTACCTGAGAATGATGTGGGCGTGGCTCCAGGCCAA

GAGGAAGCCCAAGAAAGCTCCCTGCAGGGACGTTTGCTATGATGCCTTTG

TTTCCTACAGTGAGCAGGATTCCCATTGGGTGGAGAACCTCATGGTCCAG

CAGCTGGAGAACTCTGACCCGCCCTTTAAGCTGTGTCTCCACAAGCGGGA

CTTCGTTCCGGGCAAATGGATCATTGACAACATCATCGATTCCATCGAAAA

GAGCCACAAAACTGTGTTCGTGCTTTCTGAGAACTTCGTACGGAGCGAGT

GGTGCAAGTACGAACTGGACTTCTCCCACTTCAGGCTCTTTGACGAGAAC

AACGACGCGGCCATCCTTGTTTTGCTGGAGCCCATTGAGAGGAAAGCCAT

TCCCCAGCGCTTCTGCAAACTGCGCAAGATAATGAACACCAAGACCTACCT

GGAGTGGCCCTTGGATGAAGGCCAGCAGGAAGTGTTTTGGGTAAATCTGA

GAACTGCAATAAAGTCCTAG 

 

Coding sequence of murine Tlr6 insert 

ATGGTAAAGTCCCTCTGGGATAGCCTCTGCAACATGAGCCAAGACAGAAA

ACCCATCGTGGGGAGTTTCCACTTTGTTTGCGCCCTGGCCTTAATAGTCG

GAAGCATGACCCCGTTCTCTAATGAACTTGAGTCTATGGTAGACTATTCAA

ACAGGAACCTTACTCATGTCCCCAAAGACCTGCCACCAAGAACAAAAGCC

CTGAGTCTGTCTCAAAACTCTATATCTGAGCTTCGGATGCCTGATATCAGC

TTTCTGTCAGAGCTGAGAGTTCTGAGACTCTCCCACAACAGGATACGGAG

CCTTGATTTCCATGTATTCTTGTTCAATCAGGACTTAGAATACCTGGATGTC

TCACACAATCGGTTGCAAAACATCTCTTGCTGCCCTATGGCGAGCCTGAG

GCATCTAGACCTCTCATTCAATGACTTTGATGTACTGCCTGTGTGTAAGGA

ATTTGGCAACCTGACGAAGCTGACTTTCCTGGGATTAAGTGCTGCAAAGTT

CCGACAACTGGATCTGCTCCCAGTTGCTCACTTGCATCTAAGCTGCATTCT

TCTGGACTTAGTGAGTTATCATATAAAAGGCGGGGAAACAGAAAGTCTTCA

GATTCCCAATACCACCGTTCTCCATTTGGTCTTTCATCCAAATAGCTTGTTC
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TCTGTTCAAGTGAACATGTCTGTAAACGCTTTAGGACATTTACAACTGAGTA

ATATTAAATTGAATGATGAAAACTGTCAAAGGTTAATGACATTTTTATCAGA

ACTCACCAGAGGTCCAACCTTATTGAATGTGACCCTCCAGCACATAGAAAC

AACCTGGAAGTGCTCGGTTAAACTTTTCCAATTCTTTTGGCCCCGACCGGT

GGAGTACCTCAATATTTACAACTTAACGATAACTGAGAGAATCGACAGGGA

AGAATTTACTTACTCGGAGACAGCACTGAAGTCACTGATGATAGAGCACGT

CAAAAACCAAGTGTTCCTCTTTTCAAAGGAGGCGCTATACTCGGTGTTTGC

TGAGATGAACATCAAGATGCTCTCTATCTCAGACACCCCTTTCATCCACAT

GGTGTGCCCGCCATCCCCAAGCTCATTTACATTTCTGAACTTTACCCAGAA

TGTTTTTACTGACAGTGTTTTTCAAGGCTGTTCCACCTTAAAGAGATTGCAG

ACACTTATCTTACAAAGGAATGGTTTGAAGAACTTTTTTAAAGTAGCTCTCA

TGACTAAGAATATGTCCTCTCTGGAAACTTTGGATGTTAGTTTGAATTCTTT

GAACTCTCATGCATATGACAGGACATGCGCCTGGGCTGAGAGCATATTGG

TGTTGAATTTGTCTTCGAATATGCTTACAGGCTCTGTCTTCAGATGCTTACC

TCCCAAGGTCAAGGTCCTTGACCTTCACAACAACAGGATAATGAGCATCCC

TAAAGATGTCACCCACCTGCAGGCTTTGCAGGAACTCAATGTAGCATCCAA

CTCCTTAACTGACCTTCCTGGGTGTGGGGCCTTCAGCAGCCTTTCTGTGCT

GGTCATCGACCATAACTCAGTTTCCCATCCCTCTGAGGATTTCTTCCAGAG

CTGTCAGAATATTAGATCCCTAACAGCGGGAAACAACCCATTCCAATGCAC

ATGTGAGCTGAGGGACTTTGTCAAGAACATAGGCTGGGTAGCAAGAGAAG

TGGTGGAGGGCTGGCCTGACTCTTACAGGTGTGACTACCCAGAAAGCTCT

AAGGGAACTGCACTGAGGGACTTCCACATGTCTCCACTGTCCTGTGATACT

GTTCTGCTGACTGTCACCATCGGGGCCACTATGCTGGTGCTGGCTGTCAC

TGGGGCTTTCCTCTGTCTCTACTTTGACCTGCCCTGGTATGTGAGGATGCT

GTGTCAGTGGACACAGACCAGGCACAGGGCCAGGCACATCCCCTTAGAG

GAACTCCAGAGAAACCTCCAGTTCCATGCTTTTGTCTCATACAGTGAGCAT

GATTCTGCCTGGGTGAAGAACGAATTACTACCCAACCTAGAGAAAGATGAC

ATCCGGGTTTGCCTCCATGAGAGGAACTTTGTCCCTGGCAAGAGCATTGT

GGAGAACATCATCAATTTCATTGAGAAGAGTTACAAGGCCATCTTTGTGCT

GTCTCCCCACTTCATCCAGAGTGAGTGGTGCCATTATGAACTCTATTTTGC

CCATCATAATCTCTTCCATGAAGGCTCTGATAACTTAATCCTCATCTTGCTG

GAACCCATTCTACAGAACAACATTCCCAGTAGATACCACAAGCTGCGGGCT
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CTCATGGCACAGCGGACTTACTTGGAATGGCCTACTGAGAAGGGCAAACG

TGGGCTGTTTTGGGCCAACCTTAGAGCTTCATTTATTATGAAGTTAGCCTTA

GTCAATGAGGATGATGTGAAAACTTGA 
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Supplement Fig. 1 TLR expression in lung tissue cells at the end of the study 

Cells of lung tissue were harvested at the predetermined endpoint of the study, stained and 
subjected to flow cytometry analysis. Expression of TLR1, 2 and 6 were detected on 
lymphocytes, neutrophils and PBMCs. Data are presented as means ± SEM. 
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Supplement Fig. 2 Treatment with Tlr mRNA alone does not lead to increased 
lung inflammation 

Mice were treated intratracheally with Tlr1, 2 and 6 mRNA according to the injection schedule. 
A) Cytokines in BAL were measured by ELISA, the dashed line indicates the detection limit of 
15 pg/ml. IL-5 was measured but not detectable in all samples. n.d. = not detectable. B) Cell 
infiltration of T cells, neutrophils and eosinophils in lung tissue was analyzed via flow cytometry. 
* = no valid detection due to technical antibody issue. All data are stated as means ± SEM, n=3. 
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Supplement Fig. 3 Airway resistance values in response to MCh, Bachelor 
thesis C. Will 

Airway resistance was measured in response to rising concentrations of methacholine (MCh) 
using the isolated, perfused and ventilated lung (IPL). Mice were treated with either Tlr1/2 
mRNA or mock RFP mRNA prior to HDM sensitization and challenge. Control groups received 
HDM without preventative mRNA treatment or only PBS. Differences were non-significant. Data 
are stated as means ± SEM. [Clara Will, Bachelor Thesis, Universität Tübingen, 2015] 
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Supplement Fig. 4 Inflammatory cells in BAL, Bachelor thesis C. Will 

Differential cell count of bronchoalveolar lavage indicating percentages of inflammatory cells. 
Mice were treated with either Tlr1/2 mRNA or mock RFP mRNA prior to HDM sensitization and 
challenge. Control groups received HDM without preventative mRNA treatment or only PBS. 
Intratracheal application of Tlr1/2 mRNA led to significantly decreased levels of both neutrophils 
and eosinophils in BAL fluid (P < 0.05). Data are represented as means ± SEM. [Clara Will, 
Bachelor Thesis, Universität Tübingen, 2015] 

. 
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