Aus der Kinderklinik und Kinderpoliklinik im Dr. von Haunerschen Kinderspital

Klinik der Ludwig-Maximilians-Universitidt Miinchen

Vorstand: Prof. Dr. Dr. Christoph Klein

The role of TNFAIP3 and NF-kB signalling
in childhood asthma development and environment-mediated

protection

Dissertation
zum Erwerb des Doktorgrades der Medizin
an der Medizinischen Fakultat der

Ludwig-Maximilians-Universitdt zu Miinchen

vorgelegt von

Katharina Johanne Rehbach

aus Miinchen

2021



Mit Genehmigung der Medizinischen Fakultit

der Universitit Miinchen

Berichterstatterin: Prof. Dr. Bianca Schaub
Mitberichterstatter: Prof. Dr. Jiirgen Behr

Prof. Dr. Katja Radon
Prof. Dr. Jiirgen Kleinschmidt

Dekan: Prof. Dr. med. dent. Reinhard Hickel

Tag der miindlichen Priifung: 19.05.2021



Table of content

1 INErOAUCTION ucueeeeinneiinnieiineeciitieninnecsinneessseecssasecsssnessssesssssescsssnsssssssssssnsssssnsssssesssssssssssssssnns 1
1.1 Childhood asthma — the burden of @ chronic diSEase ............cccerererieieiienenenenesceeeeeee e 1
1.2 Environmental factors and the development of allergic asthma ...........ccocceeeievieiiinieniienecieeeeieee e 2
1.2.1 Westernisation, urbanisation and the hygiene hypothesis...........ccoecverierirciiniinienieee e 2
1.2.2 The farm effect — protection through external microbial exposure early in life............ccoecverireinnnne 4
1.3 Immunological mechanisms in the pathogenesis of asthma and the farm effect ............ccccvevveriennen. 5
1.3.1 Basic principles of the innate and adaptive immune SySteM ..........cceveerieeeierieneenieenieseeseeesieeieenens 5
1.3.1.1 INNALE TMIMIUNILY ...eviiitieiieieeieeitesieeieete et et et eteeetesteesteentesaeesteenseenseensesseessaenseansesseesseensesssessnens 6
1.3.1.2 Adaptive TMIMUNILY ....eoviieiieieieiesiiesieete et steesieeteete st esteestesseesteesteesseessesseesseenseensesseesseensesssessnens 7
1.3.2 The pathogenesis of asthma and what we have learnt from the farming studies ............ccceeveuennee. 9
1.3.2.1 Mechanisms of adaptive IMMUNILY.........ccverierierieriereenieeieeteeeesteesieeeeseeesseeseessesseesseeseessessnens 9
1.3.2.2 Mechanisms of iNNAte IMMUNILY ....ccueeeveeieriierieeieeiesieesieeteeteseesieeaeseesteeseeneesseesseeseensesseenses 12

1.4 Molecular mechanisms and pathways analysed in thiS WOTK ...........cccovvieriieciinienienicieeieseee e 14
1.5 AIMS OF the SEUAY.....ieciieie ettt et sttt be et e s aeesbeesbeenteeseessaenseensesanenes 20
2 Materials and Methods ......eieeiiinieiiiiicniiinniiiinseeiisnninnsnnecssstecssseesssseessseesssseessssessssanes 22
2.1 MALEIIALS ...ttt b bbbt b e et h e bt bbbt be bt en et ettt b e b ebeebeebeeneen 22
2.1.1 Reagents and ChemiICaAIS.........ccieiiiieriieieeie ettt ettt et et esaeesteebeenaeennenas 22
2.1.2 Solutions and DUTTELS ......cueruiriiriiiiiieeee ettt st 23
2.1.3 Rea@ent SYStEIMS (KItS) ....cvertierierieeiieriieieeteetterteeteete et e steeteetesteesbeeteseteeseesteensesnsesnnesseensesnsessnanses 25
2.1.4 CONSUMADILS.......cueriieuieiienieteterte ettt b ettt et et et bbb e bt e bt e bt e st et e ntenbesbesbeebeebeeneens 25
2.1.5 LabOratOry ©QUIPITIENIL ......eecvieieereetieiieieeteeteesteeteestesseesteeseesaesseesseessesnsesseesseensesnsesssessesnsesnsesseenses 26
216 SOTEWATC ...ttt ettt b e bbbt ettt s bbbt be e bt e bt e st et et et s b bt ebe bt eneene 27
2.1.7 PIIMET SEQUEIICES ...euveeureviereeteeteettesteeteetesseesseesesssesseesseansesssesseessessesssesseessesnsesssesssessesnsesssesssenses 27
2.2 MEEROMS ...ttt h bbbt b e bt bbbt be bttt e bbb bt bt ebeebeeneen 28
2.2.1 Author’s cONtribution StAtEINENL ..........eeteierieriirieriirieeieeieeiteteterte ettt ettt et ettt s ens 28
2.2.2 Study populations, sample selection criteria and clinical WOrkup..........ccoeceevierieecieecienieneeieeeenne, 28
2.2.2.1 CLARA/CLAUS StUAY ...ttt sttt sttt sttt st eseste e e st sbe e esesbenseneenas 28
2.2.2.1.1 Enrolment of participants for the present StUdy..........ccceveeriieiierieniienieieeieceeee e 29
2.2.2.1.2 Blood sampling and clinical aSSESSMENL .........c.cccueeuerieriierieeienienieieeieeieseesieeseenaeseeeneas 29
2.2.2.1.3 Inclusion and exclusion criteria — definition of cases (AA) and controls (HC) .................. 30
2.2.2.2 PASTURE/EFRAIM STUAY ...c..cuiitiiieieiiiteietesie ettt ettt sttt steneeneenas 31
2.2.2.2.1 Study design and fOLOW=UP ...........c.coivruireeeeieeeeeeeeeeseee e sesneeeneseas 31
2.2.2.2.2 Definition of farm exposures and allergic disease OutCOMES ..........cccvevvercrereereerreevennnenne 32
2.2.3 Farm dUSE SAIMIPIES .....ecuviieieiieieeieeiteie ettt et ete et ste e e etesaeesteesteeatesaeesseensesnsesneesseenseensasssenses 33
2.2.3.1 Dust collection and eXtraCtion” ............co.co.eveevrururrureeeeeeeeeeeseseeses st se s seerenes 33

2.2.3.2 Assessment of endotoxin levels in farm dust samples ..........ccoevevievieiiiniieniecieeeeee e 34



2.2.4 PBMC isolation and StIMUIATION ..........coiiiiuiiiiiiiiiiieeee ettt e e et e e e s s eeaaaeeeeeeeans 34

2.2.5 Cell lysis for RNA and protein €XtraCtion ...........eceecuerierieesieeriesiesieenieeieseesieessesseseesseessesnsesssenses 35
2.2.6 RNA extraction and CDNA SYNthESIS.......cceeiiriieriieieiieseeie ettt ettt et seeeae e enas 36
2.2.7 Gene eXPreSSION ANALYSIS....c.iecuierierieriierieeteeterteerteeteettesteesteetesseesteesesssesseesseensesnsesssesseensesnsesseenses 37
2.2.7.1 PrIMEL AESIZN ...eeuvieeieiieieeie ettt ettt ete et e st este e e eaeesseesseesteensessaesseenseensessnesseenseensanssenses 37
2.2.7.2 Quantitative real-time PCR .........cccooiiiiiiiiiiccccce ettt 37
2.2.7.3 qPCR assay optimisation and validation ............cccccerieiieiieiienieiee e 39
2.2.8 SDS-PAGE and Western Blot analysis .........cccveviievieiienieiiieie ettt eie et 41
2.2.8.1 GOl CASHINE ..eeuvieiieeeieeiiesie ettt ettt te et e ettt e te et e e st e be e teeatesseesseenseenbessaesseenseensesssenseenseensenssenses 41
2.2.8.2 Protein qUANTITICALION ......ccuiiieeiieiieie ettt ettt ee ettt teeaesteeste e e esaeeneesseenseensessnenes 42
2.2.8.3 Sample preparation and SDS-PAGE gel electrophoresis..........ccecvecierienieniiecieeienieieeieeeene 42
2.2.8.4 Proteifl trANSTET ...c..evuiriiiiiiiiiiieieeitetetee ettt sttt ettt bbb bt ene 42
2.2.8.5 Membrane blocking and antibody StaINING ...........cccevierieerieeiienienieie ettt 43
2.2.8.6 Detection and IMAZING .........ccueeieriierieeieeiereeieeteete st eteeteseesteetesaessaesseenseensesssesseensesnsesssenses 43
2.2.9 StatistiCal ANALYSES ....cccviviiriieieeieeiee ettt et ettt ettt e ettt be b e s e e teebeenteenaenns 43
3 RESUILS cucceeneieciniiciiencitiecineecinteecsnneesssneesssneesssnesssssesssssesssssssssssssssssessssesssssasssssnsssssnssssassssnes 45
3.1 Immune regulation in school-aged children with allergic asthma............cccccoevverierienieienieecieee, 45
3.1.1 CLARA/CLAUS study pOpUIation........c.ccceeieriieriieiesienieesie ettt esieeiesite e eteeneesseesseenseensesnsennas 45
3.1.1.1 Enrolment of allergic asthmatic (AA) and healthy control (HC) children..........c..cccouveneennenne. 45
3.1.1.2 Epidemiological and clinical characteristics of the study population ............cccceceerierieiennnnnne. 46
3.1.1.3 Differential baseline expression levels of target genes in PBMCs of study participants.......... 50
3.1.2 Inflammatory innate immune phenotype in AA children...........cccoveevieienieniieneeeeeeee e 51
3.1.2.1 Increased TLR4 and MyD88 eXPresSion i AA .......cocverieerieeeeneenieeiteeeesieeieeaeeneseeeseesessnennes 52
3.1.2.2 Decreased TNFAIP3 gene and protein expression in AA .......occeevevieeieneenieerieeieseeie e 52
3.1.2.3 Alterations in markers of dendritic cell activation in AA .........ccceeeeieveeiieninenenneseeeeeeene 55
3.1.2.4 Overview TNFAIP3, NF-kB pathway and DC- related gene expression in AA vs. HC .......... 56
3.1.2.5 Strong correlation of TNFAIP3 with expression of the other innate genes in AA ................... 56
3.2 Studying asthma-protective farm exposure in vitro — immunomodulatory effects of farm dust .......... 58
3.2.1 Characterisation of farm duSt @XtrACES ........eoueruiririririiieieieee et 58

3.2.2 Anti-inflammatory immune response in AA and HC upon in vitro LPS and farm dust treatment. 59

3.2.2.1 Downregulated TLR4 and MyDESE EXPIESSION......cc.eeruierieerreeierieerieeieeeesieesieeaesresseesseensesssenses 59
3.2.2.2 Upregulated TNFAIP3 gene and protein €XpreSSiOn........eueeeereerieerieeeeseenieeieesesseessessesseennes 62
3.2.2.3 Opposing regulation of the co-stimulatory molecules CD80 and CD&6............ccoecvevveueannnnee. 66
3.2.2.4 NF-«B signalling downstream effects — downregulation of 7L-78.......c.cceeveeiiecienieneeieennnne. 70
3.2.2.5 Overview of in vitro LPS and farm dust stimulation effects in AA and HC............c.cccceeueneee. 71
3.2.2.6 Overall stimulation effect — inflammation ratio ............coceverererenienieieieeeee e 72
3.3 Gene expression changes upon chronic early life in vivo farm exposure.........cccceeveeeierienieneenieenenne. 74
3.3.1 PASTURE/EFRAIM Study COROIL ....c..eteiiitiieiiiieieiceieie ettt 74
3.3.1.1 Study population and clinical characteristics of farm (F) and non-farm (NF) children............. 75

3.3.1.2 Farming exposures of F and NF children ...........ccoocoviriieiiiiinieececeeee e 77



3.3.2 Decreased expression of TNFAIP3 and dendritic cell marker genes in F children......................... 78
3.3.3 Decreased TNFAIP3 expression in farm children with allergic asthma.............cccccoevverienieniennnnnne. 81

3.3.4 Anti-inflammatory immune response upon in vitro LPS and farm dust stimulation in F and NF .. 82

4 DISCUSSION cececurreisineissnncsssnncssseecsssnecsssnessssnesssssessssesssssssssssssssssessssssssssssssssssssssessssssssssssssssases 87
4.1 Summary of the Main fINAINGS .....ccveeiiiieiieii ettt et e e eteeeesraesseenseenae e 87
4.2 Discussion of the study methods and experimental deSign ........c.cecuevierierieriieiieiieneeie e 87
4.2.1 Survey data and conjoint analyses in the PASTURE/EFRAIM study population.............ccccueueen. 87
4.2.2 Time points of clinical and immunological aSSESSMENLt ...........ccccuerieriierieriieeieriieie e eeesieeie e 88
4.2.3 Investigated sample material - PBMCs and whole blood............ccccceerieiiiiciiniiniieiiciecieseeieee 88
4.2.4 Immunological assessment MEthOAS ..........ccoeiirieriiriiiiierieeee ettt te e e 90
4.2.5 In vitro LPS and farm dust stimulation model ............ccccoeiiiiiiiniininiiiinceee e 90
4.3 Discussion of the Main fINAINGS .......cceeveriiriiiiiiiieciee ettt ettt ebeeaesraesseeseenseens 92
4.3.1 Clinical characterisation of the allergic asthmatic phenotype..........ccoccvevuereiinienieniieieeiereeieeiene 92
4.3.2 Inflammatory innate immune signature of school-age children with allergic asthma .................... 92
4.3.3 Anti-inflammatory effects of in vitro farm dust €XPpOSUIE........c.cecvevieriieciieiieieieeie e 97
4.3.4 Immune profile of farm children at ages 4.5, 6 and 10 Years.........ccceecvereeneerieecienienieeee e 101
4.4 Concluding remarks and OULIOOK. ..........c.eriiriiiriiriiieieiieteieete ettt et esaeenaeees 104
5 SUIMMATY couueiiiiiiirnniicnissniecsssnnncsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss 106
6 ZuSsammENTASSUNG c...eeeereeeeiinecisnecssneissnnesssanessssecsssseessssesssssessssssssssssssssesssssasssssssssssssssses 108
T ReETCICICES..ccuuueeinnrrirnerissnnecssnnncsssnecsssnesssnessssnessssssssssesssssesssssessssssssssssssssesssssesssssssssssnsssses 110
8 ADDIEVIALIONS cccuueieiinrrirnniisneecssenecssteeisnnessnnesssnecsssnecssssesssssesssssessssssssssesssssesssssnsssssnsssses 135
9 List of figures and tabIes .......ccccvveeiiiiiivniicnissnniensssnnecssssnnssssssssssessssssssssssssssssssssssssssssasss 139
0.1 LISt OF FIGUIES ...euveeieiieiieie ettt ettt ettt ettt et e bt e e e e et e seenseenseessesssenseenseessesssensaenseensesssenseensenn 139
0.2 ST OF tADLES ...ttt ettt b e bbbttt b e bbbt bt bt eb e ententent 141
10 APPENAIXa.iirirrariiiisssrrecsssssnnecsssssssesssssssesssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 142
10.1 Supplementary tables and fIZUIES..........ccverieriiiiiriecieieeee ettt e e beesbeesaesseenseas 142
10.2 CLARA/CLAUS QUESTIONNAITE ........eeuveeereiieieeieeienieeteetesetesseeseesesssesssenseensesssesssessesssesssesssesseensens 147
11 Publication and PreSentations ........cccceceveeeecscsnrecssssssresssssssssssssssssssssssssssssssssssssssssssssasss 163
L1.1 PUDLICATION ..ottt ettt ettt b s bbbt et est et e b et e st e sbeebeebeebeeneentens 163

L 1.2 PreSEITATIONS ... eieiieee e ettt e e ettt e e e e ettt eeeeee et e e eeeeamaaeeeeeeeesaaseeesssasaaaseeesssanssaseeessannnnes 163



1 Introduction

1.1 Childhood asthma — the burden of a chronic disease

Asthma is the leading chronic respiratory disease in children and adolescents, with a present prevalence
varying from 10 to 30% in Western Europe and English-speaking countries'. Clinical features of
asthma are characterised by respiratory symptoms such as wheeze, chest tightness, shortness of breath
and cough together with variable expiratory airflow limitation®. These symptoms are widely assumed
to be the result of chronic airway inflammation with early structural airway ‘remodelling’ and airway
hyperresponsiveness (AHR) to certain external trigger factors.

Current asthma management aims at effective symptom control and prevention of adverse disease
outcomes. It involves two key treatments: (i) Inhaled corticosteroids (ICS), which target inflammatory
processes, and (ii) Br-agonists (bronchodilators) that dilate the airways through bronchial smooth
muscle relaxation. In paediatric asthma, leukotriene receptor antagonists (LTRA) complement therapy,
and in patients with severe asthma, long-acting muscarinic antagonists (LAMA) and biological agents
such as anti-immunoglobulin E antibody treatment are also considered”’. More recently, novel
biological therapies targeting the inhibition of the cytokines interleukin (IL)-4, IL-13 and IL-5 have
been applied in paediatric patients as well. Non-pharmacological treatment of allergic asthma further
includes allergen-specific immunotherapy (IT).

Available therapeutic regimens provide symptom relief in most asthma patients, but cannot fully avert
a progressive decline in lung function as a consequence of airway remodelling®. Furthermore,
therapeutic options for patients with incomplete symptom control despite exhausted and high-dose
standard therapy are still limited”®. The heterogeneity in clinical presentation of asthma, with varying
clinical course and different individual treatment responses is a reflection of the complexity of the
underlying disease pathobiology™’. Although several risk factors, including genetic determinants and
environmental exposures, have been identified, the exact aetiology of asthma is still unknown®’.
Immunological pathways and inflammatory processes that provoke initiation, exacerbation and
progression of the disease remain poorly understood.

Clinical and epidemiological approaches in clustering specific observable clinical features and

510-12 and

pathological characteristics have led to the definition of certain asthma ‘phenotypes
‘endotypes’"?, forming the basis for the development of new targeted treatment strategies for a subset
of patients. Yet only a few of the identified phenotypes have been largely agreed upon, and particularly
in pre-school children the natural course of the disease remains difficult to predict'®'*'®. While clinical
remission may be expected for some phenotypes during adolescence, persistence of symptoms beyond
childhood and also relapse in adulthood is not uncommon'’""°. These more severe forms of asthma have
been associated with inadequate corticosteroid responsiveness and with allergic disease and

sensitisation, as defined by elevated immunoglobulin E (IgE) levels®. Although anti-IgE treatment



(omalizumab) is already available, further personalised therapies targeting other known molecular
pathways in severe paediatric asthma still await approval or have yet to be designed”.

Severe and uncontrolled disease results in a substantial reduction in children’s health-related quality
of life by limiting physical activity and social interaction. Persistent symptoms predispose children to
develop chronic obstructive pulmonary disease (COPD) later in life**. Thus, paediatric asthma in many
respects represents a major burden for those affected and for society as a whole?. It affects children
and adolescents in their most productive years®*, and due to direct and indirect costs, it represents a

considerable economic burden for the global health care system*>?’.

1.2 Environmental factors and the development of allergic asthma
1.2.1 Westernisation, urbanisation and the hygiene hypothesis

Today, ‘allergic asthma’, based on allergen-specific IgE levels (i.e. allergic sensitisation) and allergy-
related characteristic respiratory symptoms>®, is considered to be the most common asthma phenotype
not only in the paediatric population®’.

Although few reports of allergic disease had already been documented in antiquity®’, there had been
no awareness of this condition until the first description of hay fever in 1870, and another hundred
years went by before asthma was recognised as a ‘common’ disease’'. However, the subsequent
increase in allergic disease and asthma prevalence in affluent Western societies during the last 40 years
of the 20" century was dramatic, reaching epidemic dimensions*>**. Given the dynamics and rapidity
of this trend, epidemiological research focussed on the changes in environmental factors and social
lifestyle that coincided with that period. Increasing relocation to urban environments and the
accompanying adoption of a modern, ‘westernised’ lifestyle have early been identified to have

substantially contributed to the global changes and geographical variations in prevalence observed

34-36 37-39

across countries” " as well as within the same country
In 1989, David Strachan postulated the idea that the reduced number of infections in early childhood
and improved public hygiene in the developed world were responsible for the significant increase in
atopic diseases®’. He had previously demonstrated that a large number of older siblings, an indirect
marker for a higher rate of cross-infections within the household, was associated with a reduced
prevalence of hay fever and atopic dermatitis. To this day, this so-called ‘hygiene hypothesis’ has
provided the theoretical framework for further research on atopic diseases, inspiring numerous

41-45

scientists worldwide. Subsequent studies have consistently confirmed lower rates of atopy™ ™, allergic

disease*® and also asthma-related symptoms*’ in children raised in larger and less affluent families.

Similar effects have been reported in children with day-care attendance during infancy**>°

, indicating
that relevant protection is mediated by any exposure to many other children also outside the domestic
environment (Figure 1).

Despite clear data from mouse models’', epidemiological studies assessing the role of infections as the

purported mediator for the protective sibling and day-care attendance effect have provided inconsistent



results and could not fully support the original statement of the ‘hygiene hypothesis’*%. In fact, viral
respiratory tract infections in particular have been proven to increase the risk of subsequent asthma

development in predisposed children®-*. Robust evidence only exists for a protective effect of

55,56

parasitic, i.e. helminth infections on allergic diseases™°, while findings on exposure to mycobacteria®’-

%% or orofecally transmitted organisms such as Hepatitis A virus® or Helicobacter pylori®* among

64-68

others™° remain contradictory.

In view of these findings, the ‘old friends hypothesis’ has been formulated as an amendment to the

*® Most relevant protective organisms thus represent archaic microorganisms

‘hygiene hypothesis
(‘old friends’), which co-evolved with the human race in earlier eras and are still found in rural
environments. The abundant presence of these microbes as (pseudo)commensals and subliminal rather
than clinically apparent infections has been proposed as providing the beneficial immunoregulatory
effects. The disruption of man’s symbiotic relationship with these environmental and commensal
microbiota, as well as microbial deprivation as a consequence of lifestyle changes in the course of

urbanisation, has resulted in dysregulated immunity in susceptible subjects® (Figure 1).

»
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Figure 1. Protective and risk factors for the development of allergic disease in early life.
Most of these factors may affect the microbiota of the skin, nasopharynx, lung and gut, particularly during a
critical time window in the early postnatal period. Figure and caption adapted from Ref. 33. © Springer Nature.



1.2.2 The farm effect — protection through external microbial exposure early in life

In this respect, increasing rates of atopy and asthma have been identified particularly in urban areas

7073 and low- and

compared to rural ones, with a high consistency in studies from both high-income
middle-income countries’*’®. Increased air pollution in metropolitan areas could not explain these
regional differences’”*, but a protective factor of rural living could be identified, namely that of being
raised in a farming environment®'*°,

At the beginning of the 21 century, reports from all over the world documented remarkably lower
prevalence rates of atopy and asthma among children that had grown up on traditional farms when
compared to their peers from non-farming families. First landmark publications about this protective
“farm effect’ on childhood atopy and asthma came from Switzerland, Germany, Austria and Finland®"-

808397 and non-European

8 setting the framework for numerous further studies conducted in European
environments’'%®. Cross-sectional multicentre surveys followed'”''? and provided further evidence
for this hypothesis on a large scale. Today, the protective ‘farm effect’ on childhood atopy''® and
asthma''* has evolved to be a commonly accepted epidemiological concept.

A certain ‘window of opportunity’ for farm-related exposure is widely considered to be critical to its
beneficial effects®, supporting the notion that there is a sensitive early phase in infancy in which
immune maturation and potential modulation occurs''’® (Figure 1). In this respect, regular exposure
including animal contact and farm milk consumption during the period from pregnancy until the first
year of life'®!?7851% hag been associated with the strongest protection against asthma and allergic
disease, and continual long-term or lifelong exposure seems to provide additive effects'*. It has

recently been shown in a birth cohort study that beneficial effects on lung function persist even into

adulthood''®.

117,118 109,119-121

Neither genetic variations nor common lifestyle factors in which farm and non-farm
populations apparently differ have proved likely to account for the reduced risk of allergic diseases
among farm-children. Instead, distinct characteristics of the farming environment have been observed,

thus relating protection only to certain types of farm-associated exposure'?. Features of traditional

82,83,104 112,123

farming, which comprise animal husbandry , particularly (dairy) cattle farming and grain
cultivation''? and associated regular exposure to animal sheds and barns as well as to grain or hay as
animal feed''*!%!% have been identified to confer protection especially in European farming
environments. These findings have been corroborated in a recent study among children from two
farming populations in the United States, the Amish and the Hutterites, that engage in different farming
practices. Traditional farming of the Amish, as opposed to the Hutterite’s modern, industrialised
practice, was associated with significantly lower prevalence of atopy and asthma in Amish children''®.
Furthermore, the consumption of unprocessed cow’s milk'2#!125-10%12288105 haqg heen described as an
independent protective factor, suggesting that not only inhalative environmental exposures may play a

role in mediating the protective effect'* (Figure 1).



Exposure to farm animals and stables is associated with increased concentrations of plant material from
fodder'?’, but also a variety of microbial sources. Inspired by the ‘hygiene hypothesis’, further research
focussed on the external microbial exposure encountered in the farming environments. In order to allow
quantification and qualitative measurement of children’s daily exposure, samples of settled dust
indoors'?® from children’s mattresses and room floors and of airborne dust from stables and barns were

collected and screened for microbes and their nonviable, but bioactive compounds such as fungal

129 130-132

products~” and bacterial cell-wall components

Lipopolysaccharide (LPS), or endotoxin, a major part of the outer membrane of Gram-negative bacteria

118,132-134

and abundantly present particularly in livestock farming settings was used early as a generic

135.108 545 well as

marker to reflect environmental microbial load. Various studies conducted in farming
non-farming households'*"'*37 have shown an inverse relation of early-life exposure to high levels
of endotoxin and atopy or allergic asthma in children, while the risk for nonatopic-wheeze in infants
and toddlers appears to be increased'*®!*’.

In addition, the evolution of molecular methods involving sequencing of bacteria-specific 16S rRNA
has made it possible to identify distinct bacterial genera and species in the dust samples. Specific micro-
organisms including Eurotium species from the fungal taxon, and many Gram-positive bacteria like
Listeria monocytogenes, Bacillus species'*, Staphylococcus species'®!, Lactobacillus species and

143144 \vere consistently

Gram-negative bacteria such as Acinetobacter species'* among others
associated with protection from atopic diseases. Current knowledge suggests that a unique composition
of many of these micro-organisms, the diversity of microbial sources'*’, as represented in farm dust
samples, can best explain the protective effect of the farming environment against allergic diseases and

asthma in particular'®'*,

1.3 Immunological mechanisms in the pathogenesis of asthma and the farm effect

The epidemiological ‘farm effect’ comprising all its associated protective exposures has been
unambiguously proven in a global context. The strong evidence provided by epidemiological studies
on the farming environment is encouraging, as it suggests that causes for the rapid rise in childhood
asthma prevalence may both be identified and prevented. However, epidemiology is unable to draw
causal conclusions from any effects observed. Immunological research is needed to identify the
relevant mechanisms underlying the asthma-protective ‘farm effect’, thus providing further insights

into pathophysiological processes involved in the development of asthma.

1.3.1 Basic principles of the innate and adaptive immune system

In order to be able to place mechanisms of asthma immunopathology in the context of basic
immunological concepts, the fundamental principles of the human immune system will be briefly
outlined hereafter. Due to the limited scope of this work, the following explanations will focus on

immunological aspects that are especially important for a clear understanding of the present study.



Innate and adaptive immunity are the two types of immunity operating in humans to protect them from
acute infections as well as chronic inflammatory disease. Although the division into the two subtypes
has proven artificial in many respects, their distinction makes it easier to understand the complex

immunological network involved in the pathogenesis of asthma.

1.3.1.1 Innate immunity

The innate immune system is the human’s first line of defence against potentially infectious threats
such as bacteria, viruses, fungi and certain parasites. It is programmed to detect features of these
invading pathogens as well as structures of altered host cells, to discriminate between self and foreign
molecules and to activate adaptive immune responses to the latter'*’.

Apart from humoral components such as complement proteins, innate immune protection largely
depends on cellular defence mechanisms provided by cells of both haematopoietic and non-

148 The major haematopoietic cells within innate immunity include neutrophils,

haematopoietic origin
macrophages and dendritic cells (DCs) as phagocytic cells, but also mast cells, eosinophils, basophils,
innate lymphoid cells (ILCs), and natural killer T (NKT) cells (Figure 2). Non-haematopoietic innate
immune cells, in turn, are represented by epithelial cells lining the skin and the mucosal surface barriers
of the respiratory and the gastrointestinal tract'*®,

These innate immune cells express a limited number of evolutionary conserved ‘pattern recognition
receptors’ (PRRs) on the cell membrane or in the cytoplasm which recognise invariant molecular
motifs of microbes, e.g. nucleic acids, secretory products, cell-wall-components such as LPS, called

)149150 - Likewise, non-infectious endogenous

pathogen-associated molecular patterns (PAMPs
molecules which are released from damaged host cells, termed damage-associated molecular patterns
(DAMPs) can trigger PRRs'*"!*2, Five subgroups of these germline-encoded innate receptors have
commonly been described. They consist of the membrane-bound Toll-like receptors (TLRs) and C-
type lectin receptors (CLRs) as well as the intracellular NOD-like receptors (NLRs), RIG-I-like
receptors (RLRs), and the AIM2-like receptors (ALRs)'*. Some PRRs require adaptor proteins in order
to integrate, sort and transmit signals. The TIR-containing adaptor (TIRAP) and the myeloid
differentiation primary response 88 (MyD88) protein are examples of such adaptors utilised by the
TLR-family.

When encountering PAMPs and DAMPs, most PRRs (and their adaptors) trigger complex downstream
signalling cascades that lead to the activation of transcription factors such as nuclear factor 'kappa-
light-chain-enhancer' of activated B cells (NF-kB) and interferon regulatory factors (IRFs.) Their target
genes encode proteins involved in inflammatory processes such as cytokines, interferons and
chemokines, which in turn initiate innate and adaptive immune responses. Ligand binding may also

trigger direct defence mechanisms such as the induction of phagocytosis, cell death, autophagy, and

cytokine processing.



Several mechanisms are involved to tightly control and coordinate signalling pathways at multiple

checkpoints, in order to allow effective clearance of pathogens and altered cells while preventing

excessive inflammatory responses at the same time.
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Figure 2. Integrated and simplified view of the human immune system.
Some elements, such as natural killer T (NKT) cells and dendritic cells (DCs), are difficult to categorize, since
they act at the interface of innate and adaptive immunity. Figure from Ref. 148. © Elsevier Inc.

1.3.1.2 Adaptive immunity

In contrast to the innate immune system, immune responses of adaptive immunity are slower, yet highly
sophisticated and target-specific processes. They are mediated by two types of lymphocytes, T and B
cells. While T cells, once activated by antigen-presenting cells (APCs), mainly govern the cell-
mediated part of adaptive immune responses, B cells represent - through antibody-production — the
humoral part of adaptive immunity (Figure 2). Following differentiation into plasma cells, B cells
secrete highly specific antibodies which bind to antigens from foreign agents like bacteria and viruses,
flagging them for subsequent elimination. The unique memory function of adaptive immunity is
featured by memory T and B cells, which are able to mount an accelerated immune response upon re-
exposure to the same antigen'>’.

Both T cells and B cells express a diverse repertoire of unique antigen-binding receptors on their cell
surface, called T cell receptors (TCRs) and B cell receptors (BCRs), respectively. Unlike the PRRs of

the innate immune system, these receptors are highly variable structures, generated through somatic



DNA rearrangement processes, allowing the recognition of a broad range of potential ligand molecules
or fragments, the so-called antigens'*’.

In order to recognise these specific antigens, T cells need to interact with antigen-presenting cells
(APCs) of the innate immune system (mostly DCs and macrophages). These professional APCs have
the capacity to take up foreign antigens, process them into fragments (i.e. peptides) and present these
peptides to T cells through surface proteins termed ‘major histocompatibility complex’ (MHC). MHC
are classified as either class I proteins, which are expressed on all nucleated cells and present
endogenous cytoplasmic proteins, or class II molecules which are found only on certain APCs within
the immune system. While cytotoxic CD8 expressing (CD8") T cells are activated by the interaction
of their TCR with the complex of antigen-peptides bound to MHC I molecules, CD4" helper T cells
are activated through TCR recognition of peptide/MHC II-complexes'*’. CD8" T cells primarily kill
host cells infected with intracellular pathogens, such as viruses, or tumour cells expressing foreign
antigens. CD4 " helper T (Th) cells, in turn, are essential for activating, enhancing but also limiting both
innate and adaptive immune responses. Besides the antigen-T cell receptor signal (primary signal),
signalling through co-stimulatory molecules on APCs is required as a second signal for effective
activation and differentiation of naive T cells'>*'%. In response to activation, CD4" T cells proliferate
and, depending on the cytokine milieu, develop into different subsets of helper T (Th) cells, with Thl,
Th2 and Th17 cells as well as regulatory T (Treg) cells being the most common. They are distinguished
by distinct effector functions'’.

Th1 cells mainly produce the cytokines IFN-y and interleukin (IL)-2, which primarily promote and
enhance cell-mediated responses, involving the activation of macrophages and cytotoxic CD8" T cells
for the destruction of intracellular foreign agents and virally infected cells. In contrast, Th2 cells are
characterised by the production of IL-4, IL-5 and IL-13, which stimulate B cells to produce, among
others, immunoglobulin E (IgE) antibodies, and promote the recruitment and activation of mast cells
and eosinophils that are essential for an effective immune response against extracellular parasites.
While the Th17 subset of Th cells, which produce cytokines of the IL-17 family, is known to be pro-
inflammatory'>’, Treg cells have been identified as important anti-inflammatory cells, suppressing

immune responses and controlling aberrant reactivity against self-antigens'*®.

Innate and adaptive immunity are essentially complementary systems; they act synergistically and
communicate with each other. Defects in both systems may lead to ineffective or misdirected immune
responses as observed in autoimmune disease, chronic inflammatory disorders, allergic disease and

many more.



1.3.2 The pathogenesis of asthma and what we have learnt from the farming studies

Chronic airway inflammation, which is known as the cardinal feature in asthma, is sustained by a
complex immunological network linking processes of innate and adaptive immunity. Studies on the
environmental determinants that influence both the development of asthma and protection from it have
led to substantial revision in the common understanding of the underlying pathobiology and related

immunological pathways.

1.3.2.1 Mechanisms of adaptive immunity

Asthma has long been considered the prototype of adaptive Th2 cell-induced inflammatory disease,
with the presence of high serum IgE being the hallmark especially for allergic asthma'®. In individuals
with the atopic phenotype of asthma, high levels of allergen-specific IgE are indeed a reflection of an

160161 and main

inappropriate Th2-biased immune response to common environmental allergens
clinical features of asthma can be traced back to excessive Th2-dominated immunity. Recently
published data on beneficial effects of targeted therapies suppressing Th2-specific cytokines continue
to underscore the central role of Th2 cells in mediating airway inflammation in allergic asthma'®>'®,
Th2 cytokines drive B cell-mediated allergen-specific IgE production and induce accumulation of
mucosal mast-cells (mainly via IL-4), basophils and eosinophils (via IL-5) in the airways (Figure 3),
leading to increased mucus production, airway hyperreactivity (AHR) with airway narrowing also to
nonspecific stimuli, and structural changes of the airway wall (‘remodelling’)'**. These inflammatory
processes that occur in the lungs are amplified by vasoactive mediators such as histamine, as well as
chemokines and cytokines released from mast-cells and basophils upon IgE-crosslinking with their

high affinity receptors FceRI (Figure 3).

Further evolution of the Th2 concept was reflected in the ‘Th1/Th2 paradigm’ of asthma, which
proposed an imbalance between T helper cell subsets with excessive Th2-type immune responses
driving airway inflammation in the absence of counterbalancing Th1-type immunity'®*'®. In a variety

of human studies, reduced levels of the Thl-specific cytokine IFN-y at birth and failure to upregulate

167

Thl immunity during infancy °’ have been consistently associated with increased risk of atopic
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disease and chronic wheeze'” in childhood.
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Figure 3. Th2- and Th17-induced immune processes in (allergic) asthma.

Upon allergen sensitisation, APCs interact with naive T cells in the local lymph nodes of the airways and promote
their differentiation into different T cell subsets (only T2 and Ty;17 shown here). Following maturation, T2
and Ty 17 cells produce cytokines which activate humoral and cellular processes to promote the development of
asthma. The T2 cytokines IL-4, IL-5 and IL-13 stimulate allergen-specific IgE production and induce migration
and activation of mucosal mast-cells, basophils and eosinophils. Release of mediators such as leukotrienes and
histamine from these cells induces allergic inflammatory responses as well as airway epithelial and smooth-
muscle cell changes. APC, antigen-presenting cell; T, helper T cell; TGF-4, transforming growth factor beta;
FcegRI, high-affinity receptor for IgE. Figure designed by Regina Rehbach. All rights reserved.



Th2 cell sensitisation to common allergens and resulting aberrant immune responses in predisposed
children are largely determined by environmental factors encountered during early childhood'™. As
Thl cells are known to inhibit the proliferation and differentiation of Th2 cells'*®, the atopy-and
asthma-protective effect of early childhood microbial stimulation was attributed to mechanisms of
immune deviation towards Th1-type immunity counteracting allergen-induced Th2 cell development'®
(Figure 4). On this score, microbial exposure particularly encountered in farming environments has

175,176

been shown to enhance Thl-associated immune responses in human in vivo and in vitro studies'*

177 However, animal models assessing the effects of different

while decreasing Th2-dependent markers
farm-derived agents on asthma development did not reveal signatures of Thl-polarisation while
invariably confirming the inhibition of Th2-mediated allergic inflammation and experimental features
of asthma'”®!'”®. Findings from mechanistic studies on the binary Th1-Th2 paradigm in mouse models
of asthma further challenged the concept of Th1/Th2 immune deviation as a unifying explanation for
both asthma development and protection'®*'®!,

Considering the fact that only a minority of children with atopy (i.e. Th2-dependent excessive IgE-
mediated reaction) also develop asthma'®?, and that Th2-skewed chronic helminth infections can even
provide protection from allergic disease, general thinking shifted towards a more complex
understanding of immune regulation in asthma than initially proposed™. Additional cell types and

mechanisms were included in the pathophysiological network.

Th2 responses to environmental antigens were shown to be controlled by distinct populations of IL-10
and TGF-B producing T cells, the regulatory T (Treg) cells'®. In fact, decreased percentages of distinct
Treg phenotypes were detected in blood and bronchoalveolar lavage (BAL) fluid samples of children
with asthma and severely affected adult patients, and their suppressive activity was found
impaired'**'**. Concurrently, specific farming exposures were associated with an increased number
and enhanced function of Treg cells or their respective cytokines (IL-10 and TGF-B) in children’s blood
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samples . Likewise, it was shown that chronic parasitic and bacterial infections reduced

experimental allergic airway inflammation through the induction of Treg and IL-10-secreting B cells'®*-
12 The development of allergic disease was thus explained by a deficient regulatory network, with a

loss of respiratory tolerance in the absence of microbial instruction'’* (Figure 4).

More recently, it has been proposed that Th17 cells are involved in this regulatory network by
counteracting anti-inflammatory activities of Treg cells'®>. Th17 responses have been associated with
neutrophilic inflammation in severe asthma'** and have proved to induce airway remodelling in chronic
disease'” (Figure 3). These findings further confirm the assumption that additional, non-Th2-related

pathways are engaged in the pathogenesis of different forms of asthma.
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Figure 4. Immune processes potentially underlying the impact of environmental conditions on the
development of asthma.

In a Western-lifestyle environment, allergen exposure triggers Toll-like receptors (TLRs) on epithelial cells,
leading to the release of cytokines such as IL-33 and GM-CSF, which boost the T};2-promoting capacity of DCs.
These cytokines also promote an innate immune response to allergens involving ILC2s, basophils and
eosinophils. In a protective environment, chronic exposure to environmental farm dust and microbial-derived
signals such as endotoxin or metabolites from the lung or gut microbiome may induce increased formation and
differentiation of T,., and Ty1 cells which suppress T2 immune responses. Such exposure may further induce
the regulatory enzyme TNFAIP3 in lung epithelial cells to inhibit the production of pro-inflammatory cytokines.
RSV, respiratory syncytial virus; GM-CSF, granulocyte-macrophage colony-stimulating factor; 7SLP, thymic
stromal lymphopoietin; SCFA, short-chain fatty acids; DC, dendritic cell; T,,,, regulatory T cell; Ty, helper T

cell. Figure and caption adapted from Ref. 33. © Springer Nature.

1.3.2.2 Mechanisms of innate immunity

Studies on the mechanistic underpinnings of the farm effect on asthma have led to an immunological
paradigm shift, with increased appreciation of the essential role of innate immunity, and particularly
of antigen-presenting dendritic cells (DCs) in the pathogenesis of asthma (Figure 4).

Both inflammatory and regulatory T cell responses to allergens require activation by innate immune
cells. In allergic asthma, maladaptive Th2- and Thl7-mediated immune responses to intrinsically
innocuous allergens are initiated by pulmonary DCs, which first encounter inhaled antigens at the

mucosal surface of the respiratory tract'®>. Upon antigen ligation and uptake via PRRs, DCs migrate to



the draining bronchial lymph nodes to activate naive T cells by releasing cytokines and expressing co-
stimulatory molecules. In this way, DCs determine the outcome of subsequent adaptive immune
responses'*’, involving the induction of both airway inflammation and tolerance to foreign antigens'®’.
Distinct functional properties have been ascribed to different types of DCs. Based on phenotype
characteristics, two major dendritic cell subsets have been identified in humans - plasmacytoid DCs
(pDCs) and myeloid DCs (mDCs, also referred to as conventional DCs (¢DCs)), which are further
subdivided into mDCs type 1 and type 2'%®. Although the evidence for the distinct division of labour
among human DCs is not as clear, mDCs have been shown to critically contribute to the development

of allergic airway inflammation in mice'**>"

, whereas pDCs suppress inflammation by inducing Treg
cell responses®*?%. Supporting this notion, decreased numbers of pDCs have been associated with
subsequent wheeze or asthma in children?**?*. Conversely, mDC subsets were found in decreased

206.207 and exposure to farm-derived dust extracts was shown

numbers in asthma-protected farm children
to modulate DC biology and function both in humans and in mice'’®'7*?%, On this score, a decreased
T cell stimulatory capacity of human monocyte derived DCs was observed when cultured in the

tl78

presence of stable dust . Prolonged in vitro exposure to farm dust extracts and derived products was

shown to reduce the allergy-inducing capacities of murine DCs through an IL-10 dependent

mechanism?*®!7°.

Another crucial mediator in both protection and disease is represented by structural components of the
lung, airway epithelial cells (ECs). It has recently been demonstrated that ECs, acting in close crosstalk
with DCs, constitute an integral part of the innate immunity network at the interface between host and
environment®” (Figure 4). Like professional APCs, they express pattern recognition receptors from
the TLR-family on their cell surface’’’. In response to TLR-stimulation, ECs release cytokines,
chemokines and lipid mediators which control the activation of DCs and programme them to mount

Th2-mediated immune responses upon allergen exposure”'’.

Airway EC-derived cytokines may also control activation of innate lymphoid cells (ILCs), a most
recently identified innate immune cell type?'? (Figure 4). Being a major source of the Th2 cell-
associated cytokines IL-5 and IL-13, type 2 ILCs (ILC2), in particular, are increasingly emerging as
important contributors of allergic airway inflammation®'®. Interaction with different types of DCs has
been shown to either promote?'* or suppress®'® type 2 inflammatory response. ILC2 numbers were
consistently found to be elevated in human asthmatic subjects, both in sputum and in peripheral
blood?'*!8, Research studying the interaction of ILCs with the microbiota at mucosal surface barriers

is now beginning to unravel their involvement in host-protective regulatory functions®'’ in the context

of asthma development as well*?°.

Recent data further suggest that, apart from ILCs, DCs and ECs, basophils contribute to the
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development of Th2-biased immune responses to allergens , although their precise role in driving



disease processes of asthma remains to be defined. Innate immunity is also represented by natural killer
T (NKT) cells, whose involvement has been described both in the pathogenesis of asthma®** and the

protection from it through early life microbial exposure®?.

As demonstrated above, a variety of cellular mechanisms are considered to be involved in the
pathogenesis of asthma and its environmentally mediated protection, but their relative contributions
are still unclear. Although immunological research based on the ‘hygiene hypothesis’ and the ‘farm
effect” on asthma has significantly enhanced the current understanding of the disease, the overall

picture remains fragmented and a unifying mechanistic concept has yet to be defined.

1.4 Molecular mechanisms and pathways analysed in this work

Allergic asthma constitutes inappropriate, i.e. inflammatory immune responses to innocuous
environmental stimuli such as common allergens. Children growing up in farming environments are
constantly exposed to high concentrations of these stimuli and a vast number of microbial agents, which
harbour evolutionary conserved structural components such as endotoxin (LPS). Environmental LPS
and many allergens are recognised by cells of the innate immune system, specifically DCs and
macrophages but also airway ECs, through Toll-like receptor 4 (TLR4), which is expressed on their
cell surface. TLR4 in complex with myeloid-differentiation protein 2 (MD-2) engages LPS. LPS
binding with the help of CD14 initiates dimerisation of the TLR4-MD2 complex, which triggers the
recruitment of Toll/interleukin-1 receptor (TIR) domain-containing adaptor proteins*® (Figure 5).
Intracellular TLR4 signal transmission then takes place via two distinct pathways, the MyD88-
dependent and the TRIF-dependent pathway, both ultimately culminating in the activation of the
transcription factor NF-kB. NF-kB represents a family of five transcription factors that regulate the
transcription of genes involved in a variety of inflammatory processes®’. In the presence of membrane-
bound CD14, the TLR4-MD2-LPS complex is internalised into endosomes, where it recruits the
adaptors TRAM and TRIF, driving downstream signalling via the induction of type I interferons
through IRF3 and NF-kB (TRIF-dependent pathway)***. Engagement with TIRAP (MAL) and MyD88
adaptors mainly triggers the early phase of NF-kB-dependent induction of pro-inflammatory cytokines

such as IL-6, IL-12 and TNF-o (MyD88-dependent pathway)*****’ (Figure 5).
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Figure 5. TLR4-dependent NF-kB signalling pathway and regulatory activities of TNFAIP3.

Upon LPS binding with Toll-like receptor (TLR) 4 in complex with MD-2, several adaptor proteins including
TIRAP, MyD88 and TRAF6 are recruited to the receptor. TRAF6 interacts with the ubiquitin conjugating
enzymes Ubcl3 and UbcHSc, leading to the K63-linked polyubiquitination of TRAF6, which promotes
recruiting of the TAK1 kinase complex and of the IxkB kinase (IKK) complex. TAK1 phosphorylates (P) and
activates IKK, eventually resulting in proteasomal degradation of kB proteins, release of NF-kB and subsequent
translocation to the nucleus, where transcription of target genes is achieved. The enzyme TNFAIP3 inhibits NF-
kB signalling by disrupting the interaction of TRAF6 with Ubc13 and UbcHS5c, K48-linked polyubiquitination
and proteasomal degradation of Ubc13/HS5c and by removing K63-linked polyubiquitin chains from TRAF6.
TNFAIP3 activity is regulated by the binding proteins TAX1BP1 and TNIP1/2, which directly enhance
TNFAIP3’s inhibitory effects on NF-«B. The paracaspase MALT1 negatively regulates TNFAIP3’s function.
Anti-inflammatory regulators analysed in this thesis are highlighted in green, while pro-inflammatory pathway
molecules are shown in (rust) red. Molecules with enzymatic functions are represented in an elliptical shape.
Figure content and caption based on Ref. 251 as well as Ref. 272. Figure designed by Regina Rehbach. All rights
reserved.

Abbreviations: LPS, lipopolysaccharide; LBP, LPS binding protein; 7LR4, Toll-like receptor 4; MD-2, Myeloid-
differentiation protein 2; T/RAP, TIR domain containing adaptor protein; MyDS88, Myeloid differentiation
primary response 88; IRAK, Interleukin-1 receptor-associated kinase; TRAF6, TNF receptor-associated factor 6;
1B, Inhibitor of kappa B; IKK, kB kinase; NF-xB, Nuclear factor ‘kappa-light-chain-enhancer’ of activated B
cells; TNFAIP3, Tumor necrosis factor alpha induced protein 3; TNIP, TNFAIP3-interacting protein; TAX1BP1,
Tax1-binding protein 1; MALTI, Mucosa-associated lymphoid tissue lymphoma translocation protein 1; Ub,
ubiquitin; K63 (48), lysine (K) residue at position 63 (48) in the ubiquitin molecule.



Signalling through TLRs and the adaptor MyDS88 is essential for effective DC activation”’, and a
prerequisite for the development and control of adaptive T cell responses®'**?. Inappropriate TLR4
activation through direct binding of distinct aeroallergens has been associated with allergic
responses’>’. Some genetic variants of TLR4 were found to modify the risk for atopy and asthma
development in children''****5_ Findings from experimental mouse models of asthma also indicate a
crucial role for TLR-dependent signalling in suppressing allergic airway inflammation®®>’
particularly upon farm dust exposure''®. This is paralleled by human in vivo studies showing that
different farming exposures correlate with the expression of innate immunity receptor genes, especially

118,122,188,240,241

TLR4 and related signalling pathway genes

MyD88 signalling adaptor is shared by almost all TLR family members and facilitates TLR-signal
transduction by coupling TLRs with their downstream signalling molecules. It has been shown to be
particularly essential for driving an effective immune response upon LPS stimulation**. MyD88 is also

82* which has been associated with

required for the induction of the proinflammatory cytokine IL-1
allergic airway inflammation by inducing eosinophil accumulation®** and the production of Th2-
specific cytokines and histamine®.

MyD88-dependent TLR signalling involves the recruitment of kinases from the Interleukin-1 receptor-
associated kinase (IRAK) family, which in turn interact with TNF receptor-associated factor 6
(TRAF6), thus activating its E3 ubiquitin ligase activity (Figure 5). TRAF6 associates with the E2
ubiquitin conjugating enzymes Ubcl3 and UbcH5c¢ allowing K63-linked polyubiquitination of
TRAF6**°, which ultimately leads to the activation of the ubiquitin-dependent kinase TAK1?*” and the
‘inhibitor of kappa B (IkB) kinase’ (IKK) complex. Following phosphorylation by IKK eventually

leads to proteasomal degradation of IkB proteins, the release of NF-kB and subsequent translocation

to the nucleus, where the transcription of target genes is achieved (Figure 5).

NF-kB signalling has been shown to be critically involved in a large number of inflammatory diseases
including asthma®*"**®, Excessive NF-kB activation appears when negative regulation of TLR-induced
signalling is affected*”. Tumor necrosis factor a-induced protein 3 (TNFAIP3), also referred to as
A20, has been identified as one central negative regulator of TLR-mediated and NF-kB-dependent
inflammatory responses®’. TNFAIP3 is constitutively expressed at high levels in T and B cells,
whereas only limited amounts are observed in most other types of immune as well as non-immune cells
under resting conditions®'. Once expression is induced by NF-kB*?>, TNFAIP3 exerts its enzymatic

233254 critical to the activation of NF-kB*°.

activity by modulating various ubiquitination processes
Through direct®® or indirect interactions, TNFAIP3 engages with key signalling molecules thus
attenuating NF-kB-dependent signalling in the form of a negative feedback loop. One essential
mechanism by which TNFAIP3 restricts LPS-induced NF-kB activation in the TLR4 pathway is the
inhibition of polyubiquitin chain assembly to TRAF6 through interfering with Ubc13 and UbcH5¢**

(Figure 5).



Various studies have consistently linked cell-type specific TNFAIP3 deficiency to severe inflammatory
conditions in mice®’**. The essential role of TNFAIP3 in driving particularly severe Th17-mediated
forms of allergic airway inflammation has been highlighted most recently®®. In the context of human
asthma, reduced TNFAIP3 gene expression was found in bronchial ECs of asthma patients when
compared to healthy subjects®'**>. In a genome wide association study (GWAS)'"", a risk allele for
asthma has been detected for a distinct TNFAIP3 gene polymorphism (SNP) inside the protein coding
sequence®®, and the same SNP has been significantly implicated in a gene-by-environment interaction
with farming®'. The same study has identified TNFAIP3 as a key player in mediating the protective

effect of LPS and farm dust exposure in an animal model of allergic asthma®®'

. More recently, in vivo
farming exposure has been associated with increased TNFAIP3 gene expression in children from the

Amish farming population''®.

TNFAIP3 expression and activity is regulated by a number of mechanisms and molecular pathways**.
Interaction with the binding proteins Tax1-binding protein 1 (TAX1BP1)**® and TNFAIP3-interacting
protein 2 (TNIP2), also referred to as ABIN-2°?"_ directly mediates and enhances TNFAIP3’s
inhibitory effects on NF-xB. TAX1BP1 was shown to recruit TNFAIP3 to polyubiquitinated TRAF6,
thereby promoting its deubiquitination and inactivation®*®******_ Its essential role in controlling NF-
«B-mediated inflammation has been illustrated in a study using TAX1BP1 knockout mice®®’.

TNIP2, a member of the TNIP-family, is known as another important regulatory protein, which
functions as an adaptor between ubiquitinated signalling proteins and TNFAIP3?*°. Recent findings
from animal models suggest that TNIP2 critically contributes to the pathogenesis of allergic airway
inflammation®™.

In contrast to TAX1BP1 and TNIP2, the paracaspase ‘Mucosa-associated lymphoid tissue lymphoma
translocation protein 1° (MALT1) negatively regulates TNFAIP3’s function by cleaving TNFAIP3
upon T cell stimulation?’!. MALT]I itself is a substrate targeted by TNFAIP3, which catalyses its
deubiquitination’’* (Figure 5). MALT1 was proposed as playing a crucial role in mediating FceRI-
dependent cytokine production in mast cells, thus linking it to IgE-induced chronic allergic

inflammation®”>.

LPS-induced TLR4-mediated signalling activates professional APCs, particularly DCs, which then

prime the adaptive T cell response (Figure 6).
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Figure 6. Dendritic cell activation and control of T cell responses.

Environmental antigens such as LPS and allergens are recognized and taken up by DCs across the mucosal
barrier of the airways. Once activated, DCs mature and migrate to the draining lymph nodes where they interact
with naive T cells and promote their differentiation into different effector T cell subsets. The combination of
signals transmitted by cytokines and co-regulatory molecules during DC-T cell interaction determines the
differentiation and expansion of certain T cell subsets, which may either promote or suppress the development

of the allergic response. TGF-/f, transforming growth factor beta. Figure designed by Regina Rehbach. All rights
reserved.

Upon activation, DCs undergo cellular differentiation by expressing co-stimulatory molecules of the
B7 family (B7-1, B7-2, B7-H1, among others) on their cell surface’’* - an important step in reaching
functional maturity (Figure 7). CD80 (B7-1) and CD86 (B7-2) are mainly expressed on APCs such as
macrophages, B cells and DCs in particular, but are also found on T cells*”*. The CD86 molecule is
constitutively expressed at low levels, whereas CD80 is only present when its expression is induced
upon activation?’*. During T cell priming, CD80 and CD86 on APCs both interact with CD28 on T
cells, thus allowing effective activation upon antigen-TCR encounter'> (Figure 7). The absence of

such co-stimulation has been associated with the induction of tolerance®”>*°.
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Figure 7. DC-T cell interaction following antigen encounter.

Stimulation via TLRs leads to the activation of DCs. Mature DCs interact with naive T cells via the T cell receptor
(TCR), major histocompatibility complex class II (MHC II) and a distinct repertoire of co-regulatory molecules.
The CD80 (B7-1) and CD86 (B7-2) molecules on DCs both bind to CD28 as well as to CTLA-4 on T cells. PD-
L1 (B7-H1) can interact with both the PD-1 receptor and the CD80 molecule on activated T cells. Crosslinking
of CD80 and CD86 with CD28 transmits stimulatory signals to T cells, while CTLA-4 as well as PD-L1 binding
provides inhibitory signals. CTLA-4, cytotoxic T lymphocyte-associated protein 4; PD-L1, programmed death
ligand 1; PD-1, programmed death receptor 1. Figure designed by Regina Rehbach. All rights reserved.

Recent studies in mice bearing TNFAIP3-deleted DCs have demonstrated that DC activation and
maturation is controlled by TNFAIP3*7?”7. CD80 and CD86 expression was markedly increased on
TNFAIP3-deficient DCs, and the cells exhibited exaggerated NF-kB-dependent cytokine production,
resulting in aberrant adaptive immune responses®’’. In the context of asthma, the CD86 co-stimulatory
molecule in particular has been related to allergen-induced Th2 cell immune responses and airway
inflammation in mice*’**”®. A polymorphism in the human CD86 gene locus*™’ and dysregulated CD86
expression have been associated with allergic asthma and atopy in human studies™'**. It has recently
been demonstrated that asthma-protective LPS and dust exposure in vivo suppressed the maturation of

murine DCs, and that TNFAIP3 mediated this effect to some extent?'.
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The co-stimulatory repertoire of DCs is further represented by the Programmed Death Ligand 1 (PD-
L1) surface protein (B7-H1, encoded by the CD274 gene)*****®, which functions as a binding partner
to both the PD-1 receptor and the CD80 (B7-1) molecule on activated T cells*®’ (Figure 7). Similar to
CD86, PD-L1 is constitutively expressed on resting APCs and T cells and upregulated during

activation®®®

. Unlike CD86-mediated signalling, which mainly governs T cell activation, crosslinking
of PD-L1 with either PD-1 or CD80 provides inhibitory bidirectional signals between T cells and
APCs*?° Abnormal PD-L1 expression in humans has been related to several autoimmune diseases,
which underscores its role in controlling T cell mediated immune responses and the induction of

tolerance®"

. However, its contribution to the pathogenesis of allergic asthma has been less clear.
Experimental studies in mice have yielded contradictory findings on the role of PD-L1/PD-1
interaction in regulating features of allergen-induced airway inflammation and AHR****? A more

recent study has linked PD-L1 to atopic sensitisation and asthma in humans®”.

1.5 Aims of the study

The prevalence of asthma has been increasing worldwide in recent decades, making it one of the most
common chronic diseases among children particularly in Western countries. Despite substantial efforts
in research, its aetiology and pathobiology remain poorly understood. Previous knowledge about
mechanistic processes in asthma mainly relied on the concept of a dysregulated Th2 cell-dominated
adaptive immune response, resulting in chronic inflammation. Current efforts increasingly integrate
innate immune pathways and cellular networks, providing the framework for novel targeted therapies.
However, available therapeutic options cannot provide cure and remain ineffective in some forms of
asthma, leaving a considerable group of patients with residual and severely uncontrolled disease.
Primary prevention of asthma is still a vision, although effective natural protection through early life
farm exposure has been proven in epidemiological studies worldwide. From an immunological
perspective, the underlying mechanisms of this association have not yet been clearly identified. A more
comprehensive understanding of the immunobiology behind the asthma-protective ‘farm effect” will
provide the scaffold for disentangling the complexity of asthma pathophysiology, and ultimately
developing new strategies of primary disease prevention and therapy.

There is now mounting evidence suggesting that continuous exposure to microbial products, such as
LPS, from farming environments induces critical regulatory pathways within innate immunity to
maintain immune homoeostasis in a child’s developing immune system. In this context, the enzyme
TNFAIP3, which attenuates NF-«kB dependent inflammation, has recently evolved to be a key
regulator. TNFAIP3 in bronchial epithelial cells has been shown to critically mediate asthma-protective
effects of in vivo farm dust exposure in adult mice. Although these data strongly point towards a
unifying molecular mechanism most relevant to both disease prevention and therapy, equivalent

immunological studies in humans are missing. Moreover, a large body of evidence suggests that



immunoregulatory processes crucial to asthma development occur during infancy, and do not only
involve the airway epithelium.

Therefore, the experimental approach of the present study aimed to assess immune regulation in
primary immune cells of children. The aim of this thesis was to unravel the role of the anti-
inflammatory regulatory molecule TNFAIP3 and related signalling pathways in both the inception and

environmentally mediated prevention of allergic asthma in children.

In particular, the following objectives were pursued:

(i) To investigate if TNFAIP3 gene and protein expression and expression of genes related to
NF-B signalling and dendritic cell maturation was dysregulated in peripheral blood

immune cells (PBMCs) of steroid-naive asthmatic children during asthma manifestation.

(ii) To study whether in vitro exposure to dust extracts from different ‘asthma-protective’
farming environments, as well as LPS, altered expression of TNFAIP3 and related genes
in children’s PBMCs. To analyse in particular whether such stimulation could
counterbalance potentially maladapted pathways in asthmatic subjects.

In this context, to specifically study whether distinct farm dust extracts featured

differential immunoregulatory properties upon in vitro exposure.

(iii) To assess whether continuous in vivo farm exposure early in life modulated TNFAIP3
pathway gene expression in farm children’s immune cells by the age of 4.5, 6 and 10 years.
To specifically assess immune responses in farm children’s immune cells upon acute in

vitro farm dust and LPS exposure.



2 Materials and methods

2.1 Materials
2.1.1 Reagents and chemicals

ACK (Ammonium-Chloride-Potassium) Lysing
Buffer

Anti-A20/TNFAIP3 antibody 4625S
Anti-rabbit IgG, HRP-linked antibody 7074S
Anti-B-Actin antibody (C4) HRP sc-47778

APS (Ammonium persulphate)
Bromphenol blue

BSA (Bovine Serum Albumin),
heat shock fraction, pH 7, > 98%

cOmplete™ Mini, EDTA-free protease inhibitor
cocktail

diH>O (deionised water)

ECL Substrate (SuperSignal™ West Dura
Extended Duration Substrate)

EDTA (Ethylenediaminetetraacetic acid)
Ethanol 100%
Ficoll-Paque™ PLUS solution

Glycerol

Glycine

HCI (Hydrochloric acid) 37 %
HPLC-grade water

LPS from E. coli serotype O111:B4
Methanol

Milk, powdered, blotting grade, low fat
NaCl (Sodium chloride)

NaF (Sodium fluoride)

NP-40 Detergent

Nuclease-free water

PageRuler™ Prestained Protein Ladder,
10 to 180 kDa

PBS (Phosphate-Buffered Saline)

Lonza, Basel, Switzerland

Cell Signaling Technology, Cambridge, UK
Cell Signaling Technology, Cambridge, UK

Santa Cruz Biotechnologies, Santa Cruz,
California, USA

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, Missouri, USA

Roche, Basel, Switzerland

Milli-Q® water purification system, Milli-
Q®, Merck, Darmstadt, Germany

Thermo Fisher Scientific, Thermo
Scientific™, Waltham, Massachusetts, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, Missouri, USA

GE Healthcare, Piscataway, New Jersey,
USA

Sigma-Aldrich, St. Louis, Missouri, USA
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Milli-Q®, Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Qiagen, Venlo, the Netherlands

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Thermo Fisher Scientific, Gibco™, Waltham,
Massachusetts, USA



Primers for use in gPCR

RLT lysis buffer
Roti®-PVDF membrane, 0.45um pore size

Roti®-Quant 5X conc. Bradford staining
solution

Rotiphorese® NF-Acrylamide/Bis-solution
30 % (29:1)
RPMI 1640 Medium + GlutaMax™

SDS 20% (Sodium dodecyl sulphate, 20%
solution)

TEMED (Tetramethylethylenediamine)
Tris base

Tris-HCl

Trypan Blue solution 0.4%

Tween® 20 (Polysorbate) Detergent
Whatman® filter paper

X-VIVO™ 15 Medium
2-Mercaptoethanol

2-Propanol

2.1.2 Solutions and buffers

APS 10%

BSA stock solution (400 pg/ml)

BSA 5% (w/v)

5X Laemmli sample buffer

Milk 5% (w/v)

RIPA buffer

Thermo Fisher Scientific, invitrogen™,
Waltham, Massachusetts, USA

Qiagen, Venlo, the Netherlands
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Gibco™, Waltham,

Massachusetts, USA
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Wagner & Munz, Miinchen, Germany
Lonza, Basel, Switzerland
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA

1.0 g APS
add diH,O up to 10 ml total volume

20 mg BSA
add diH,O up to 50 ml total volume

2.5 g BSA

add diH,O up to 50 ml total volume
5 ml 1.5 M Tris, pH 6.8

3 ml SDS 20%

15 ml glycerol

0.9 mg bromphenol blue

add diH,O up to 50 ml total volume
add 2-mercaptoethanol

2.5 g milk powder

add diH,O up to 50 ml total volume

150 mM NacCl

25.0 mM Tris HCL, pH 7.5
1.0 mM EDTA

1% NP-40



10X Running buffer

1X Running buffer

10X Transfer buffer

1X Transfer buffer

10X Tris buffered saline (TBS)

1X TBS, 0.1% Tween 20 (TBS-T)

1.5 M Tris, pH 8.8

0.5 M Tris, pH 6.8

5% glycerol

2.5 mM pyrophosphate

50 mM NAF

add diH,O up to 50 ml total volume
30.3 g Tris

144.1 g glycine

50.0 ml of SDS 20%

add diH,O up to 1 L total volume

Dilute 10X running buffer to a 1X working
solution, using diH,O.

1X running buffer contains 25 mM Tris, 192
mM glycine, 0.1% SDS, pH 8.3

30.3 g Tris
144.1 g glycine
add diH,O up to 1 L total volume

Dilute 10X transfer buffer to a 1X working
solution, using 800 ml of diH,O, 100 ml of
methanol, 100 ml of 10X transfer buffer stock
solution.

1X transfer buffer contains 25 mM Tris, 192
mM glycine, 10% methanol.

60.6 g Tris

87.6 g NaCl

dissolve in 800 ml of diH,O

adjust pH to 7.6 using concentrated HCI
add diH,O up to 1 L total volume

Dilute 10X TBS to a 1X working solution,
using diH,O.

For 1X TBS-T, add 1 ml of Tween 20% to 1 L
of 1X TBS.

1X TBS-T working solution contains 50 mM
Tris, 150 mM NacCl, 0.1% Tween® 20, pH 7.6

181.7 g Tris

add diH,O up to 1 L total volume

adjust pH to 8.8 using concentrated HCI
60.6 g Tris

add diH,O up to 1 L total volume

adjust pH to 6.8 using concentrated HCI



2.1.3 Reagent systems (Kkits)

Limulus Amoebocyte Lysate (LAL) QCL-
1000™ Assay + B-Glucan Blocker Kit

QuantiTect® Reverse Transcription Kit
RNeasy® Mini Kit

SsoAdvanced™ Universal SYBR® Green
Supermix

2.1.4 Consumables

Adhesive seals, Microseal® ‘B’

Blood Collection Set, Vacutainer® Safety-
Lok™

Blood collection tubes Vacutainer®

Borosilicate glass tubes, pyrogen free

Conical centrifuge tubes Falcon® (50 ml, 15 ml)
Cryogenic vial (2.0 ml)

Filter tips 0.1-20 pl Biosphere®

Filter tips 100 pl, low binding SafeSeal®

Filter tips 100-1000 pl Biosphere®

Filter tips 2-100 ul Biosphere®

Filter tips, 1000 ul for use with the QIAcube®
LeucoSep™ centrifuge tubes (12 ml)
Microcentrifuge tubes (1.5 ml)

Microcentrifuge tubes Safe-Lock (2.0 ml)

Microcentrifuge tubes, Multiply® -uStrip Pro 8
(0.2 ml)

Pasteur pipettes, sterile

Reagent reservoirs, sterile

Rotor adapters (10 x 24) for use with the
QIAcube®

Serological pipettes (2 ml, 5 ml, 10 ml, 50 ml)

Syringe filters Millex® (0.22 um pore size,
sterile)

Syringes 10 ml
24-well flat bottom cell culture plate, Primaria™
96-well microplates

96-well skirted PCR plates, low-profile, Hard-
Shell®

Lonza, Basel, Switzerland

Qiagen, Venlo, the Netherlands
Qiagen, Venlo, the Netherlands
Bio-Rad, Hercules, California, USA

Bio-Rad, Hercules, California, USA
BD, Franklin Lakes, New Jersey, USA

BD, Franklin Lakes, New Jersey, USA
Lonza, Basel, Switzerland

Corning, Corning, New York, USA
Corning, Corning, New York, USA
Sarstedt, Niimbrecht, Germany

Biozym Scientific, Hessisch Oldendorf,
Germany

Sarstedt, Niimbrecht, Germany
Sarstedt, Niimbrecht, Germany
Qiagen, Venlo, the Netherlands
Greiner Bio-One, Kremsmiinster, Austria
Carl Roth, Karlsruhe, Germany
Eppendorf, Hamburg, Germany
Sarstedt, Niimbrecht, Germany

VWR International, Radnor, Pennsylvania,

USA
Lonza, Basel, Switzerland

Qiagen, Venlo, the Netherlands

Sarstedt, Niimbrecht, Germany
Millipore®, Merck, Darmstadt, Germany

BD, Franklin Lakes, New Jersey, USA
Corning, Corning, New York, USA
Greiner Bio-One, Kremsmiinster, Austria

Bio-Rad, Hercules, California, USA



2.1.5 Laboratory equipment

Balance Explorer® Analytical
Centrifuge 5417 R

Centrifuge 5810 R

Centrifuge Jouan CR412

CFX96 Touch™ Real-time PCR Detection
System

ChemiDoc ™ MP Imaging System

Electrophoresis chamber and gel casting

equipment (Mini-PROTEAN® Tetra handcast

system)

Freeze Dryer Lyovac® GT 2
Incubator HER Acell® 240

Micro Centrifuge 11

Microplate centrifuge PerfectSpin P
Microplate reader Synergy H1
Microscope Axiovert 40C
Milli-Q® water purification system

Neubauer counting chamber, depth 0.1 mm

Orbital und horizontal shaker Stuart®

PCR Thermocycler PeqSTAR 96 universal
Pipette controller Easypet®

Pipette Eppendorf Research® plus 0.1-2.5 pl
Pipette Eppendorf Research® plus 0.5-10 ul
Pipette Eppendorf Research® plus 2-20 pl
Pipette Eppendorf Research® plus 10-100 pl
8-channel pipettor Research® plus 10-100 ul
Power supply PowerPac™ Basic

QIAcube® robotic workstation
Round-bottom flask

Spectrophotometer NanoDrop™ 2000

Stirrer Stuart®
Thermomixer Comfort 5355
Vacuum pump Millivac™
Vortex shaker VF2

Wet/Tank blotting system (Mini Trans-Blot®
Cell)

OHAUS, Parsippany, New Jersey, USA
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Thermo
Scientific™, Waltham, Massachusetts, USA

Bio-Rad, Hercules, California, USA

Bio-Rad, Hercules, California, USA
Bio-Rad, Hercules, California, USA

GEA, Diisseldorf, Germany

Heraeus, Hanau, Germany

neoLab Migge, Heidelberg, Germany
Peqlab Biotechnologies, Erlangen, Germany
BioTek, Winooski, Vermont, USA

Zeiss, Gottingen, Germany

Milli-Q®, Merck, Darmstadt, Germany

Karl Hecht, Assistent®, Sondheim/Rhon,
Germany

Cole-Parmer, Vernon Hills, Illinois, USA
Peqlab Biotechnologies, Erlangen, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Hercules, California, USA
Qiagen, Venlo, the Netherlands

Schott, Duran®, Mainz, Germany

Thermo Fisher Scientific, Thermo
Scientific™, Waltham, Massachusetts, USA

Cole-Parmer, Vernon Hills, Illinois, USA
Eppendorf, Hamburg, Germany
Millipore®, Merck, Darmstadt, Germany
Janke & Kunkel, IKA®, Staufen, Germany
Bio-Rad, Hercules, California, USA



2.1.6 Software

Bio-Rad CFX Manager™ Version 2.1
EndNote X9

Ensembl Genome Browser

Gen5™ microplate data analysis software

GraphPad Prism 8

Image lab™ software 6.0

Imagel software

Primer-BLAST designing tool

R software Version 3.3.1
SPSS Version 25

Vector NTI software Version 10 Advance 11.5

2.1.7 Primer sequences

Gene Forward primer sequence

(5> 37 on plus strand)
18S AGTCCCTGCCCTTTGTACACA
TLR4 CTCAACCAAGAACCTGGACCTG
MYDS88 TGCCTTCATCTGCTATTGCCCC

TRAF6

TNFAIP3 GCCCAGGAATGCTACAGATACCC

TNIP2

TAX1BP1 GCAGCAGAGGCAGATTTTGACATAG

MALT1  CTCAGCCCCCCAGGAATAAAG
CD80 CTGGCTGGTCTTTCTCACTTCTGTTC
CD86 GCGGCTTTTATCTTCACCTTTC
CD274 ACCACCACCAATTCCAAGAGAG

PDCD1

TGATGTAGAGTTTGACCCACCCCTG

CAAAGGAATGTGGGGGAGAGAAGTC

AGGGTGACAGAGAGAAGGGCAG

Bio-Rad, Hercules, California, USA

ISI ResearchSoft, Berkeley, California, USA
http://www.ensembl.org/index.html

BioTek, Winooski, Vermont, USA

Graphpad Software, San Diego, California,
USA

Bio-Rad, Hercules, California, USA

National Institutes of Health, Bethesda,
Maryland, USA

https://www.ncbi.nlm.nih.gov/tools/primer-
blast/

National Center for Biotechnology (NCBI),
Bethesda, Maryland, USA

http://www.R-project.org/
IBM, Armonk, New York, USA

Thermo Fisher Scientific, invitrogen™,
Waltham, Massachusetts, USA

Reverse primer sequence
(5> 3’ on minus strand)

GATCCGAGGGCCTCACTAAAC
TTGATAGTCCAGAAAAGGCTCCC
AGTCGCTTCTGATGGGCACCTG
TGGAAGGGACGCTGGCATTG
CAGCCTTGGACGGGGATTTC
TTCGTCCCTGCTGGCGTTGTAG
TCACTTGTTCTTTCCATTTCAGCTCC
GCTCTCTGGGATGTCGCAAAC
ACTCGTATGTGCCCTCGTCAGATG
AAAACACGCTGGGCTTCATC
CACATCCATCATTCTCCCTTTTC
TCCACAGAGAACACAGGCACG



2.2 Methods

2.2.1 Author’s contribution statement

The author herself was responsible for recruitment of participants and sample acquisition within the
CLARA/CLAUS study protocol. This involved organisation and realisation of recruitment activities in
schools and paediatrician’s offices in Munich, including questionnaire-based interviews, data entry,
clinical assessment, blood collection and sample processing. Support was supplied by the study doctor
during clinical workup. All laboratory experiments outlined below were performed independently and
exclusively by the author. Statistical analyses and interpretation of data shown in this thesis were
carried out by the author herself, with partial support provided by the biostatistician of the research
group.

Since the 4.5- as well as the 6-year follow-up of the PASTURE/EFRAIM birth cohort study had been
conducted prior to the start of the present project, clinical workup and some sample processing steps
were not performed by the author herself but by (former) members of the research group. Wherever

this was the case, it is indicated by an asterisk () in the respective sections below.

Details regarding the two study setups, recruitment and sample selection criteria, as well as clinical

workup, will be outlined hereinafter.

2.2.2 Study populations, sample selection criteria and clinical workup

For the immunological experiments demonstrated in this work, blood samples of children from two
different study populations were analysed. Firstly, a nested case-control design was applied for a
sample of newly recruited allergic asthmatic (AA) and healthy control (HC) children (n = 48) as part
of the CLARA/CLAUS study®*. Secondly, a nested sample of farm (F) and non-farm (NF) children
from the prospective birth cohort study PASTURE/EFRAIM was selected for analysis at ages 4.5 and
6 years (n =37 and n = 63, respectively).

2.2.2.1 CLARA/CLAUS study

The cross-sectional CLARA (CLinical Asthma Research Association) /CLAUS study was initiated in
January 2009 at the Dr. von Hauner Children’s Hospital, Munich, and includes healthy and asthmatic
4- to 14-year-old children®*****. More than six hundred children have been enrolled so far. Within
CLARA, a total number of 275 children was recruited from 2010 to 2014, and another 334 children
have been enrolled since 2014 within the ongoing cohort called CLAUS. The study is registered at the
DRKS - German Clinical Trials Register (study ID DRKS00004635; https://www.drks.de/drks web/)
and approved by the human ethics committee of the Bavarian Ethical Board, LMU Munich, Germany
(Nr. 379-08).



2.2.2.1.1 Enrolment of participants for the present study

For this project, healthy control subjects (HC) and patients with mild-to-moderate allergic asthma (AA)
were recruited between January 2015 and March 2016 2. Healthy controls were recruited at the Edith-
Stein Gymnasium grammar school, Munich, as well as at the Dr. von Hauner Children’s Hospital,
Munich, and as part of the 10.5 year follow-up of the PASTURE/EFRAIM study**® cohort in Bad Tblz,
Germany. More than 60 children (aged 10 to 14 years) at the Edith Stein grammar school were screened
by questionnaires according to the inclusion criteria for HC (as will be described in detail below) prior
to blood withdrawal. Patients with allergic asthma were recruited at the Dr. von Hauner Children’s
Hospital, Munich, at the paediatrician’s offices of Dr. med. Christina v. Bredow & Dr. med. Beate
Kusser and of Dr. med. Christian Schréter, both located in Munich, Germany.

Upon enrolment, parents completed a detailed questionnaire assessing data on their children’s health
as well as environmental and socioeconomic factors. Core questions regarding wheeze/asthma, hay
fever and atopic dermatitis were based on the systematic, standardised questionnaire from the
International Study of Asthma and Allergies in Childhood (ISAAC)**’. Questions have been
internationally validated and show a high specificity for the diagnosis of asthma?®=%.

The 60-item questionnaire of the CLARA/CLAUS study further contains detailed questions on
pregnancy, early childhood, parental health, among others (see original questionnaire provided in the
appendix (10.2)). Furthermore, data on common potential confounding variables such as family size,
breast-feeding, parental education, family history of atopy or passive smoking were obtained from the
questionnaires. Plausibility checks and checks for the completeness of questionnaire data were
performed. Oral and written informed consent was obtained from the children’s parents for

participation in the study and blood sample collection.

2.2.2.1.2 Blood sampling and clinical assessment

Upon enrolment, 28 ml of peripheral blood was collected from all study participants (n =48). Complete
blood count (CBC), C-reactive protein (CRP) values and total immunoglobulin (Ig) E levels were
measured in the children’s blood samples. Furthermore, sensitisation to allergens was assessed by
specific IgE in serum samples via radio-allergo-sorbent test (RAST). Positive sensitisation was defined
as at least one positive test result for specific IgE [> 0.35 IU/ml], i.e. specific IgE class (SCI) 1 or
greater, to a panel of 20 common allergens (Mediwiss Analytic, Moers, Germany), including
dermatophagoides pteronyssinus, dermatophagoides farinae, birch pollen, grass pollen mix, hen’s egg,
cow’s milk, soybean, hazelnut, peanut, carrot, wheat flour, latex, hazel, cat epithelium, horse

epithelium, dog epithelium, Alternaria alternata, mugwort, timothy grass, plantain®*.

#For enrolment of participants including clinical assessment and blood sampling, the author was partly supported by the
study doctor or a study nurse in charge.



All asthmatic children underwent full clinical examination and pulmonary function tests. Lung function
parameters were assessed by body plethysmography using the MasterScreen™ PFT System
(CareFusion, Hochberg, Germany), following international standards (American Thoracic Society

)**!. Children were instructed in detail before

(ATS)/ European Respiratory Society (ERS) guidelines
the measurement. The children’s height and weight without shoes were determined. Pulmonary
function parameters, including the forced expiratory volume at the timed interval of one second (FEV)),
forced vital capacity (FVC), mid-expiratory flow rate at 75%, 50% and 25% of FVC (MEF75, MEFsg
and MEF,s respectively), and measures of airway resistance and residual volume were evaluated at
baseline (‘pre’) and after (‘post’) inhalation of the rapid-acting bronchodilator (i.e. B.-adrenergic
receptor agonist) salbutamol. Individual z-scores of FEV; (zFEV)), and of FEV/FVC ratio
(zFEV/FVC) were calculated, thus adjusting measured patient’s values for sex, age, height and
ethnicity’***%. According to the Global Initiative for Asthma (GINA) guidelines’™, reversibility of

airflow limitation was defined as a significant relative increase in FEV; of >12% predicted upon

bronchodilator administration (bronchodilator (BD) response [(FEV post - FEV1 pre)/ FEV1 pre] X 100).

2.2.2.1.3 Inclusion and exclusion criteria — definition of cases (AA) and controls (HC)

Inclusion criteria for asthmatic children comprised typical asthma symptoms of wheezing, whistling in
the chest, cough or shortness of breath triggered by allergens, exercise or infection at several time
points (at least 3 episodes) during the last year AND/OR a doctor’s diagnosis of asthma AND/OR a
history of asthma medication (such as inhaled f3,-adrenergic receptor agonists, inhaled glucocorticoids
or leukotriene receptor antagonists) AND/OR abnormal lung function tests, indicating significant
variable airflow limitation (as described above)**!. A clinical diagnosis of asthma was made according
4

to the international GINA guidelines®

Asthma“%.

and the German ,,Nationale Versorgungs Leitlinie (NVL)

Children in this study were defined as allergic asthmatics (AA) based on the asthma criteria mentioned
above, with pulmonary symptoms primarily triggered by allergens AND specific IgE levels > 0.35
IU/ml to any of the assessed allergens. Patients with symptoms of wheeze induced by physical exercise,
respiratory tract infections, the common cold, or by cold air, but not upon allergen-exposure, and
without objective measures of atopic sensitisation or allergy, were not included (‘non-allergic asthma’,
n = 1; see Figure 10 in the results-section).

Hay fever and atopic dermatitis were defined as having ever had a doctor’s diagnosis. Food allergy

was defined as having distinct clinical symptoms of food allergy.

Healthy children without any clinical symptoms of wheeze/asthma and allergic disease (e.g. sneezing,
a runny or blocked nose, or itchy-watery eyes during pollen season) were included as healthy controls
(HC). Within the group of HCs, those were classified as healthy farm-children (F-HC) that met the
farming-criteria from the PASTURE/EFRAIM study (see below, 2.2.2.2.2).



Exclusion criteria for both AA and HC comprised any other diagnosis of acute infection, pulmonary,
chronic, autoimmune or immunodeficiency disease. Current infections (i.e. within the last 14 days)
were assessed by clinical examination and CRP levels. Children with a history of steroid-intake
(including oral and inhaled glucocorticoids), or antibiotic or probiotic agents during the 14 days before
blood withdrawal, were not included in the study. Likewise, children born preterm (defined as delivery

at gestational age (GA) < 37 weeks) or with a birthweight below 2500 g were excluded.

A final number of 43 samples was analysed, comprising 24 healthy children (HC) including non-farm
(NF-HC, n = 19) and farm-children (F-HC, n = 5), and 19 patients with allergic asthma (AA). The
number for single analyses, however, may differ slightly in some cases, due to technical issues and

experimental specifics.

2.2.2.2 PASTURE/EFRAIM study

The Protection Against Allergy: Study in Rural Environments (PASTURE)/Mechanisms of Early
Protective Exposures on Allergy Development (EFRAIM) study is a multinational prospective birth
cohort study funded by the European Commission, which includes 1,133 farm-exposed and non-farm-
exposed children from rural environments in Germany, Austria, Switzerland, Finland and France®*.
Of these, one subgroup from the 4.5-year follow-up (n = 37 comprising German (n = 24) and Finnish
(n = 13) children) and another from the 6-year follow-up (n = 63, with German (n = 24), Finnish (n =
18) and French (n = 21) children) were selected for assessment in this work. The study was approved
by the local research ethics committee of each country (Germany ethics number 02046, amendment

2014; Austria E Nr. 401; Switzerland EKSG 021056; Finland 10/2008; France 07/448).

2.2.2.2.1 Study design and follow-up”

Pregnant women either from family-run livestock farms (these were assigned to the farm-group) or
from the same rural areas but not living on a farm (the non-farming reference group)'®” had been
recruited between August 2002 and March 2005. Follow-up was performed from the third trimenon of
pregnancy until the children’s age of 10.5 years, with a 16-year follow-up currently ongoing (10/2019).
Comprehensive questionnaires were administered to the child’s mother at certain intervals (i.e. at the
end of pregnancy, at birth and at the child’s age of 2 months, and 1, 1.5, 2, 3, 4, 5, 6 and 10.5 years),
assessing details on farm characteristics, farm-related exposures, and the prevalence of allergic or
asthma symptoms and diagnoses. Questionnaires further contained information on lifestyle factors
such as nutrition, breastfeeding and maternal smoking, as well as family characteristics, socioeconomic
status and family history of atopy. Items were largely derived from the earlier ALlergy and EndotoXin
study (ALEX)'” and the Prevention of Allergy: Risk Factors for Sensitization In Children Related to

* Not performed by the author. See explanations above (2.2.1)



Farming and Anthroposophic Lifestyle (PARSIFAL) study''' as well as from the Asthma Multicenter
Infants Cohort Study (AMICS)** and the American Thoracic Society questionnaire’®’. Written
informed consent was obtained from all parents.

Blood sampling and clinical examination was performed during clinical visits at birth, and at 1, 4.5 and

187 A total of 628 children participated in blood sampling at 4.5 and 6 years®”®. Specific

6 years of age
IgE for common inhalant and food allergens was measured in serum samples (Allergy Screen test panel
for atopy; Mediwiss Analytic, Moers, Germany). The 13 inhalant allergens comprised
dermatophagoides pteronyssinus, dermatophagoides farinae, cat, horse and dog epithelium, Alternaria
species, mugwort, plantain, alder, birch, hazel, rye pollen and grass pollen mix. The 6 food allergens
included hen’s egg, cow’s milk, peanut, hazelnut, carrot, and wheat flour'®’. Positive atopic
sensitisation against seasonal, perennial or food allergens was defined by using the cut-off for specific

IgE of 0.7 IU/ml or greater (i.e. specific IgE class (SCI) 2).

2.2.2.2.2 Definition of farm exposures and allergic disease outcomes

Children born to women living on a farm run by the family were defined as farm children (F), while
children with mothers from the same rural areas but not living on a farm were assigned to the non-farm
(NF) reference group®”°. Farming was characterised by traditional farming practices such as milking,
feeding animals, removing dung, cleaning animal sheds and placing litter, among others. Detailed
information on timing, frequency, and intensity of exposure to hay barns, stables, farm and pet animals
and consumption of farm milk were assessed annually by means of questionnaires in both groups.

Data on farm exposures presented in this thesis (Table 12) refer to the children’s first, second, third,
fourth, fifth, and sixth years of life, with ‘regular’ exposure defined as at least once per week. An
exposure of ‘farm milk consumption’ was indicated if children drank cow’s milk directly from a

187 Contact with hay refers to any exposure to hay, such as by playing in the hay'®’. Contact with

farm
cows was defined as contact to (dairy) cattle or their calves during the fourth, fifth or sixth year of life
(comparable variable not available for years 1-3). Exposures to animal stables and barns were defined
as spending time in a stable or barn, respectively. Exposure time was assessed continuously in days per
week and hours per day for farm-children, or hours per month for non-farm children, respectively, and
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respective exposure variables were dichotomised (yes/no) subsequently . A single contact to a stable

or barn was therefore sufficient to assign a child to the exposure category ‘stay in stable/barn’'®’.

Asthma was defined as at least one parent-reported physician’s diagnosis of asthma OR recurrent

187 assessed at the age of 6, when the clinical

diagnoses of spastic, obstructive, or asthmatic bronchitis
phenotype of asthma is rather stable'’. The great majority of asthmatic children selected for the present
study were allergic asthmatics, with a specific IgE level > 0.7 TU/ml in RAST.

Hay fever was defined as having ever had nasal symptoms such as sneezing or a runny nose,
independent of upper respiratory tract infections, together with itchy or watery eyes OR a doctor’s

diagnosis of hay fever reported by the parents at the child’s age of 4 and 6 years, respectively. Atopic



dermatitis and food allergy ‘ever’ were defined as a doctor’s diagnosis reported in year 1 or annually

till year 4 or 6, respectively.

The two populations selected for this work were enriched for asthmatic children among available
samples of the whole PASTURE/EFRAIM cohort at ages 4.5 and 6 years and balanced for farming
status (18 F vs. 19 NF at age 4.5 years and 32 F vs. 31 NF at age 6, respectively). F and NF children

were equally distributed in terms of gender as well as asthma and allergic disease status.

2.2.3 Farm dust samples
2.2.3.1 Dust collection and extraction”

Environmental dust samples that were used for PBMC stimulation in this project had been acquired
from distinct rural environments in Germany (G), Finland (Fi), and China (Ch) within the
TRILATERAL® multi-centre project. Dust samples were also collected from barns of the Amish people
(Am), a traditional farming population living in the U.S.>*”. Amish dust samples were collected in
Middlebury, Indiana, USA by scraping from the walls in a cowshed. Settled airborne dust from G, Fi
and Ch was collected with ‘Electrostatic Dustfall Collectors’ (EDCs), an effective and reliable method
that has been validated in different farming environments®'®*!'", EDCs are passive dust sampling
devices consisting of a plastic folder containing electrostatic cloths which are exposed to the air. In
2013 and 2014, EDCs had been deployed on traditional farms in Icking, Bavaria, Germany (G; ID
PB838), in Kitee, Finland (Fi; ID TNO1), and in rural Conghua, China (Ch; ID CH_5109), respectively,
for a 4-week period*'?. In Conghua, China, EDCs were placed in living rooms, whereas both German
and Finnish dust was collected in cowsheds from dairy farms. Date and time of EDC placement, as
well as position of the folders in the room were documented in detail. Cloths from EDCs were
immediately stored at -80°C after sampling and shipped to Munich for further processing.

Preparation of aqueous dust extracts used in PBMC stimulation experiments was performed by Dr. P.
C. Schroder, a former member of the research group. Dust was extracted from the cloths according to
the method of cold sodium chloride extraction, established by Prof. Dr. Otto Holst (research centre
Borstel, Germany)®"*. In brief, dust from cloths was dissolved in NaCl, 9% conc., in a sterile, pyrogen-
free glass container and stirred for 6 hours. The solution was centrifuged for 30 minutes at 10,000 rpm,
4°C, and supernatant was desalinated by dialysis technique. Then, vacuum sterile filtration was
performed, and dry extracts were obtained from dust-filtrates, using Freeze Dryer Lyovac® GT (GEA).
Dried and processed dust from four cloths was pooled for each of the samples (G, Fi, Ch), stored at

room temperature and protected from light and moisture. For cell culture experiments, dust extracts

* Not performed by the author. See explanations above (2.2.1)

® TRILATERAL is a multi-centre project between collaborating research groups from Kuopio (Finland), Hong Kong,
Guangzhou (China) and from Munich (Germany). Funded by the German Research Foundation (DFG), SCHA-997/3-1.



were resuspended in sterile PBS to a stock solution of 1mg/ml weight per volume (w/v) concentration

and mixed 5 minutes before use for sample suspension and homogenisation.

2.2.3.2 Assessment of endotoxin levels in farm dust samples

Endotoxin concentration was measured in the German, Finnish and Chinese farm dust extracts using
the endpoint chromogenic Limulus Amoebocyte Lysate (LAL) assay (QCL-1000™, Lonza), as
described in previous studies’'*. Due to logistic reasons, the Amish dust sample was not measured. The
assay was performed according to the manufacturer’s instructions. Only pyrogen-free borosilicate glass
tubes (Lonza) and accessory materials that have been qualified for endotoxin testing were used in the
assay. 3-1,3-Glucan-blocker (Lonza) was applied to reduce false positive assay results caused by yeast
or cellulose-containing residues in the dust extracts. In order to evaluate product inhibition, an aliquot
of every dust sample was spiked with endotoxin of a known concentration (1.0 EU/ml). The spiked
solution was assayed along with the unspiked samples, and the difference between their determined
endotoxin concentrations was supposed to equal the known concentration of the spike + 25%. A
standard curve was generated using dilutions of endotoxin standards (Escherichia coli serotype
O111:B4, Lonza) from 1.0 to 0.1 EU/ml. All dust samples and standards were run in duplicates. The
assay was performed in a 96-well microplate format and kept at a constant temperature of 37°C during
all steps. Standards and samples were analysed at a wavelength of 405 nm using the microplate reader
Synergy™ running Gen5™ software (BioTek). Endotoxin concentrations of the samples were
determined from their absorbance values based on the standard curve. Results are expressed as

endotoxin units per millilitre of aqueous dust extract (EU/ml).

2.2.4 PBMC isolation and stimulation

Whole blood from sodium heparin collection tubes (Vacutainer®, BD) was used for cell isolation and
culture experiments. Blood samples of poor quality (i.e. haemolytic blood) or with insufficient cell
count (< 15 x 10° cells) due to low total blood volume were excluded from final analyses (‘technical
exclusion’ (n = 4), see Figure 10 in the results-section).

Blood was processed within a 6- to maximum 24-hour-interval after blood withdrawal. Peripheral
blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation. Whole blood was
diluted 2:1 with phosphate-buffered saline (PBS, Thermo Fisher Scientific, Gibco™), and equal parts
(5-8 ml) were aliquoted in LeucoSep™ tubes (Greiner Bio-One) filled with 3 ml of PBMC-separation
medium Ficoll-Paque™ PLUS (GE Healthcare). Tubes were centrifuged at 1,400 x g for 10 minutes
at 20°C, acceleration 9, deceleration 0 (no brake). PBMC layer was carefully transferred to 15 ml
conical tubes using a sterile Pasteur pipette. RPMI 1640 cell culture medium (Thermo Fisher Scientific,
Gibco™) was added to the cells up to a total volume of 14 ml, and the cell-medium suspension was
centrifuged again at 1,100 x g for 10 minutes, at 20°C, accel 9, decel 9. Supernatant was decanted and

cell pellet resuspended and homogenised softly in a final volume of 10 ml of RPMI 1640.



Red blood cell (RBC) lysis was performed in a 50 ul aliquot used for cell counting. Therefore, 50 ul
of ACK Lysing Buffer (Lonza) was added to the 50 ul sample aliquot, and cells were incubated on ice
for 7 minutes. 50 pl of trypan blue solution 0.4% (Sigma-Aldrich) was added, and the sample was
mixed well. 10 ul of cell suspension was transferred into a Neubauer counting chamber (Karl Hecht,
Assistent®), and PBMC count was assessed.

Total cells in RPMI medium suspension were pelleted by centrifugation at 1,100 x g for 10 minutes at
20°C, and supernatant was discarded. PBMCs were diluted to a concentration of 5 x 10° cells/ml by
adding the appropriate volume of X-VIVO™ 15 cell medium (Lonza).

A number of 2.5 x 10° cells per well were cultured in a 24-well plate format (Corning) in X-VIVO™
for 24 hours at 37°C, 5% CO; either without stimulation (unstimulated U) or following stimulation
with lipopolysaccharide (LPS, from E.coli-O111:B4) at a final concentration (f.c.) of 0.1 ug/ml, or
with farm dust extracts (f.c. 40 ug/ml) from Germany (G), Finland (Fi), China (Ch) and from the Amish
population (Am). LPS concentration had been selected based on previous findings from farming
studies'”>!¥73% Concentration for farm dust stimulation was derived from preliminary experiments in
which ideal conditions had been tested for the experimental setup of this project.

Harvested cells were split in two parts. One fifth was used for protein extraction for subsequent Western
Blot analyses (0.5 x 10° cells at least), the remaining cells were used to isolate mRNA for gene
expression studies. Supernatants were collected, and 110 ul aliquots were immediately frozen at -80°C

for use in cytokine studies.

Blood samples from the 4.5- and 6-year-old PASTURE/EFRAIM children were processed as described

previously'®’

, using a standardised protocol at the local study centres. In brief, heparinised whole blood
was diluted with RPMI medium supplemented with 10% human serum (Sigma-Aldrich) to a final
concentration of 5 x 10° cells/ml and incubated for 24 hours at 37°C, 5% CO, unstimulated (U) or

stimulated with 0.1 ug/ml LPS. For the present study, frozen samples were analysed.

2.2.5 Cell lysis for RNA and protein extraction

A total number of 2.0 x 10° cultured cells were harvested after 24 hours incubation and centrifuged at
1,100 x g for 10 minutes at 20°C. Supernatants were collected and stored, and remaining cell pellet
was resuspended in 1 ml PBS. Cells were pelleted by centrifugation at 1,100 x g for 10 minutes at
20°C, and supernatant was aspirated and discarded. Cells in pellet were disrupted properly and
homogenised in 350 pl of buffer RLT (Qiagen) plus 1% (v/v) 2-mercaptoethanol (B-ME). Lysates were

stored at -80°C until use.

Cells for subsequent protein expression studies in Western Blot were pelleted by spinning at 3,700 x g
for 10 minutes at 4°C. Supernatant was aspirated and discarded, and cell pellets were lysed in 100 ul
of ice cold radioimmunoprecipitation assay (RIPA) lysis buffer plus freshly added protease inhibitor

cocktail (cOmplete™ Mini, Roche). Samples were incubated on ice for 30 minutes and mixed by



repeated flicking of the tubes. To pellet the cell debris, lysates were centrifuged at 20,200 x g for 15
minutes at 4°C. Cell lysate supernatant was quickly collected, aliquoted and stored at -80°C. Pellet was

discarded. Cells and lysates were kept on ice during all steps.

2.2.6 RNA extraction and cDNA synthesis

Total RNA of PBMCs was purified using the RNeasy® Mini Kit (Qiagen) according to the
manufacturer’s instructions. Frozen cell lysates were thawed, 1 volume (350 pl) of 70% ethanol was
added, and suspension was mixed well by vigorous pipetting. Lysates were transferred onto silica-
membrane coated RNeasy® spin columns that had been placed into a 2 ml collection tube. Tubes were
centrifuged at 8,000 x g for 15 seconds at 20°C, and flow-through was decanted. In order to eliminate
all contaminants effectively from the spin column membrane, a number of centrifugation steps (8,000
x g, 15 seconds, at 20°C) were performed after addition of washing buffers RW1 and RPE (Qiagen),
and flow through was decanted after each centrifugation. Steps were performed very carefully in order
to avoid carryover of ethanol. Spin columns were placed in a new 2 ml collection tube and centrifuged
at full speed for 1 minute, then transferred to a fresh 1.5 ml elution tube. Pure, concentrated sample

RNA was eluted in 30 ul of RNase-free water during a last centrifugation step at 8,000 x g for 1 minute.

RNA of whole blood samples from the PASTURE/EFRAIM cohort was extracted using QIAzol and

chloroform.

Sample RNA concentration was assayed with a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific). The absorbance of sample RNA was read at 260 nm. To rule out the presence of potential
contaminants in the sample, the ratios of absorbance at 260 nm and 280 nm (A260/A280) as well as
A260/A230 were determined. RNA purity was assumed for a A260/A280 value in the range of 2.0 to
2.1 and a A260/A230 value range of 2.0 to 2.2.

1 ug of total sample RNA underwent cDNA synthesis, using QuantiTect® Reverse Transcription Kit
(Qiagen). RT reaction was run on PCR Thermocycler PeqSTAR 96 universal (Peqlab
Biotechnologies). All reactions were set on ice to minimise the risk of RNA degradation. Genomic
DNA (gDNA) wipe-out buffer, RNase-free water and RNA sample were combined in 0.2 ml tubes.
Samples were incubated at 42°C for 2 minutes to eliminate gDNA residues. A master mix containing
the reverse transcriptase enzyme, RT buffer, and a RT primer mix was prepared and distributed to the
individual tubes, resulting in a total reaction volume of 20 ul. All components were mixed, and the
tubes were centrifuged briefly. RT reaction was run at 42°C for 15 minutes, followed by an enzyme
inactivation step at 95°C for 3 minutes. cDNA samples of a final concentration of 50 ng/ul were

obtained and stored immediately upon receipt at -20°C for subsequent gene expression studies.



2.2.7 Gene expression analysis
2.2.7.1 Primer design

mRNA-specific oligonucleotide primers (forward/reverse) that were used for gene expression analysis
in quantitative real-time PCR (qPCR) were designed using Vector NTI 10 Advance 11.5 program
(Thermo Fisher Scientific, invitrogen™), and Primer-BLAST designing tool, provided by the National
Center for Biotechnology Information (NCBI), Bethesda MD, USA*'". PCR templates were based on
DNA sequences listed in the genome database Ensemb/*'®.

Quality criteria regarding forward (fw) and reverse (rv) primer sequences for use in qPCR were as
follows: Primer length between 18 and 27 base pairs for good specifity and binding abilities, obligatory
primer location behind the gene’s ATG sequence, at least one guanine or cytosine at the 3’ end, 40-
60% of guanine and cytosine with no more than 10% difference between fw and rv primer, primer
melting temperature (Tr) ranging between 54°C and 65°C with compatible Ty, values of fw and rv
primer (maximum of 0.5°C difference), primer-dimer- or hairpin-building energy lower than + 2
kcal/mol for good annealing efficiency, generated PCR product (amplicon) size of a maximum of 200
base pairs, and — if possible — at least one primer to span an exon-exon junction site, and primer pair

to be separated by at least one intron of great size to avoid amplification of gDNA residues.

Primers were ordered from Thermo Fisher Scientific, invitrogen™, and were diluted in nuclease-free
water (Qiagen) to a stock of 1 mM concentration. A 1 uM dilution containing both fw and rv primers
was obtained after an intermediate step of a 0.1 mM dilution. 0.1 mM primer stock was stored at -20°C,
1 uM primers were kept at +4°C for use in qPCR. Diluted primers underwent quality and specifity
testing to ensure efficiency of reactions and avoid mispriming events. Optimal concentrations for
primers in the qPCR setup were determined. Thorough melting curve analysis was performed to
exclude primers with amplification of unintended mRNA, gDNA or RNA targets (see also 2.2.7.3).

Primer sequences for the targets investigated in this work are listed in 2.1.7.

2.2.7.2 Quantitative real-time PCR

mRNA expression of the selected target genes (TLR4, MyD88, TRAF6, TNFAIP3, TNIP2, TAX1BPI,
MALTI, CD80, CD86, CD274, PDCDI) was assessed in the samples by quantitative real-time PCR
(qPCR). 18S-ribosomal-RNA (rRNA) was used as an endogenous reference gene in all experiments.
In a 96-well format (skirted PCR plates, low-profile, Hard-Shell®, Bio-Rad), all reaction components
were combined to a final volume of 10 pl per well. The qPCR reaction setup used for the assays in this
project is shown in Table 1. All reagents and samples were processed on ice and briefly mixed and
centrifuged just before assembling the reactions. Mastermix (SsoAdvanced™ Universal SYBR®
Green Supermix, Bio-Rad) containing a thermostable Sso7d fusion polymerase, dNTPs, MgCl,, and
SYBR® Green I dye was mixed thoroughly and equal aliquots of 5 ul dispensed into the wells of the



PCR plate. 1.8 ul of cDNA mix containing cDNA template and nuclease-free water was added,

followed by 3.2 ul of 1 uM sequence-specific primers (fw and rv). For ‘no-template-controls’ (NTC),

cDNA-template was replaced by an equal amount of nuclease-free water. Thorough mixing of the

reaction components was ensured. After the pipetting process, the PCR plate was sealed with optically

transparent film (Microseal®, Bio-Rad) and centrifuged at 500 x g for 15 seconds to spin down droplets

and eliminate any air bubbles in the wells. gPCR was started, and reactions were run on the CFX96

Touch™

Real-time PCR Detection System (Bio-Rad) according to the thermal cycling protocol

depicted in Table 2. Data was processed and analysed by Bio-Rad CFX Manager™ software version

2.1.

Table 1. gPCR reaction setup.

Volume per 10 pl ~ Final

Component
reaction concentration
SsoAdvanced™ Universal SYBR® Green Supermix (2x) 5 ul 1x
Forward and reverse primers 3.2l 160 nM each
cDNA template (50 ng/ul) 0.12 ul 0.6 ng/pl
Nuclease-free HO 1.68 ul --
Total reaction mix volume 10 pl =
Table 2. gPCR thermal cycling protocol.
Step Times repeated Temperature Time
Cycle 1 1x 2 min
Initial denaturation 95.0°C
Cycle 2 40x
Denaturation 95.0°C 20 sec
Annealing + Elongation 62.5°C 30 sec
Cycle 3 1x 2 min
Elongation 72.0°C
Cycle 4 1x 95.0°C 30 sec
Cycle 5 1x 55.0°C 30 sec
Cycle 6 80x 55.0°C 5 sec
Cycle 7 1x 20.0°C HOLD

Amplification of gene-specific PCR products was monitored during 40 cycles by measuring the

increase in fluorescence signal caused by binding of SYBR® Green to double-stranded DNA (dsDNA).

Baseline fluorescence signal for SYBR® Green was automatically determined by the software and

used for threshold setting. The cycle threshold (C;) value describes the number of cycles in a given



amplification reaction, at which the fluorescence signal significantly exceeds the background
fluorescence. It is assessed at the early exponential phase of amplification (Figure 8). During this
phase, the reaction is most effective and precise, with the amount of PCR product doubling at each
cycle. Since fewer PCR cycles are required for high amounts of starting template to be amplified and
detected over the background signal, a lower C; value is associated with a higher initial amount of
template in the reaction. Individual C; values in this work were normalised to 18S, which was used as
reference gene. Data of the presented target genes (T) are reported as AC; values; AC; ()= Ci(r)- Ci(iss)
(see also 2.2.9).

Amplification
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Figure 8. Graphical representation of gPCR data. Exemplary reaction amplification plot.
Relative fluorescence units (RFU) are plotted against gPCR cycle number. Threshold line is
set automatically above the baseline fluorescence signal (green horizontal line) in the early
exponential phase of the plot. C: (threshold cycle) value is determined at the intersection
between the amplification curve and the threshold line. The different amplification curves in
this chart represent data from different samples and their duplicates.

2.2.7.3 qPCR assay optimisation and validation

317 all relevant experimental conditions

In accordance with the MIQE guidelines for gPCR experiments
and assay characteristics were optimised prior to starting the project and evaluated throughout the
whole process in order to generate reliable qPCR data allowing accurate and precise quantification of

target gene expression.

Sample quality control was ensured during RNA extraction and reverse transcription steps, as described
above (2.2.6). Primer characteristics and concentrations were optimised (see 2.2.7.1) and ideal cDNA

template concentrations were assessed. To ensure reproducibility, all reactions were processed under



equal conditions including assay reagents, equipment and accessory items, and thermal-cycling
protocol settings.

Good pipetting practice was employed in advance to achieve maximum assay accuracy. All samples
and controls were run in duplicates and standard deviation measures were determined. A C; difference
between duplicates of greater than 0.4 was set as cut-off to rule out values and repeat the sample.
Samples with a C; value below the detection limit (i.e. 40 PCR cycles) were excluded. No-template-
controls (NTC) were included in every reaction setup to identify potential contamination or primer-
dimer formation. Specificity of the reactions and reliability of the obtained signals was further
evaluated by melting curve analysis assessing the presence of nonspecific products. A melting curve
(Figure 9) charts the sudden change in fluorescence signal observed when double-stranded DNA
(dsDNA) bound with SYBR® Green dye dissociates into single-stranded DNA (ssDNA) at a certain
melting temperature (Tm). Since different properties of nucleic acids (such as length, GC content among
others) result in modified melting characteristics, different PCR products can be distinguished by their
specific melting temperature.

For reliable quantitative gene expression analysis, 18S rRNA was validated as a reference control gene.
It has shown to maintain stability of expression across samples regardless of treatment or clinical

phenotype in our study group’s previous validation experiments.

Melt Peak

-d(RFU)/dT

Temperature, Celsius

Figure 9. Exemplary representation of melting curve analysis showing off-target amplicons.
The negative first derivative of the change in relative fluorescence (-d(RFU)/dT) is plotted as a
function of temperature to obtain a clear view of the melting dynamics. In this case, additional
peaks (red and blue plots) are detected to the right of the target product-specific melting peaks at
82.5°C (green plots), indicating the presence of off-target products.



2.2.8 SDS-PAGE and Western Blot analysis

TNFAIP3 protein expression was assessed by Western Blot analysis in a subsample of children.
Western blotting was performed with kind collaboration of Professor Christoph Klein’s lab and
members, providing technical support and facilities at the Comprehensive Childhood Research Centre,
Dr. von Hauner Children’s Hospital, Munich.

The final protocol for this project has been established by the author herself after various preliminary

experiments in accordance with recognised standardisation procedures®'®

. All assay components and
steps were extensively evaluated and optimised in advance, involving tests for ideal protein sample
amount, gel type, appropriate primary and secondary antibody dilutions, incubation times, washing
buffers for dilution and antibody incubation, and validation of the reference protein B-Actin against

GAPDH.

2.2.8.1 Gel casting

15-well SDS 10%-gels of 1.5 mm thickness were hand-casted directly before use (Table 3), employing
gel casting systems from Bio-Rad. For the separating monomer solution, diH>O, SDS 20% (Carl Roth),
acrylamide/bis-solution 30% (Rotiphorese®, Carl Roth) and 1.5 M Tris pH 8.8 were combined.
Ammoniumperoxiddisulphate (APS, Carl Roth) and Tetramethylethylenediamine (TEMED, Carl
Roth) were added for polymerisation, accurate mixing was ensured, and the separating solution was
smoothly poured into the gel cassette. The solution was immediately overlaid with 1 ml of 2-propanol
in order to prevent shrinkage at the interface with air. 2-propanol was decanted after 30 minutes, and
the top of the solidified separating gel was dried with filter paper. Stacking monomer solution (diH-O,
SDS 20%, acrylamide, 0.5 M Tris pH 6.8, and APS and TEMED) was prepared and poured on top of
the separating gel. Gel comb was inserted, and SDS polyacrylamide gels were ready for electrophoresis

(SDS-PAGE) after solidification.

Table 3. Pipetting volumes for 4 gels.

separating gel 10% stacking gel
40 ml

diH-0 16.0 ml 8.0 ml
1.5 M Tris (pH 8.8) 10.0 ml [[0.5 M Tris (pH 6.8) 1440.0 pl
20% SDS 200.0 pl 57.5 nl
30% Acrylamide mix 13.3 ml 1950.0 pl
10% APS 400.0 pl 150.0 pl
TEMED 16.0 pl 11.5 pl



2.2.8.2 Protein quantification

Total protein content of sample cell lysates (2.2.5) was determined by Bradford protein quantification
assay. Bradford staining solution with Coomassie Brilliant Blue Dye G250 (Roti®-Quant. 5X, Carl
Roth) was used. Bovine serum albumin (BSA, heat shock fraction, Sigma-Aldrich) was used as
calibrating standard protein, and serial dilutions were performed. In a 96-well microplate format, 200
ul of sterile filtered Bradford solution (diluted 1:2.75) was added to 50 ul of BSA-standards and diluted
samples (1:40 in diH,O). Plate was incubated for 5 minutes at room temperature. Standards, samples
and blanks (negative controls) were analysed for absorbance at 595 nm wavelength, using Synergy H1
microplate reader running Gen5™ software (BioTek). Sample protein concentrations were determined
by interpolation from a 10-point BSA-standard-curve (2.2.9). Quantification accuracy was ensured by
a coefficient of determination R*> 0.98 for all calibrating standard curves. All standards, samples and
blanks were run in duplicates, and values with a coefficient of variation (C.V.) absorbance of greater

than 10% were excluded.

2.2.8.3 Sample preparation and SDS-PAGE gel electrophoresis

Protein concentration was normalised across samples in order to obtain equal amounts of protein
samples to be loaded on one gel (40 pug to 55 pg). Determined volume of protein sample was combined
with 7 pl of 5X Laemmli sample buffer (including bromphenolblue as loading dye and 3% 2-
mercaptoethanol). Appropriate volume of 1X running buffer was added up to a total volume of 35 pl.
Samples were boiled at 95°C for 10 minutes, centrifuged, and cooled on ice. Electrophoresis chamber
(Bio-Rad) was assembled, casted gels were inserted, and chamber filled with 1X running buffer. 6 ul
of PageRuler™ Prestained Protein Ladder (10 to 180 kDa, Thermo Fisher Scientific) and 35 pl samples
were loaded onto the wells of the SDS-polyacrylamide gel. Gel electrophoresis was run at 80V for 10

minutes until protein was condensed to a flat front, then 120V was applied for 110 minutes.

2.2.8.4 Protein transfer

Separated proteins were transferred to a PVDF membrane (Roti®, 0.45 um pore size, Carl Roth).
Therefore, the gel was removed from the electrophoresis rack and incubated in 1X transfer buffer for
5 minutes. For improved transfer and protein binding, PVDF membrane was soaked in methanol for 2
minutes. Blotting sandwich comprising foam pads, Whatman filter papers, gel and transfer membrane
was assembled in 1X transfer buffer, and the sandwich holder cassette was placed into the transfer
chamber. Cooling unit and 1X transfer buffer were added. Protein transfer was performed at 400 mA

for 90 minutes, 4°C using the wet tank blotting system Mini Trans-Blot® Cell (Bio-Rad).



2.2.8.5 Membrane blocking and antibody staining

After transfer, the blotted membrane was blocked in low-fat dry milk 5% (w/v) in 1X tris buffered
saline (TBS) supplemented with 0.1% (v/v) Tween-20 (1X TBS-T), with gentle agitation for one hour
at room temperature. Membranes were probed with primary antibody against A20/TNFAIP3 (#4625,
Cell Signaling Technology), at 1:300 dilution in BSA 5% (w/v), 1X TBS-T, at 4°C with gentle agitation
overnight. After subsequent washing steps (three times for 7 minutes each in 1X TBS-T), the
membrane was incubated with Horseradish-peroxidase-conjugated goat anti-rabbit IgG (#7074, Cell
Signaling Technology) at 1:1000 dilution in milk 5%, 1X TBS-T with gentle agitation for one hour at
room temperature.

3-actin was used as loading control. The membrane was incubated with HRP-linked antibody against
B-actin (sc-47778 HRP, Santa Cruz Biotechnologies), diluted 1:3000 in milk 5%, 1X TBS-T, with

gentle agitation for one hour at room temperature.

2.2.8.6 Detection and imaging

Antibodies were discarded and membrane was washed another three times for 7 minutes each in 1X
TBS-T. Enhanced chemiluminescence (ECL)-HRP substrate SuperSignal™ West Dura (Thermo
Fisher Scientific) was used for protein detection. Equal volumes of Luminol solution and buffered
hydrogen peroxide solution were combined to a substrate working solution. The membrane was
incubated with the substrate solution for 5 minutes, while ensuring constant wetting of the membrane
and limiting exposure to light. Chemiluminescence was visualised by CCD imaging system
ChemiDoc™ MP (Bio-Rad) using Image Lab™ analytical software. Optimal exposure time was
acquired for imaging to avoid band signal saturation and allow observation of minor variations in
density. Detected protein bands were quantified using ImageJ Software (National Institutes of Health,

Bethesda, USA).

2.2.9 Statistical analyses ©

Entry of clinical data was done with SPSS for Windows Version 25. Statistical analyses were
performed with GraphPad Prism 8 (GraphPad Software Inc.) and R software version 3.3.1. Results
were considered statistically significant at an unadjusted p-value less than 0.05. Visualisation was

performed using GraphPad Prism 8 software.

Differences in population and clinical characteristics were assessed by chi-square (?) test for categorial
data or by Mann-Whitney U test for continuous variables. Median was reported with interquartile range

(IQR) for continuous data.

¢ For statistical analyses, the author was partly supported by the biostatistician of the research group.



Gene expression data derived from qPCR were analysed using comparative quantitation algorithms.
Mean C,values were calculated for all technical replicates in qPCR. For comparative analysis, AC; was
calculated as the difference of mean C; values between the target gene (T) and the reference control
gene 18S for each individual sample (i.e. ID) and stimulating condition (mean AC; r) = mean C; ()—
mean C; (1ss)). Differences in target gene expression (AC; comparison) between phenotypes (AA vs.
HC) or exposure groups (F vs. NF) were assessed by parametric Welch’s t test, not assuming equal
standard deviations in the groups. For graphical representation, mRNA data were expressed as 24"
values and plotted in bar charts with means and 95% confidence interval (CI). Gene expression changes
upon stimulation were reported as fold change (fc) of expression compared to the unstimulated
condition, expressed as 24 (M, Using the AAC, method, mRNA expression data from stimulated
samples (s) were compared with both the unstimulated condition (u) and the reference gene 18S (AAC;

= ACq(r,sy— ACq (1, v). AAC;scale (log: fold change) was used for statistical calculations as well as

plotting purposes. Statistical significance of stimulation effects was assessed by paired t test.

Gene correlation analysis was performed using nonparametric spearman correlation.

Concentrations of endotoxin in farm dust samples as well as protein in sample cell lysates were
quantified by interpolation from linear standard curves. Linear regression analysis was applied to
define the function of the standard curves based on absorbance measures of standard samples at given

concentrations.

Protein expression assessed in Western Blot was quantified by densitometric measurement using
Image] Software (National Institutes of Health). Absolute density values from both target (TNFAIP3)
and reference control (B-actin) protein bands were normalised within an individual sample (i.e. across
stimulating conditions of a single sample ID). Therefore, each band’s density value was divided by that
of the band with the highest value in the respective sample. Relative TNFAIP3 expression was defined
as the ratio of normalised TNFAIP3 protein expression related to the normalised expression of -actin,
expressed as arbitrary units (A.U.) and displayed as mean values with 95% CI. Differences in protein
expression between phenotypes were assessed by Welch’s t test, and significance of stimulating effects

was determined using paired t test.

Due to the exploratory nature of the study, with the principal objective of pattern detection, no
adjustment for multiple testing was applied, and results should therefore be interpreted in a descriptive

manncr.



3 Results

3.1 Immune regulation in school-aged children with allergic asthma
3.1.1 CLARA/CLAUS study population
3.1.1.1 Enrolment of allergic asthmatic (AA) and healthy control (HC) children

In order to study immune regulation of steroid-naive children with allergic asthma (hereinafter ‘AA”)
as compared to their healthy peers (‘healthy controls’, HC), a new study population was recruited for
this work. A total of 48 children, aged 4 to 14 years, were enrolled within the CLARA/CLAUS**
project. All study participants underwent clinical examination, blood was taken from a peripheral vein,
and parents were asked to complete a detailed questionnaire. A doctor’s diagnosis, as well as
questionnaire-data, clinical assessment, blood parameters and lung function testing were employed for
the definition of cases (AA) and controls (HC). A number of 4 samples were excluded from the
analyses for technical reasons. One child with the phenotype of non-allergic asthma (n = 1) was
excluded, resulting in a final number of 43 samples with complete epidemiologic and immunologic
data to be investigated (Figure 10). Findings that were reported in this work comprise data from 19

cases with AA and 24 HC.

CLAUS subsample
study population
n=48

\ & N technical exclusion
n=4

n=1

\ 7 [ non allergic asthma ]

v

Final n = 43

NF-HC (n) = 19
F-HC (n)=5 AA (n) =19

HC (n) = 24

Figure 10. Enrolment flow chart CLARA/CLAUS study subsample.

After exclusion of samples, complete epidemiologic and immunologic data were available for a final
number of 43 4-14-year-old children. n, number of cases; HC, healthy controls; NF-HC, healthy
non-farm children, F-HC, healthy farm children; A4, steroid-naive patients with allergic asthma.



It is noteworthy that for additional immunological studies in farm children (see 3.3), a subsample of 5
healthy children born and raised in a farming environment (hereinafter farm children, ‘F-HC’ - as
opposed to healthy non-farm children, ‘NF-HC’, see Figure 10) was recruited.

The enrolment process as well as inclusion and exclusion criteria for participants were described in

detail in the methods section 2.2.2.1 of this thesis.

3.1.1.2 Epidemiological and clinical characteristics of the study population

Based on the data derived from questionnaires, medical examination and from blood and lung function

tests, the two study groups (HC and AA) were further characterised (Tables 4-7).

Demographic data and family characteristics of the study population were described in Table 4.
Healthy controls (n = 24) and allergic asthma patients (n = 19) showed no significant differences in
distribution of age and body-mass-index. Gender-distribution, however, was slightly unbalanced
between the groups, with lower female proportions in the group of children with allergic asthma (36.8%
vs. 58.3% female children). As differences in childhood asthma prevalence are known to be gender-
related, analyses stratified for gender were conducted, but did not reveal different findings.

Analysed questionnaire-data provided information about the children’s atopic conditions, namely hay
fever, atopic dermatitis and food allergy as well as about parental history of atopy and asthma,
socioeconomic status, number of siblings, and parental indoor smoking habits, among others. AA and
HC differed significantly in all three atopic diseases with considerably higher proportions in patients
with allergic asthma (p < 0.002; Table 4). The two groups did not differ significantly regarding the
number of older siblings and indoor smoking at home.

It is noteworthy that maternal asthma and hay fever in particular were reported more often in the AA
compared to the HC group (p = 0.04 and p = 0.0007, respectively). This was not seen for paternal
atopy. Likewise, higher parental educational qualification was observed among AA children, with
significant differences for maternal education (p = 0.0007). Despite potential confounding effects of

319,320

maternal atopy and high educational level, the limited sample size in the study groups did not

allow for valid confounding analyses. Thus, only unadjusted data were presented within this work.

Neither AA nor HC displayed positive markers of ongoing or recent infection, as indicated by low
levels of C-reactive protein (CRP) and normal white blood cell count (WBC) (Table 5). Neutrophils,
lymphocyte and monocyte proportions of WBC did not differ between the groups and were within

normal range.

Children with allergic asthma demonstrated typical clinical characteristics of allergic disease.
Eosinophil count (Table 5) and serum levels of both total and specific IgE (Table 6) were found to be

elevated in AA and significantly increased compared to the healthy reference group.



Table 4. Demographic data and socioeconomic characteristics of the study population.

Parameter HC AA P value
n 24 19
Female sex, n (%) 14 (58.3) 7 (36.8) 0.16
Age (y), median 10.7 10.5 0.35¢
(IQR) (10.4 - 12.6) (9.3-114)
BMI (kg/m?), median 17.4 17.3 0.54%
(IQR) (15.9-21.5) (15.6 -20.0)
Doctor’s diagnosis of hay fever (ever), n (%) 0 (0.0) 12 (63.2) <0.0001*
Doctor’s diagnosis of atopic dermatitis (ever), n (%) 0 (0.0) 11 (57.9) <0.0001*
Food allergy, n (%) 0 (0.0) 6(31.6) 0.002*
Older siblings, n (%) 13 (54.2) 6(31.6) 0.14
Smoking at home, n (%) 2 (8.3) 2 (10.5) 0.81
Maternal diagnosis of asthma (ever), n (%) 0 (0.0) 3 (15.8) 0.04*
Maternal diagnosis of hay fever (ever), n (%) 1(4.2) 9(47.4) 0.0007*
Maternal diagnosis of atopic dermatitis (ever), n (%) 2 (8.3) 1(5.3) 0.67
Paternal diagnosis of asthma (ever), n (%) 4 (16.7) 3 (15.8) 0.95
Paternal diagnosis of hay fever (ever), n (%) 8(33.3) 3(15.8) 0.19
Paternal diagnosis of atopic dermatitis (ever), n (%) 0 (0.0) 2 (10.5) 0.09
Maternal education 0.0007*
Elementary or middle school, n (%) 13 (54.2) 1(5.3)
High school or university, n (%) 11 (45.8) 18 (94.7)
Paternal education 0.06
Elementary or middle school, n (%) 11 (45.8) 4(21.1)
High school or university, n (%) 11 (45.8) 15 (78.9)
Missing/Other, n (%) 2 (8.3) 0(0.0)

HC, healthy controls; 44, patients with allergic asthma; n, number of cases; %, percentage of group total; y,
years; BMI, body-mass-index. Values for continuous variables represent median and interquartile range (/OR).
P values reflect y? test for proportions, or the Mann-Whitney U test (1) for continuous variables, respectively.
Tests were applied for non-missing data. *p < 0.05 (boldface). Total number of subjects might differ slightly for

some parameters due to data availability.



Table 5. Laboratory parameters of HC and AA.

Parameter HC (n=24) AA (n=19) P value
median median

CRP (mg/L) 0.1 0.1 =

(IQR) (0.1-0.1) (0.1-0.1)

WBC (cells x 10°/L) 5.95 6.80 0.32

(IQR) (4.93-17.75) (5.50 - 7.90)

Neutrophils (%) 43.5 41.0 0.35

(IQR) (37.5-52.0) (36.0—48.0)

Lymphocytes (%) 43.8 40.0 0.52

(IQR) (35.5-48.9) (37.0-47.0)

Monocytes (%) 8.0 8.0 0.71

(IQR) (7.0-8.3) (7.0 - 10.0)

Eosinophils (%) 3.0 9.0 0.0003*

(IQR) (1.8-5.0) (6.0-10.0)

n, number of cases; CRP, C-reactive Protein, WBC, white blood cell count; Neutrophils, Lymphocytes,
Monocytes, Eosinophils: percentage (%) of WBC. Values represent median and interquartile range (/QOR).
P values reflect the Mann-Whitney U test. Tests were applied for non-missing data. *p < 0.05 (boldface). Total
number of subjects might differ slightly for some parameters due to data availability.

Specific IgE levels were dichotomised at the detection limit of 0.35 IU/ml (i.e. SCI 1), and three
categories of sensitisation were defined: Positive specific IgE to perennial allergens
(dermatophagoides pteronyssinus, dermatophagoides farinae, cat epithelium, horse epithelium, dog
epithelium, Alternaria alternata); positive IgE to seasonal allergens (birch pollen, hazel, grass pollen
mix and mugwort, timothy grass, plantain); and positive IgE to food allergens (hazelnut, peanut, hen’s
egg, cow’s milk, carrot, wheat flour, soybean). Most of the AA within this study (73.7% of total) were
sensitised to perennial allergens. Four healthy subjects showed a positive specific IgE to a single

allergen (Table 6) without any clinical symptoms of allergic disease.

Table 6. Sensitisation to allergens in HC and AA.

Parameter HC (n =24) AA (n=19) P value
Total serum IgE (IU/ml), median 100.0 345.0 0.0003*+
(IQR) (45.5—-206.0) (234.3-817.0)
Specific IgE (= 0.35 IU/ml)
to perennial allergens, n (%) 2 (8.3) 14 (73.7) <0.0001*
to seasonal allergens, n (%) 1(4.2) 11 (57.9) <0.0001*
to food allergens, n (%) 1(4.2) 5(26.3) 0.04*

1U, international units; n, number of cases; %, percentage of group total. Total IgE values represent median and
interquartile range (/QR). Specific IgE levels were dichotomised at the detection limit of 0.35 IU/ml. P values
from Mann-Whitney U test (1) for continuous variables, or %2 test for proportions. *p < 0.05 (boldface).



Children who met the criteria of asthma according to the GINA guidelines®®, and had not taken steroids
within the 14 days prior to blood withdrawal, were enrolled in the study. Lung function data of
asthmatic children were depicted in Table 7. In the CLARA study population Iung function parameters
were shown to be within normal range in healthy control subjects**. In the specific subgroup presented
in this work, lung function testing was not feasible due to logistic reasons.

Asthmatic patients in this study presented features of expiratory airflow obstruction, as demonstrated
by reduced forced expiratory volume in one second (FEV) together with a reduced mean FEV/FVC
ratio as compared to predicted reference population values (adjusted for age, sex, height and ethnicity
using the 2012 Global Lungs Initiative (GLI) equations®”). Decreased values for mid-expiratory flow
at 50% (MEFso, 75.6% predicted; Table 7) and especially at 25% of FVC (MEFs, 69.5% predicted)
particularly demonstrate affection of the small airways in the asthmatic children. Negative z-score
values for FEV before bronchodilation (zFEV p., -0.88) and for FEV/FVC (zFEV/FVC, -1.11) in
particular indicate asthmatic children’s impaired lung function performance as compared to the
reference population. Z-scores define how many standard deviations the individual measured value is
from the predicted mean. A positive z-score indicates an individual’s value above the population mean,
while a negative z-score indicates a value below the mean. The majority of AA patients demonstrated
positive reversibility testing, as illustrated by a significant mean increase in FEV; of 18.5% after

inhalation of rapid-acting bronchodilator (BD) salbutamol***.

Table 7. Descriptive measures of lung function in AA.

Parameter mean 95% CI

FEV (% predicted) 89.5 (81.5 to 97.5)
FEV/FVC (% predicted) 90.4 (84.6 to 96.1)
MEFs (% predicted) 75.6 (61.3 to 90.0)
MEF;s (% predicted) 69.5 (48.6 to 90.3)
zFEVI/FVC pre -1.11 (-1.73 to -0.50)
ZFEV | pre -0.88 (-1.56 to -0.20)
ZFEV | post -0.12 (-0.91 to 0.66)

Bronchodilator response

(AFEV)/ FEV o) x 100 (%) 18.5 (20 to 34.9)

Lung function parameters from study patients with allergic asthma (n = 19), presented as mean values with 95%
CI. Total number of subjects might differ slightly for some parameters due to data availability.

Abbreviations: FEV:, forced expiratory volume in one second; FVC, forced vital capacity; MEFso/ MEFas ,
mid-expiratory flow rate at 50 % (or 25%, respectively) of FVC; z/...] z-score for specific parameter,
dimensionless quantity; FEV: pr. , FEV1 before bronchodilation; FEV: pest , FEV1 after bronchodilation;
A FEVI 5 FEVI post = FEVI pre



The subgroup presented in this thesis was comparable to the CLARA/CLAUS cohort”* regarding
distribution of sex, age, the number of older siblings, indoor smoking, breastfeeding, and parental atopy
and asthma. Leukocyte proportions including eosinophils were found to be similar between the two
cohorts. HC in the present study population had higher IgE-levels compared to HC of the whole cohort

(data not shown).

3.1.1.3 Differential baseline expression levels of target genes in PBMCs of study participants

Baseline mRNA expression levels of TLR4, MyD88, TRAF6, TNFAIP3, TNIP2, TAXIBPI1, MALTI,
CD80, CD86, CD274, and PDCD1 were measured in both AA and HC children’s PBMCs (total n=43).
Optimal qPCR performance was achieved throughout all experiments and uniform sampling conditions
were ensured for valid comparisons (see 2.2.7.3). Target gene AC; values from qPCR analysis express
gene expression values, relative to the reference control gene /8S. In order to demonstrate dispersion
of data for each gene in the human immune cell samples, AC; values were displayed in scatter dot plots
in Figure 11, representing data points with mean AC; values and their range from minimum to
maximum. Since a lower AC, value corresponds to a higher expression level, the y-axis was displayed

in reverse direction, which may facilitate graphical interpretation of the data.

As can be seen in Figure 11, all genes were expressed and detected in qPCR in children’s PBMC
samples. TNFAIP3 was the gene at highest, PDCD] at lowest expression among all genes. Individual
values scattered widely in some genes (e.g. TLR4, MyD&88, CD274 and PDCDI), while other genes,
particularly those involving TNFAIP3 and its regulatory molecules (TNIP2, TAX1BP1, MALTI), were

confined within a narrow expression range.

PDCDI was the only gene not detectable in a limited number of samples (n = 2). A C;value below the
detection limit (i.e. 40 PCR cycles) did not occur in any of the other target genes. Since a considerable
amount of data was censored for PDCDI, and overall expression was very low-level in all children,
PDCDI was excluded from further statistical analyses, and data for this gene were not reported in this
work. Detailed information on sample exclusion is provided in Table E1, which can be found in the

appendix of this thesis.
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Figure 11. Overview of baseline mRNA expression levels of all target genes in the CLAUS subsample.
Comparative expression levels, relative to 18S (AC: values), in unstimulated peripheral blood mononuclear cells
(PBMCs) of all study patients, aged 4 to 14 years (AA and HC, n=43 for TNFAIP3; n=38 for all other genes
except PDCD1 (n=36)), as assessed by quantitative real time PCR (qPCR). Scatter dot plots show single sample
data points and mean AC: values with minimum and maximum range. Higher values reflect lower expression
(y-axis in reverse direction).

3.1.2 Inflammatory innate immune phenotype in AA children

The first aim of this work was to investigate whether TNFAIP3 gene and protein expression and
the expression of genes related to NF-xB signalling and dendritic cell maturation was

dysregulated in PBMCs of children with allergic asthma (AA) compared to healthy control
subjects (HC).

mRNA expression of the selected target genes was assessed at baseline (i.e. in cultured, unstimulated
PBMCs) and data was analysed for differences between the two phenotypes. Statistical significance
was determined using Welch’s t test. The following graphs show relative mRNA expression data (274"

values), displayed in bar charts indicating mean values + 95% confidence interval (CI).



3.1.2.1 Increased 7LR4 and MyD§88 expression in AA

In unstimulated cells, asthmatic children displayed significantly increased TLR4 expression compared
to healthy controls (p < 0.001; Figure 12, A). Likewise, expression of its adaptor molecule MyDS&8

was significantly elevated (p = 0.03; Figure 12, B), whereas no difference between AA and HC was
detected for TRAF6 expression (Figure 12, C).
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Figure 12. Expression of TLR4-pathway genes in HC and AA.
(A) TLR4, (B) MyDS88 and (C) TRAF6 baseline mRNA expression levels, as measured by qPCR in unstimulated
PBMCs of HC (n=22) and AA (n=16). Expression relative to 18S, displayed as 2" mean values, error bars

indicate 95% CI. P values reflect Welch’s t test for ACt comparison between HC and AA. *p < 0.05; ns, not
significant.

3.1.2.2 Decreased TNFAIP3 gene and protein expression in AA

Under unstimulated conditions, AA children displayed significantly decreased anti-inflammatory
TNFAIP3 gene expression compared to their healthy peers (p = 0.02; Figure 13, A). Of note, stratified
analysis for comorbid allergic diseases (i.e. hay fever, atopic dermatitis and food allergy) revealed
significantly (p = 0.035) decreased TNFAIP3 gene expression levels in children with asthma and
additional hay fever (n = 12) compared to children suffering from allergic asthma only (n = 7) (AC;
9.41 (+/- 0.76) vs. AC; 8.74 (+/- 0.50)). However, no similar effect was found for asthmatic children

with combined food allergy or atopic dermatitis, respectively®*'.

To confirm lower TNFAIP3 levels of AA on protein level, Western Blot (WB) was performed in a
subsample of 11 HC and 14 AA children. The two WB subsample groups did not differ significantly
in age distribution (HC 11.2 years (IQR 10.3 — 12.6) vs. AA 10.4 years (IQR 7.2 — 11.7), p = 0.30) nor

in terms of the potential confounders mentioned above. Clinical and population characteristics were



comparable with the whole groups (not shown). Consistent with the findings for TNFAIP3 gene
expression, significantly decreased levels of TNFAIP3 protein (82 kDa) were detected in AA patients
when compared to the HC group (p = 0.03; Figure 13, B).
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Figure 13. TNFAIP3 mRNA and protein expression in HC and AA.
(A) TNFAIP3 baseline gene expression levels, as measured by qPCR in unstimulated PBMCs of HC (n=24) and
AA (n=19). Expression relative to 18S, displayed as 22"-values. (B) Protein levels in HC (n=11) and AA (n=14),

as analysed by Western Blot. Expression relative to B-Actin. 4.U., arbitrary units. Mean values with 95% CIL.
P values reflect Welch’s t test. *p < 0.05.

TNFAIP3 protein expression values scattered widely within the group of asthmatics, indicating great
heterogeneity (Figure 14). While some patients presented with manifestly lacking protein, there were
also a few with TNFAIP3 levels that were comparable to those seen in healthy subjects.

Remarkably, TNFAIP3 protein bands of two different sizes were visible on the immunoblots. A broad
and stronger band was detected at the predicted molecular weight of 82 kDa. Additionally, a TNFAIP3
band that migrated more slowly in the gel (~ 100 kDa size) was observed in all measured PBMC
samples (not shown here, see Figure E1, appendix). All analyses in this work refer to TNFAIP3
protein of 82 kDa size (as shown in Figures 13, B and 14).
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Figure 14. Scatter plot of TNFAIP3 protein expression.

Protein levels, as analysed by Western Blot in unstimulated PBMCs of HC (n=11) and AA (n=14). (A) Scatter
plot with individual sample values and means of TNFAIP3 protein expression of predicted 82 kDa size. Results
from densitometric analysis of protein bands. Normalized protein expression, relative to f-Actin. 4. U., arbitrary

units. (B) Representative immunoblot membrane-cut-out. Molecular weight in kDa. $-Actin was used as loading-
control. P values reflect Welch’s t test. *p < 0.05.

To further investigate TNFAIP3-related pathways, gene expression of TNFAIP3 regulatory molecules,
namely TNIP2, TAX1BP1 and MALTI was analysed.

A trend for higher TNIP2 expression was observed in AA compared to HC (p = 0.06; Figure 15, A).
Neither the gene TAXIBP1 nor MALTI appeared to be differentially expressed in AA and HC under

unstimulated conditions (Figure 15, B and C).
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Figure 15. Expression of TNFAIP3 regulatory genes in HC and AA.
(A) TNIP2, (B) TAX1BPI and (C) MALT1 baseline mRNA expression levels, as measured by qPCR in

unstimulated PBMCs of HC (n=22) and AA (n=16). Expression relative to 18S, displayed as 2" mean values
with 95% CI. P values reflect Welch’s t test. *p < 0.05; ns, not significant.



3.1.2.3 Alterations in markers of dendritic cell activation in AA

In this study population, immune cells of AA expressed significantly lower levels of CD80 (p = 0.002)

than those of HC (Figure 16, A). In contrast, no significant effect was observed for the co-stimulatory

molecule CD86 (Figure 16, B). Levels of CD274 were trend-wise lower (p = 0.15) in AA compared

to the HC group (Figure 16, C). Since the function of DCs may depend on the net co-regulatory signal

provided by co-stimulatory and co-inhibitory molecules, their expression was also determined relative

to one another. In this context, the expression of CD86 relative to CD80, i.e. CD86/CD80 ratio, was
significantly higher in AA compared to HC (p = 0.02; Figure 16, D).
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Figure 16. Expression of dendritic cell associated genes in HC and AA.
(A) CD80, (B) CD86, (C) CD274 baseline mRNA expression levels and (D) respective expression ratios, as
measured by qPCR in unstimulated PBMCs of HC (n=22) and AA (n=16). Expression relative to 18S, displayed
as 22 mean values with 95% CI. CD86/CD80 and CD274/CD86 expression ratios were built by relating AC;
values of CD80 to CD86 and of CD86 to CD274, respectively. P values reflect Welch’s t test. *p < 0.05;
ns, not significant.
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3.1.2.4 Overview TNFAIP3, NF-xB pathway and DC- related gene expression in AA vs. HC

Table 8 may outline the findings of chapter 3.1.2, reviewing baseline gene expression patterns of AA

compared to HC children.

In summary, allergic asthmatic children showed significantly increased expression of TLR4-
related genes, while TNFAIP3 as a negative regulator of NF-xB mediated inflammation was
significantly decreased in these children when compared to healthy subjects. Likewise, CD80 as

marker of dendritic cell activation was decreased in asthmatic children.

Table 8. Differential baseline expression of all target genes among AA and HC children.

Gene Stimulus mRNA expression level
AA vs. HC P value
TLR4 unstim. (. 0.0007
MyD88 unstim. 1% 0.027
TRAF6 unstim. > 0.688
TNFAIP3 unstim. 1* 0.015
TNIP2 unstim. 1 0.061
TAX1BP1 unstim. > 0.784
MALTI1 unstim. > 0.939
CD80 unstim. i * % 0.002
CD86 unstim. > 0.428
CD274 unstim. — 0.153

mRNA expression levels of 10 genes were measured by gPCR in unstimulated PBMCs. Comparison
of gene expression between HC (n=22 and n=24 for TNFAIP3) and AA (n=16 and n=19 for
TNFAIP3). T up-arrow (blue) represents elevated mRNA expression in AA vs. HC, { down-arrow
(red) indicates decreased mRNA expression in AA vs. HC. Coloured arrows without asterisks
indicate trend-wise effects. <> indicates no difference. Statistical significance of differences is
indicated by the number of asterisks. P values from Welch’s t test. *p < 0.05, **p < 0.01,
*** p<0.001.

3.1.2.5 Strong correlation of TNFAIP3 with expression of the other innate genes in AA

As TNFAIP3 is considered to be one of the key players within this concept of ‘immunological
imbalance’ in childhood allergic asthma, its correlation with the other genes that were determined in
the children’s PBMCs was assessed both in HC and AA.

As depicted in Figure 17, the expression of all target genes was highly correlated with TNFAIP3
expression in AA, whereas only a weak or no linear relationship was visible in HC. TNFAIP3’s

regulatory molecules TNIP2, TAXIBP1 and MALT1I, and also the DC markers CD80, CD86, CD274,



and TRAF6 in particular (p = 0.0003) were all positively correlated at a significant level with TNFAIP3
expression in the AA group. Also, TLR4 and MyD88 levels showed borderline significance in AA
(» =0.06, and p = 0.09, respectively; data from statistical tests not shown).

Correlation with TNFAIP3 gene expression

HC AA

TLR4 MyD88 TRAF6
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Figure 17. Correlation of all target genes with TNFAIP3 expression, stratified by clinical phenotype.

Correlation of mRNA expression of TLR4, MyD88, TRAF6, TNIP2, TAX1BP1, MALT1, CD80, CD86 and
CD274 with TNFAIP3 mRNA expression in healthy controls (HC, n=20) and allergic asthmatic patients (AA,
n=16). Colour code of gene boxes reflects spearman correlation coefficient values (r). Blue colour indicates a
positive correlation, red colour a negative correlation. Colour saturation reflects the strength of correlation.

Statistical significance of correlation is indicated by the number of asterisks. *p < 0.05, **p < 0.01, ***p < 0.001
(boldface).
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3.2 Studying asthma-protective farm exposure in vitro — immunomodulatory effects

of farm dust

In mouse models, TNFAIP3 deficiency was reported to be a risk factor for disease, whereas normal or
elevated levels were ascribed to have protective effects. Against this background, the present study
aimed to assess whether in vitro exposure to dust extracts from ‘asthma-protective’ farming
environments as well as lipopolysaccharide (LPS) could upregulate reduced TNFAIP3 levels in
asthmatic children’s PBMCs and whether it could counterbalance increased pro-inflammatory

gene expression in these patients.

3.2.1 Characterisation of farm dust extracts

Dust extracts that had been collected from ‘asthma-protective’ farming environments in Germany (G),
Finland (Fi), China (Ch) and from the Amish population (Am) were used for stimulation of study
patients’ PBMCs. The concentration of endotoxin (LPS), known as a major compound of farm dust,
was determined in dust extracts (G, Fi, Ch) by Limulus Amoebocyte Lysate (LAL) assay prior to the
start of the experiments. Due to logistical reasons, LPS concentration of the Amish dust sample could
not be measured.

Endotoxin (LPS) concentrations measured in German and Finnish dust samples exceeded the greatest
value of the test standards by far and were significantly higher than those of the Chinese samples (mean
values 1082 EU/ml for the G sample, and 887 EU/ml for Fi, vs. 0.17 EU/ml for Ch, respectively; see
Figure 18).

2000 A *%
s Figure 18. Endotoxin (LPS) concentration in
*% farm dust extracts.
1000 4 % German (G), Finnish (Fi) and Chinese (Ch) farm
1 m dust. Different aliquots were used for each dust
2 - sample and assay. Concentration was measured

by endpoint chromogenic Limulus Amoebocyte
Lysate (LAL) assay. Mean values. Error bars
indicate SEM. P values reflect Welch’s t test.
*p < 0.05, ¥**p < 0.01; ns, not significant.

LPS [EU/mI]

77
G Fi Ch




To further characterise the bacterial composition of the farm dust extracts, sequencing of bacterial 16S
rRNA was performed in German and Finnish dust samples?. This revealed a high percentage of gram
negative bacteria from the Proteobacteria phylum (90.1%), but also sequences from gram-positive

Firmicutes (8.6%) and Actinobacteria (1%), respectively>.

3.2.2 Anti-inflammatory immune response in AA and HC upon in vitro LPS and farm dust

treatment

Changes in expression of the NF-«xB signalling pathway genes and dendritic cell associated genes upon

24 hour-stimulation with LPS and the farm dust extracts were analysed.

3.2.2.1 Downregulated TLR4 and MyD88 expression

For TLR4 and for its downstream molecules MyDS88 and TRAF6 as well, a distinct pattern of mRNA-
downregulation was observed upon treatment with all conditions except for Ch (Figure 19, A-C).
TLR4 level was significantly decreased, both in HC and in AA upon LPS and dust stimulation when
compared to mRNA levels of the unstimulated (U) condition (p < 0.0001 for all stimulating conditions
except Ch; Figure 19, A). Chinese dust treatment reduced TLR4 expression only in the AA children,
and showed overall the weakest effects. This pattern consistently continued in TLR4-adaptor MyD88,
although effects in HC were not comparably strong to those in the AA children. Treatment with LPS
and all dust samples significantly reduced MyD88 expression in AA (p < 0.001 for all stimulating
conditions except Ch; Figure 19, B). Similar, yet weaker effects were visible for TRAF6 in AA
children, with significant downregulation upon G and Am stimulation (p = 0.004 and p = 0.01,
respectively) and trend-wise effects for LPS and Fi (p = 0.10 and p = 0.09, respectively; Figure 19,
).

Overall, AA presented stronger responses to treatment than did HC. LPS and the dust extracts
downregulated mRNA expression of both TLR4 and MyD&8, which was significantly, or at least trend-
wise (p < 0.10), stronger in asthmatic patients compared to the healthy reference group (Figure 20, A
and B). While TLR4 expression changed impressively, TRAF6 in particular was regulated within
tighter limits, however significantly different between AA and HC (Figure 20, C).

In summary, asthmatics showed increased 7LR4 and adaptor MyD88 gene expression compared
to healthy controls in unstimulated cells, but expression was significantly downregulated upon

in vitro stimulation with LPS and the farm dust extracts (G, Fi, Am).

416S rRNA sequencing in the farm dust samples was not performed by the author herself, but by a member of the
research group.
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Figure 19. Effects of LPS and farm dust stimulation on expression of TLR4-pathway genes.

PBMCs of HC (n=22) and of patients with AA (n=16) were stimulated 24 hrs with either LPS [0.1pg/ml] or farm
dust [40pg/ml] from Germany (G), Finland (Fi), China (Ch) and from the Amish people (Am). (A) TLR4, (B)
MyD88 and (C) TRAF6 mRNA expression displayed as mean values (24", error bars indicate 95% CI. P values
from paired t test are indicated for comparisons of stimulated (LPS, G, Fi, Ch, Am) vs. unstimulated (U)
condition in both AA and HC, or from Welch’s t test for phenotype comparison (AA vs. HC) in unstimulated
cells, respectively. # indicates trend-wise effects (p <0.10). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001;

ns, not significant.
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Figure 20. Fold change of TLR4-pathway gene expression upon LPS and farm dust stimulation.

(A) TLR4, (B) MyD88 and (C) TRAF6 gene expression fold change, compared to unstimulated conditions
(244¢ logy scale), as assessed by qPCR in PBMCs of healthy control children (HC; n=22) and children with
allergic asthma (AA; n=16) after 24 hrs stimulation with LPS or farm dust extracts from Germany (G), Finland
(Fi), China (Ch) and from the Amish people (Am). Scatter dot plots represent single sample values with means
and 95% CI. P values reflect Welch’s t test for fold change comparison between HC and AA. # indicates trend-
wise effects (p <0.10). *p < 0.05, **p < 0.01; ns, not significant.



3.2.2.2 Upregulated TNFAIP3 gene and protein expression

Upon LPS stimulation, TNFAIP3 mRNA expression was significantly increased in both HC and AA
(p <0.001; Figure 21, A). Although effects of the dust samples were not as strong as observed for
LPS, treatment with the Finnish and the Amish sample significantly elevated TNFAIP3 mRNA in AA
children (p = 0.03, and p = 0.005, respectively), but not HC. In contrast, stimulation with farm dust
samples from China significantly decreased TNFAIP3 levels in PBMCs of both groups (p = 0.004 for
HC and p = 0.04 for AA, respectively). No difference to the unstimulated condition was seen upon
treatment with German dust extracts.

Western Blot analysis of TNFAIP3 confirmed findings on protein level (Figure 21, B), again with
TNFAIP3 upregulation only seen in AA patients and again, with significant effects only for Fi and Am
farm dust stimulation (p = 0.02 and p = 0.04, respectively). G and Ch stimulation demonstrated similar
trend-wise effects in AA (p = 0.09 and p = 0.08, respectively). Of note, 24-hour stimulation with LPS
did not affect TNFAIP3 protein expression in HC or in AA. Overall, no significant effects of any of
the treatments were seen on TNFAIP3 protein levels in healthy children.

It is remarkable that, through stimulation with LPS and with the Finnish and Amish farm dust extracts,
asthmatics reached TNFAIP3 levels comparable to those of healthy children under unstimulated
conditions (Figure 21, C). This was true for both gene and protein expression. German farm dust
stimulation also yielded a significant increase of TNFAIP3 protein to healthy levels (Figure 21, C,
right panel).

A representative immunoblot membrane showing a single HC and AA sample with the different

treatment conditions and TNFAIP3 and 3-Actin protein bands is depicted in Figure 21, D.

Fold change of TNFAIP3 mRNA expression following LPS and dust treatment did not differ between
AA and HC (Figure 22, left panel) and levels appeared to be confined at a defined range. Slight
upregulation was seen in all treatment conditions except Ch. However, there were significant
differences between AA and HC regarding TNFAIP3 regulation on protein level (Figure 22, right
panel). AA patients displayed a stronger increase in TNFAIP3 protein expression than did HC. This
was true for all the dust treatment conditions (p = 0.03 for G, p = 0.009 for Fi, p = 0.01 for Ch, and
p =0.06 for Am).

In summary, allergic asthmatic children exhibited decreased baseline TNFAIP3 expression (i.e.
in unstimulated cells) on both transcriptional and translational levels compared to healthy
control subjects, but it was possible to upregulate expression upon in vitro stimulation with LPS

and farm dust extracts (Fi, Am).
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Figure 21. Effects of LPS and farm dust stimulation on TNFAIP3 mRNA and protein expression.

Mean values with 95% CI. (A) TNFAIP3 mRNA expression in PBMCs of HC (n=24) and AA (n=19) after 24 hrs stimulation with LPS or farm dust extracts (G, Fi, Ch, Am).
(B) TNFAIP3 protein (82kDa) levels in HC (n=11) and AA (n=14), as assessed by Western Blot analysis after 24 hrs stimulation with LPS or farm dust extracts (G, Fi, Ch, Am).
Results from densitometric analysis of protein bands. Normalized protein expression, relative to B-Actin. 4.U., arbitrary units. P values from paired t test are indicated for
comparisons of stimulated (LPS, G, Fi, Ch, Am) vs. unstimulated (U) condition in both AA and HC, or from Welch’s t test for phenotype comparison (AA vs. HC) in unstimulated
cells, respectively. # indicates trend-wise effects (p < 0.10). *p < 0.05, **p <0.01, ***p < 0.001; ns, not significant. (C) LPS- and farm dust-induced upregulation of TNFAIP3
mRNA and protein expression in AA compared to levels of HC under unstimulated conditions. Green-shaded area reflects 95% CI of TNFAIP3 expression, as measured in
unstimulated samples of HC. (D) Representative image from TNFAIP3 immunoblot, showing detected protein bands of 1 HC (left) and 1 AA (right) sample in all stimulating

conditions. B-Actin was used as loading-control. Molecular weight in kDa.
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Figure 22. Fold change of TNFAIP3 mRNA and protein expression upon LPS and farm dust stimulation.
TNFAIP3 gene (left) and protein (right) expression fold change, compared to unstimulated conditions (log>
scale), as assessed in PBMCs of HC (n=24 for mRNA; n=11 for protein) and AA (n=19 for mRNA; n=14 for
protein) after 24 hrs stimulation with LPS or farm dust extracts (G, Fi, Ch, Am). Scatter dot plots represent single
sample values with means and 95% CI. P values reflect Welch’s t test for fold change comparison between HC
and AA. # indicates trend-wise effects (p < 0.10). *p < 0.05, **p < 0.01; ns, not significant.

TNIP2, TAXIBPI and MALTI as regulatory factors of TNFAIP3’s activity and function were also

analysed for changes in expression levels after the treatment (Figure 23, A-C).

Neither in HC nor in AA was a clear pattern of up-or downregulation of the TNFAIP3 regulators
visible upon LPS or dust treatment, respectively. In AA, mRNA levels of all three genes were
decreased from baseline after treatment with the German dust. Yet, this was not the case in HC children.
Chinese farm dust treatment significantly reduced TNIP2 levels in both HC and AA (p = 0.04 and p =
0.002, respectively; Figure 23, A). Other treatment conditions (LPS, Fi and Am) did not exert any
significant effects on TNIP2, TAXIBPI and MALTI expression in this experiment.

No difference between HC and A A regarding fold change of expression after stimulation was detected

for the TNFAIP3 regulators (Figure E2, appendix).
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Figure 23. Effects of LPS and farm dust stimulation on expression of TNFAIP3 regulatory genes.

(A) TNIP2, (B) TAX1BP1 and (C) MALT1 mRNA expression in PBMCs of HC (n=22) and AA (n=16) after
24 hrs stimulation with LPS or farm dust extracts (G, Fi, Ch, Am). Expression displayed as mean values (2"
with 95% CI. P values from paired t test are indicated for comparisons of stimulated (LPS, G, Fi, Ch, Am) vs.
unstimulated (U) condition in both AA and HC, or from Welch’s t test for phenotype comparison (AA vs. HC)
in unstimulated cells, respectively. # indicates trend-wise effects (p < 0.10). *p < 0.05, **p < 0.01; ns, not

significant.



3.2.2.3 Opposing regulation of the co-stimulatory molecules CD80 and CD86

To observe the influence of LPS and dust treatment on DC activation and maturation markers, CD80,
CD&86 and CD274 expression was analysed. Unlike TNFAIP3 and its regulators, DC markers showed
very sensitive kinetics and a wide regulatory range of expression upon treatment with LPS and all dust
samples except for Ch (Figure 24, A-C).

CD&80 as a marker of DC activation was significantly increased from baseline expression in both
healthy and asthmatic children’s cells upon treatment with LPS and the Finnish and Amish farm dust
(» <0.0001 for AA and p < 0.05 for HC, respectively; Figure 24, A). In AA, CD80 levels were also

increased upon German dust treatment (p = 0.002).

In summary, CD80 gene expression was significantly decreased in asthmatic children at baseline,
but expression was upregulated upon LPS and farm dust (G, Fi, Am) stimulation. In contrast,
the co-stimulatory molecule CD86, which was expressed at a high basal level in children’s
PBMCs, was significantly decreased in both groups after stimulation (» < 0.001 for treatment with
LPS and G, Fi, Am dust in HC and AA, respectively; Figure 24, B). Again, only the Chinese dust did
not induce such responses. Like CD80, mRNA of CD274, the immune-suppressive marker on
dendritic cells, was significantly upregulated after LPS and dust treatment in HC and AA (p <
0.0001 for LPS and G, Fi and Am; Figure 24, C).

These findings were also expressed by a remarkable decrease in the CD86/CD80 ratio, accompanied
by an increased CD274/CD&6 ratio in response to LPS and all farm dust samples except Ch (p <0.0001
for both HC and AA; Figure 25, A and B).

Overall, asthmatics showed a significantly stronger decrease in CD86 mRNA expression after LPS
treatment when compared to the healthy control group (p = 0.009; Figure 26, B). This was also
observed for stimulation with the G, Fi, and Am farm dust samples (p = 0.04, p = 0.06 and p = 0.09,
respectively). For CD80 (Figure 26, A) and CD274 (Figure 26, C), no differences between HC and

AA regarding fold change of expression were seen.
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Figure 24. Effects of LPS and farm dust stimulation on expression of dendritic cell associated genes.

(A) CD80, (B) CD86 and (C) CD274 mRNA expression in PBMCs of HC (n=22) and AA (n=16) after 24 hrs
stimulation with LPS or farm dust extracts (G, Fi, Ch, Am). Expression displayed as mean values (2°4%") with
95% CI. P values from paired t test are indicated for comparisons of stimulated (LPS, G, Fi, Ch, Am) vs.
unstimulated (U) condition in both AA and HC, or from Welch’s t test for phenotype comparison (AA vs. HC)
in unstimulated cells, respectively. # indicates trend-wise effects (p < 0.10). *p <0.05, **p <0.01, ***p <0.001,
**%%p <0.0001; ns, not significant.



A o HC
. o AA

| | |
*RK¥ KHXK FRHKX ns *R*¥*

| | | 1
2.0 *RK¥X KHX* *R*¥X ns *RXKX

1.2 oo

CD86/CD80 mRNA expression
>
}oo&—oo@ oo o
o
@

oo g 8
« v

oaz:ggbf—ﬁ 8 o
coddes o

—
*
0.8
U LPS G Fi Ch Am
16—
) I I | |} 1
@ KX¥X¥* *X¥% HRK¥ ns KKX¥
' **I** **I** **I** nls **l**
c
o
@
"E’_ 1.2 . .
3 o P o [
< 000 H ? b/ P 8 ¥ o
pd o Oo% _} -%—
4 o A %
£ S 5 ] ¥
s | - ST ,
(=] oy L4 .
O - i g : o
E 0.8 * ° ° o0 o e
o o o
[a)
g + +
o° * ®
s ¥ g .
)
0.4
U LPS G Fi Ch Am

Figure 25. Effects of LPS and farm dust stimulation on CD86/CD80 and CD274/CD86 expression ratio.
mRNA expression in PBMCs of HC (n=22) and AA (n=16) after 24 hrs stimulation with LPS or farm dust
extracts (G, Fi, Ch, Am). (A) CD86/CD80 and (B) CD274/CD86 expression ratios were built by relating AC;
values of CD80 to CD86 and of CD86 to CD274, respectively. Scatter dot plots represent single sample values
with means and 95% CI. P values from paired t test are indicated for comparisons of stimulated (LPS, G, Fi, Ch,
Am) vs. unstimulated (U) condition in both AA and HC, or from Welch’s t test for phenotype comparison (AA
vs. HC) in unstimulated cells, respectively. ****p < 0.0001; ns, not significant.
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Figure 26. Fold change of dendritic cell associated gene expression upon LPS and farm dust stimulation.
(A) CD8O0, (B) CD86 and (C) CD274 gene expression fold change, compared to unstimulated conditions (244,
log> scale), as assessed by qPCR in PBMCs of HC (n=22) and AA (n=16) after 24 hrs stimulation with LPS or
farm dust extracts (G, Fi, Ch, Am). Scatter dot plots represent single sample values with means and 95% CIL.
P values reflect Welch’s t test for fold change comparison between HC and AA. # indicates trend-wise effects
(p £0.10). *p <0.05, **p < 0.01; ns, not significant.



3.2.2.4 NF-xB signalling downstream effects — downregulation of 7L-18

To further investigate TNFAIP3- and NF-kB related pathways in the context of allergic asthma,
subsequent experiments were conducted by our research group in this specific cohort. Focussing on
downstream effects of NF-kB signalling, gene expression of the pro-inflammatory cytokine interleukin

18 (IL-18) was assessed in allergic asthmatic and healthy children®.

In line with the findings of increased TLR4-/MyD88-expression and decreased anti-inflammatory
TNFAIP3 in asthmatic children, significantly elevated mRNA levels of /L-18 were found in
unstimulated cells of AA compared to HC (p = 0.002; Figure 27).

However, upon stimulation with German, Finnish and Amish farm dust, /L-18 was significantly
downregulated in both HC and AA children (p <0.03 in HC, p <0.0001 in AA; Figure 27). As already
observed for TLR4, MyD&88, TRAF6 and CD86 expression, asthmatic children showed a significantly
stronger decrease in /L-18 expression upon LPS (p = 0.002) and German, Finnish and Amish farm dust

stimulation when compared to healthy children (p = 0.02, p = 0.04, p = 0.007; data not shown).
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Figure 27. Effects of LPS and farm dust stimulation on IL-18 mRNA expression.

IL-18 gene expression in PBMCs of HC (n=17) and AA (n=17) after 24 hrs stimulation with LPS or farm dust
extracts (G, Fi, Ch, Am). Expression displayed as mean values (2"2") with 95% CI. P values from paired t test
are indicated for comparisons of stimulated (LPS, G, Fi, Ch, Am) vs. unstimulated (U) condition in both AA and
HC, or from Welch’s t test for phenotype comparison (AA vs. HC) in unstimulated cells, respectively. *p <0.05,
**p <0.01, ¥**p <0.001, ****p <0.0001; ns, not significant.

¢ qPCR for IL-18 gene expression analysis was not performed by the author herself, but by a member of the research
group.



3.2.2.5 Overview of in vitro LPS and farm dust stimulation effects in AA and HC

Heat maps presented in Figure 28 summarise the findings of chapter 3.2.2, providing colour-coded
information about the mRNA response (i.e. up-/and downregulation) to the different treatment
conditions for both phenotypes (AA and HC) and for each gene. The direction of regulation was
represented as red-/blue-gradient, with blue indicating upregulation and red representing
downregulation of gene expression. Colour saturation reflects the strength of the effect in terms of the
fold change of expression (2%, log, scale). Significant regulation compared to the unstimulated
condition was indicated by asterisks (¥p < 0.05, **p < 0.01. ***p < 0.001, ****p < 0.0001).
Additionally, comparisons in fold changes of gene expression between the two phenotypes (allergic
asthmatics (AA) vs. healthy controls (HC)) were included, and significant differences were marked

with a black rectangle around the respective gene’s cell.

Overall, stimulation with LPS and dust extracts from German (G), Finnish (Fi) and Amish (Am)
farms significantly decreased the expression of the pro-inflammatory genes TLR4, MyD88 and
CD86 (red), while it increased anti-inflammatory TNFAIP3, CD80 and CD274 (blue) in both
healthy and asthmatic children.

Regulation was significantly stronger for some of the genes (TLR4, MyD88 (Am), TRAF6, MALTI (G),
CD&86 (LPS, G)) in AA as compared to HC (Figure 28, black rectangle around the gene’s cell for p <
0.05).

Similar effects were observed for T cell associated gene expression in the same cohort, with the pro-
inflammatory T cell co-stimulatory molecule CD28 being decreased and anti-inflammatory CTLA-4
on T cells being significantly increased in asthmatic children after stimulation with LPS and farm dust
extracts’ (data not shown here, but included in the publication®*'). As mentioned before, stimulation

with Chinese dust samples did not exert similar responses in healthy or in asthmatic children.

It is noteworthy that the key findings of TLR4 downregulation and TNFAIP3, CD80 and CD274
upregulation respectively were replicated in a Chinese cohort of 49 children including AA (n=20) and

HC (n =29) upon LPS stimulation (data not shown here**").

fqPCR for CD28 and CTLA-4 gene expression analysis was not performed by the author herself, but by a member of the
research group.
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Figure 28. Overview of in vitro LPS and farm dust stimulation effects in HC and AA.

Colour-coded up-/and downregulation of mRNA expression of TLR4, MyD88, TRAF6, TNFAIP3, TNIP2,
TAXI1BP1, MALT1 and the dendritic cell associated genes CD80, CD86 and CD274. Fold change of gene
expression compared to unstimulated conditions (224!, log scale) in PBMCs of children with allergic asthma
(AA; n=19 for TNFAIP3 and n=16 for all other genes) and healthy control children (HC; n=24 for TNFAIP3
and n=22 for all other genes respectively), measured by qPCR following 24 hrs treatment with either LPS
[0.1pg/ml] or farm dust [40pg/ml] from Germany (G), Finland (Fi), China (Ch) and from the Amish people
(Am). Blue colour of cells indicates upregulation, red colour indicates downregulation of gene expression.
Saturation reflects the strength of the fold change effect. Statistical significance of differences of gene expression
compared to the unstimulated condition is marked by asterisks based on paired t test analysis. *p < 0.05,
**p < 0.01. *¥**p < 0.001, ****p < 0.0001. Significant differences of regulation between the two phenotypes
(AA vs. HC), as assessed by Welch’s t test are marked with a black rectangle around the respective gene’s cell.

3.2.2.6 Overall stimulation effect — inflammation ratio

In order to further demonstrate the pooled effect of LPS and the environmental dust extracts on
inflammatory immune responses, an ‘inflammation ratio’ was calculated by relating pro- to anti-
inflammatory gene expression’’' (Figure 29). The average AC value of all investigated genes
exhibiting anti-inflammatory properties (TNFAIP3, TNIP2, TAXIBPI, CD274) was divided by the
average AC,value of all pro-inflammatory genes (TLR4, MyD88, TRAF6, MALTI, CD86).

Children with allergic asthma displayed a significantly increased inflammation ratio compared
to healthy controls in unstimulated (U) cells (p = 0.01; Figure 29), indicating a higher pro-

inflammatory basal immune state in asthmatic children.



Inflammation ratio

Upon 24-hour stimulation with LPS and farm dust extracts (G, Fi, Am), this inflammation ratio
was significantly reduced in both healthy and asthmatic children (p < 0.001; Figure 29), thus
highlighting the anti-inflammatory properties of in vitro LPS and farm dust exposure on children’s

immune cells.

Significant differences could also be observed when the ratio was calculated by the two central genes

of the pathway TLR4 and TNFAIP3 (data not shown).
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Figure 29. Inflammation ratio in HC and AA and the effect of LPS and farm dust stimulation.
Inflammation score defined as ratio of pro-inflammatory (TLR4, MyD88, TRAF6, MALT1, CD86) against anti-
inflammatory gene expression (TNFAIP3, TNIP2, TAX1BP1, CD274) in unstimulated (U) and LPS or farm dust
(G, Fi, Am) stimulated PBMCs of HC (n=15) and AA (n=16). Scatter dot plots represent single sample values
(inflammation ratio) with means and 95% CI. P values from paired t test are indicated for comparisons of
stimulation vs. unstimulated condition in both AA and HC, or from Welch’s t test for phenotype comparison
(AA vs. HC) in unstimulated cells, respectively. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001.



3.3 Gene expression changes upon chronic early life in vivo farm exposure

Children from farming environments were shown to be naturally protected from the development of
atopic diseases and asthma. Therefore, the third aim of this study was to investigate potential
effects of sustained early life in vivo farm exposure on the expression of TNFAIP3 and associated

NF-kB pathway genes in immune cells of those children at the age of 4.5, 6 and 10 years.

3.3.1 PASTURE/EFRAIM study cohort

Gene expression was assessed in a subset of the European farming birth cohort PASTURE/EFRAIM
including both healthy and asthmatic children at three different time points. Whole blood samples from
a 4.5-year-old group of 37 children, comprising a total of 19 non-farm (NF) and 18 farm children (F)
from three different study centres (Germany, Finland, France), and samples from the follow-up 6-year-
old group of 63 children, comprising 31 non-farm and 32 farm children were analysed (Figure 30).
For study design and setup details, see 2.2.2.2 in the methods section of this thesis.

To analyse sustained immunomodulatory effects in older farm children as well, a small sample of 5
healthy German farm children (F-HC) was enrolled for this study within the PASTURE/EFRAIM 10-

year follow-up (see Figure 10). Blood was drawn and processed as previously described (see 2.2.4).

4.5 years 6 years
@ - O) 4 . %
™ &-HC (n)= 19 ————————————————————— > &-HC (n) = Zﬂ
E = ) A \ y
= n=18 n =32
< [ F-AA (n) = 4 J --------------------- > [ F-AA (n) =7 }
NEFC (NS - ----- - - - - - - - - » | NF-HC (n) = 21
= 19 4 = 31 Y
NE-AA (N)SREEN- - - - ------ - - - - - EEEE— »  NF-AA(n)=10

Figure 30. Enrolment flow chart PASTURE/EFRAIM study subsample.

n, number of cases; HC, healthy controls; F-HC, healthy farm children; NF-HC, healthy non-farm
children; A4, patients with allergic asthma; F-4A4, farm children with allergic asthma; NF-4A4, non-
farm children with allergic asthma.



3.3.1.1 Study population and clinical characteristics of farm (F) and non-farm (NF) children

Characteristics of the PASTURE/EFRAIM subpopulation at 4.5 and 6 years were given in Tables
9-11. Similar distribution of gender was ensured when selecting the two groups of farm (F) and non-
farm (NF) children at both time points (Table 9). Likewise, both 4.5- and 6-year-old farm and non-
farm groups were balanced in terms of potential confounding factors like comorbid allergic diseases
(hay fever, atopic dermatitis, food allergy), parental atopy, indoor smoking at home and the number of
older siblings. Significant differences were only observed for paternal education in the 6-year-old
group, with a higher educational status of fathers from non-farm children when compared to the
farming group. However, this was not seen in the 4.5-year-old children, and no differences were found

for maternal education in both age groups.

Laboratory parameters of the 6-year-old F and NF children were outlined in Table 10. White blood
cell count and lymphocyte proportions did not differ significantly between F and NF. Furthermore, F
and NF were equally distributed regarding sensitisation to common perennial, seasonal or food

allergens (Table 11).

In the 10-year-old group, F (n =5) and NF children (n = 15) were unequally distributed in terms of sex
(80% female children in NF-HC vs. 20% in F-HC; p = 0.01), mainly due to the small sample size of
the farming subsample. Farm children were younger than their non-farming peers, with borderline
statistical significance (p = 0.07; median age 10.4 (10.4 — 10.6) vs. 11.7 (10.4 — 13.3)). However, the
two groups were not significantly different regarding blood cell counts, immune cell proportions and

further clinical and epidemiological parameters (data not shown).



Table 9. Study population characteristics of the PASTURE/EFRAIM subgroup, age 4.5 years and 6 years.

4.5 years 6 years

Parameter NF F P value NF F P value
n 19 18 31 32
Female sex, n (%) 10 (52.6) 7 (38.9) 0.40 15 (48.4) 15 (46.9) 0.90
BMI (kg/m?), median (IQR) 15.8(153-16.9) 154 (14.8-16.5)  0.37% 15.9(14.9-17.1) 15.6(14.4-16.5) 0.33+
Asthma (6y), n (%) 7 (36.8) 4(22.2) 0.33 10 (32.3) 7(21.9) 0.35
Hay fever (ever), n (%) 2 (10.5) 1(5.6) 0.58 4 (12.9) 3(9.4) 0.66
Doctor’s diagnosis of atopic dermatitis (ever), n (%) 5(26.3) 3(16.7) 0.48 13 (41.9) 8(25.0) 0.15
Doctor’s diagnosis of food allergy (ever), n (%) 2 (10.5) 3 (16.7) 0.59 3(9.7) 5(15.6) 0.48
Maternal diagnosis of asthma (ever), n (%) 3 (15.8) 0 (0.0) 0.08 5(16.1) 3094 0.42
Maternal diagnosis of hay fever (ever), n (%) 8(42.1) 3 (16.7) 0.09 9 (29.0) 7(21.9) 0.51
Maternal diagnosis of atopic dermatitis (ever), n (%) 5(26.3) 3(16.7) 0.48 8 (25.8) 3094 0.09
Paternal diagnosis of asthma (ever), n (%) 3 (15.8) 1(5.6) 0.32 4 (12.9) 1(3.1) 0.15
Paternal diagnosis of hay fever (ever), n (%) 6 (31.6) 3(16.7) 0.29 8 (25.8) 3094 0.09
Paternal diagnosis of atopic dermatitis (ever), n (%) 1(5.3) 2 (11.1) 0.52 1(3.2) 2(6.2) 0.57
Smoking at home, n (%) 0 (0.0) 0(0.0) -- 0 (0.0) 0(0.0) --
Maternal education 0.64 0.80

Elementary or middle school, n (%) 12 (63.2) 10 (55.6) 15 (48.4) 14 (43.8)

High school or university, n (%) 7 (36.8) 8 (44.4) 16 (51.6) 17 (53.1)

Other, n (%) 0(0.0) 0(0.0) 0 (0.0) 1(3.1)
Paternal education 0.58 0.01*

Elementary or middle school, n (%) 10 (52.6) 11 (61.1) 13 (41.9) 24 (75.0)

High school or university, n (%) 8(42.1) 6 (33.3) 16 (51.6) 7(21.9)

Missing/Other, n (%) 1(5.3) 1(5.6) 2 (6.5) 1(3.1)
Older siblings, n (%) 11(57.9) 11(61.1) 0.84 21 (67.7) 22 (68.8) 0.93

NF, non-farm children; F, farm children. n, number of cases; %, percentage of group total;, BMI, body-mass-index. Values for BMI represent median and interquartile range (/OR).
P values reflect y? test for proportions, or the Mann-Whitney U test () for continuous variables, respectively. Tests were applied for non-missing data. *p < 0.05 (boldface). Total
number of subjects might differ slightly for some parameters due to data availability.



Table 10. Laboratory parameters of NF and F children (6 years).

Parameter NF (n=31) F (n=32) P value
median median

WBC (cells x 10°/L) 7.45 7.6 0.49

(IQR) (5.58-9.10) (6.70 —9.10)

Lymphocytes (cells x 10%/L) 3.05 3.10 0.98

(IQR) (2.58-3.75) (2.30—-3.80)

Healthy and asthmatic farm () and non-farm (NF) children. n, number of cases; WBC, white blood cell count.
Values represent median and interquartile range (/QR). P values reflect the Mann-Whitney U test. *p < 0.05
(boldface). Total number of subjects might differ slightly for some parameters due to data availability.

Table 11. Sensitisation to allergens in NF and F children.

4.5 years 6 years
Parameter NF F P value NF F P value
m=19) @®m=18) m=31) (m=32)

Specific IgE (= 0.70 IU/ml)
to perennial allergens, n (%) 5(263) 7@389) 041 8(25.8) 4(12.5) 0.18
to seasonal allergens, n (%) 4@21.1) 2(1.1) 041 6(19.4) 4(12.5) 046
to food allergens, n (%) 3(15.8) 5(27.8) 0.38 4(129) 82500 022

Healthy and asthmatic farm () and non-farm (NF) children. /U, international units. », number of cases. %,
percentage of group total. Specific IgE levels were dichotomised at the detection limit of 0.70 IU/ml and
categorised by perennial, seasonal and food allergens as described above. P values from 2 test. *p < 0.05
(boldface).

3.3.1.2 Farming exposures of F and NF children

Data on children’s early life farming activities were assessed annually by questionnaires among all
farm and non-farm children. Specific farm exposures that have been shown relevant in the context of

112,122

protection against asthma and allergic disease in different farming cohorts were analysed in the

4.5- and 6-year-old PASTURE study subgroups (Table 12).

Farm children were documented to have higher regular consumption of farm-produced cow’s milk
(77.8 % in F vs. 5.3 % in NF; p < 0.001), more frequent exposure to stables and barns, and regular
contact with hay and cows when compared to the non-farm group (p < 0.001 for all exposure variables;

Table 12).



Table 12. Specific farming exposures in NF and F children.

4.5 years 6 years
Parameter NF F P value NF F P value
m=19) @®m=18) m=31) (n=32)

Regular® farm milk consumption, 5 33 14 (778) <0.001*  5(16.1) 26(81.2) <0.001%

n (%)
Stay in stable, n (%) 3(15.8) 17(94.4) <0.001*  8(25.8) 30(93.8) <0.001*
Stay in barn, n (%) 0(0.0) 12(66.7) <0.001*  5(16.1) 25(78.1) <0.001*

Regular contact with hay, n (%) 4 (21.2) 15(83.3) <0.001* 8 (25.8) 28(87.5) <0.001*
Regular contact with cows, n (%)  0(0.0) 13(72.2) <0.001*  1(3.2) 25(78.1) <0.001*

Healthy and asthmatic farm (£) and non-farm (NF) children. n, number of cases. %, percentage of group total.
# Regular is defined as at least weekly exposure. Exposures refer to the children’s first, second, third, fourth, fifth
or sixth year of life. P values reflect the 2 test. *p < 0.05 (boldface).

3.3.2 Decreased expression of TNFAIP3 and dendritic cell marker genes in F children

Upon unstimulated conditions, differences regarding gene expression of TNFAIP3 and TLR4 as well
as the dendritic cell associated genes CD80 and CD274 were analysed in the 4.5-, 6- and 10-year-old

farm and non-farm children.

In the 4.5-year-old subjects, no significant difference in TNFAIP3 expression between farm (n = 18)
and non-farm (n = 19) children was detected (Figure 31, A). However, TNFAIP3 was found
significantly decreased in the 6-year-old group of 32 farm compared to 31 non-farm children (p = 0.04).
Supporting these findings, baseline TNFAIP3 levels in the small 10-year-old group was found trend-
wise to be decreased in the farm (n = 5) compared to the non-farming (n = 17) cohort. No difference
in TLR4 expression levels was present between farm and non-farm children at ages 4.5, 6 and 10 years
(Figure 31, B).

Gene expression of CD80 and CD274, however, was lower in F compared to NF children among all
ages, with significant effects at the age of 4.5 years, in particular (p = 0.05 for CD80 and p = 0.03 for
CD274, respectively; Figure 32, A and B). CD274 expression was also significantly reduced in the 6-
year-old farm children upon unstimulated conditions (p = 0.03; Figure 32, B).

It is noteworthy that the observed effects between F and NF remained significant in the 6-year-old
children, and at least at a trend-wise level also in the smaller 4.5-year-old group, when the data for

children with asthma were excluded from the analysis (see Figures E3 and E4, appendix).

All of the investigated genes were expressed at a significantly higher baseline level in the 10-year-old
groups (PBMCs) compared to 4.5- and 6-year-old subjects (whole blood samples), regardless of the

farming status.



mRNA expression was also assessed for the genes MyD88, TRAF6, TNIP2, TAXIBPI, MALTI, and

CD&6, but did not reveal differences in expression between farm and non-farm children (data not

shown).
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Figure 31. TNFAIP3 and TLR4 mRNA expression in NF and F children.
Baseline gene expression levels of TNFAIP3 (A) and TLR4 (B), as measured by qPCR in unstimulated whole
blood samples of healthy and asthmatic farm (F) and non-farm (NF) children, assessed at ages 4.5 years (n=37,
18 F/ 19 NF) and 6 years (n=63, 32 F/31 NF), and in unstimulated PBMCs of healthy 10-year-old children (n=22,
5 F/17 NF). Expression relative to 18S, displayed as 22 mean values with 95% CI. P values reflect Welch’s
t test for ACt comparison between NF and F. *p < 0.05; ns, not significant.
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Figure 32. CD80 and CD274 mRNA expression in NF and F children.

Baseline gene expression levels of dendritic cell markers CD80 (A) and CD274 (B), as measured by qPCR in
unstimulated whole blood samples of healthy and asthmatic farm (F) and non-farm (NF) children, assessed at
ages 4.5 years (n=37, 18 F/ 19 NF) and 6 years (n=63, 32 F/31 NF), and in unstimulated PBMCs of healthy
10-year-old children (n=22, 5 F/17 NF). Expression relative to 18S, displayed as 22 mean values with 95% CI.
P values reflect Welch’s t test for ACt comparison between NF and F. *p < 0.05; ns, not significant.
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Table 13 summarises the findings of chapter 3.3.2, reviewing baseline gene expression patterns (i.e.

in unstimulated cells) of farm (F) compared to non-farm (NF) children.

Altogether, farm children showed a significantly lower expression of TNFAIP3 at the age of 6,
while no difference in 7LR4 expression was seen when compared with non-farm children at all
three time points of assessment (4.5, 6 and 10 years of age). Similarly, both CD80 as a marker of
dendritic cell activation and CD274, the T cell suppressive molecule on dendritic cells, were found

decreased in farm children.

It is noteworthy that findings of significantly lower TNFAIP3, CD80 and CD274 gene expression in
farm children have been replicated in another non-European cohort comprising a total of 112 7-year-
old children from asthma-protective rural Conghua'® (n = 58) and urban Hong Kong (n = 54)

(p < 0.001; data not shown here, but integrated in the publication®*").

Table 13. Differential baseline expression of TNFAIP3, TLR4, CD80, CD274 among F and NF.

Gene Stimulus mRNA expression level — F vs. NF

4.5 years 6 years 10 years
TNFAIP3 unstim. — 1* >
TLR4 unstim. > — >
CD80 unstim. ! «—> >
CD274 unstim. L* * —

mRNA expression levels of TNFAIP3, TLR4, CD80 and CD274, as measured by qPCR in unstimulated whole
blood (for 4.5- and 6-year-old children) or PBMCs, respectively (10-year-old children). Comparison of gene
expression between farm children (F) and non-farm children (NF) at ages 4.5 years (18 F vs. 19 NF), 6 years (32
F vs. 31 NF) and 10 years (5 F vs. 17 NF). 4 down-arrow (red) represents decreased mRNA expression in F vs.
NF. Coloured arrows without asterisks indicate trend-wise effects. «<» indicates no significant difference.
Statistical significance of differences is indicated by the number of asterisks. P values from Welch’s t test for
ACt comparison between NF and F. *p < 0.05.

3.3.3 Decreased TNFAIP3 expression in farm children with allergic asthma

To study TNFAIP3 expression at the very interface between protection and disease, stratified analysis
for farm exposure and clinical phenotype was performed in a small subset of 6-year-old children within
the German PASTURE/EFRAIM cohort (total n = 22). Immune cells of farm children with allergic
asthma (F-AA; n = 4) were analysed for TNFAIP3 expression and compared to their healthy farm
(F-HC; n = 7) and healthy and asthmatic non-farming peers (NF-HC; n = 7 and NF-AA; n = 4). The
limited number of cases is partly due to the very low natural prevalence of atopic conditions and asthma

in farm children.



First, the previous finding of decreased baseline TNFAIP3 levels in patients with allergic asthma (see
3.1.2.2) was confirmed in this subsample cohort (14 HC vs. 8 AA, p = 0.05; Figure 33, ‘all’). When
stratifying for farming exposure, consistently lower TNFAIP3 expression was found in F-AA compared
to F-HC (p = 0.047; Figure 33, ‘F’-bars), while phenotype differences were not significant among
non-farm children under unstimulated conditions (Figure 33, ‘NF’-bars).

Within the group of allergic asthmatics (n = 8), F-AA children exhibited even decreased TNFAIP3
expression compared to NF-AA children (p =0.05). Overall, TNFAIP3 expression levels were lowest

in farm children suffering from allergic asthma.
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Figure 33. TNFAIP3 mRNA expression in healthy and asthmatic NF and F children.

Gene expression levels, as measured in unstimulated whole blood samples of 6-year-old healthy and asthmatic
children from the German PASTURE subset (‘all’ n=22, 14 HC/8 AA). Healthy non-farm (NF-HC, n=7) and
farm children (F-HC, n=7) and asthmatics (NF-AA, n =4, and F-AA, n=4, respectively). Mean values with 95%
CI. P values reflect Welch’s t test for phenotype comparisons (AA vs. HC). *p < 0.05; ns, not significant.

3.3.4 Anti-inflammatory immune response upon in vitro LPS and farm dust stimulation in F

and NF

In order to assess specific immune responses of the farm children upon acute in vitro LPS and farm
dust exposure, changes in expression of the selected genes TNFAIP3, TLR4 and CD80, CD274 were
analysed upon 24 hour-stimulation with LPS and the farm dust extracts (G, Fi, Am).

In line with the findings observed in the urban CLARA/CLAUS cohort, in vitro LPS stimulation
resulted in upregulation of anti-inflammatory TNFAIP3 in farm and non-farm children’s immune cells
of all age groups (*p < 0.05, **p < 0.01; Figure 34, A). Significant effects were also achieved for
stimulation with the Amish farm dust extract in the 10-year-old farm children (p = 0.002; Figure 34,
A, 10-year-panel).



Furthermore, TLR4 expression was significantly downregulated in both F and NF children at all ages

and upon both LPS and farm dust (G, Fi, Am) stimulation (*p <0.05, **p <0.01, ***p <0.001; Figure

34, B), again confirming the results from stimulation experiments in the urban cohort that have been

described in chapter 3.2.
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Figure 34. Fold change of TNFAIP3 and TLR4 mRNA expression upon stimulation in NF and F.

(A) TNFAIP3 and (B) TLR4 gene expression fold change, compared to unstimulated conditions (24, log:
scale), as assessed by qPCR after 24 hrs stimulation with LPS and farm dust extracts (G, Fi, Am). LPS stimulated
whole blood samples of 4.5 year-old farm (F) (n=17) and non-farm (NF) (n=19) and 6 year-old F (n=30) and NF
(n=30) healthy and asthmatic children, and LPS and farm dust (G, Fi, Am) stimulated PBMCs of 10-year-old
healthy F (n=5) and NF (n=17) children. Scatter dot plots represent single raw data fold change values with
sample means and 95% CI. Statistical significance of differences of gene expression compared to the
unstimulated condition is marked by asterisks based on paired t test analysis. *p < 0.05, **p < 0.01,
**%p <0.001, ****p < 0.0001.



Consistent findings were also observed for gene expression of the dendritic cell molecules CD80 and
CD274. LPS and dust stimulation resulted in a strong upregulation of these genes both in F and NF
children (*p < 0.05, **p <0.01, ***p < 0.001; Figure 35, A and B).

In summary, the capacity to increase the expression of the anti-inflammatory genes TVFAIP3
and CD274 and to decrease the expression of pro-inflammatory TLR4 was preserved in farm

children upon in vitro LPS and farm dust exposure.
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Figure 35. Fold change of CD80 and CD274 mRNA expression upon stimulation in NF and F.

(A) CD80 and (B) CD274 gene expression fold change, compared to unstimulated conditions (244, logz scale),
as assessed by qPCR after 24 hrs stimulation with LPS and farm dust extracts (G, Fi, Am). LPS stimulated whole
blood samples of 4.5 year-old farm (F) (n=17) and non-farm (NF) (n=19) and 6 year-old F (n=30) and NF (n=30)
healthy and asthmatic children, and LPS and farm dust (G, Fi, Am) stimulated PBMCs of 10-year-old healthy F
(n=5) and NF (n=17) children. Scatter dot plots represent single raw data fold change values with sample means
and 95% CI. Statistical significance of differences of gene expression compared to the unstimulated condition is
marked by asterisks based on paired t test analysis. *p < 0.05, **p < 0.01. ***p <0.001, ****p < 0.0001.



Heat maps depicted in Figure 36 summarise the findings of chapter 3.3.4, providing colour-coded
information about the mRNA response (i.e. up-/and downregulation) to the different treatment
conditions for farm and non-farm children (F and NF) and for each of the genes TNFAIP3, TLR4,
CD80, CD274. The direction of regulation is represented as red-/blue-gradient, with blue indicating
upregulation and red representing downregulation of gene expression. Colour saturation reflects the
strength of the effect in terms of the fold change of expression (24, log, scale). Significant regulation
compared to the unstimulated condition is indicated by asterisks (*p < 0.05, **p < 0.01. ***p < 0.001,

k% < 0.0001).

Overall, stimulation with LPS and dust extracts from German (G), Finnish (Fi) and Amish (Am)
farms significantly decreased gene expression of the pro-inflammatory 7LR4 (red), while it
increased anti-inflammatory TNVFAIP3, CD80 and CD274 (blue), with similar effects in F and NF
children at all investigated time points (4.5, 6 and 10 years of age).

In the 10-year-old farm children, stimulation with German (G) dust samples yielded different responses
regarding the strength and direction of effects when compared to Finnish (Fi) and Amish (Fi) dust

stimulation (Figure 36, panel F, 10y).

Again, TLR4 downregulation and TNFAIP3, CD80 and CD274 upregulation effects have been
replicated in PBMCs of both rural (n = 55) and urban (n = 49) children from the above-mentioned
Chinese TRILATERAL cohort upon LPS stimulation (data not shown here, see publication®?").
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Figure 36. Overview of in vitro LPS and farm dust stimulation effects in NF and F.

Colour-coded up-/and downregulation of mRNA expression of TNFAIP3, TLR4, CD80 and CD274. Fold change
of gene expression compared to unstimulated conditions (222, logz scale) in LPS stimulated whole blood
samples of 4.5- and 6-year-old farm (F) (n=17 and n=30) and non-farm (NF) (n=19 and n=30) healthy and
asthmatic children, and LPS and farm dust (G, Fi, Am) stimulated PBMCs of 10-year-old healthy F (n=5) and
NF (n=17) children. Blue colour of cells indicates upregulation, red colour indicates downregulation of gene
expression. Saturation reflects the strength of the fold change effect. Statistical significance of differences of
gene expression compared to the unstimulated condition is marked by asterisks based on paired t test analysis.
*p <0.05, ¥*p < 0.01. ***p <0.001, ****p <0.0001.
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As outlined before (Figure 36), in the 10-year-old group of German farm children, stimulation with
the German dust samples resulted in gene expression responses that differed from those observed after
stimulation with LPS and the Finnish or Amish dust samples (Figure 37). TLR4 downregulation was
significantly stronger upon German dust stimulation, while anti-inflammatory TNFAIP3 as well as
CD80 and CD274 were less upregulated compared to LPS, Fi and Am. Despite the very small sample
size of this farming children subgroup (n = 5), effects partly yielded significant levels (for TLR4
p =0.031 for comparison G vs. LPS, p = 0.037 for G vs. Am; Figure 37). However, the majority was

seen as trend-wise effects (p < 0.10).
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Figure 37. Fold change of TLR4, TNFAIP3, CD80 and CD274 mRNA expression upon stimulation in
German F children.

Gene expression fold change, as measured in PBMCs of 10-year-old German farm children (n=5) after 24 hrs
stimulation with German (G) farm dust extract as well as LPS, Finnish (Fi) and Amish (Am) farm dust. Mean
log> of fold change values (2"44Y). Error bars indicate SEM. P values based on paired t test analysis for
comparisons of G stimulation vs. LPS, Fi and Am, respectively. # indicates trend-wise effects (p < 0.10).
*p < 0.05; ns, not significant.



4 Discussion

4.1 Summary of the main findings

The aim of this study was to investigate the role of TNFAIP3 and related signalling pathways in the
development of allergic asthma and its environmentally mediated protection in children. Gene
expression and protein levels were assessed in 148 peripheral blood immune cell samples of healthy
and asthmatic children of different ages from two distinct paediatric study cohorts. Analyses in
peripheral blood mononuclear cells revealed a reduced expression of anti-inflammatory TNFAIP3 gene
and protein in allergic asthmatic children, while the expression of the pro-inflammatory pathway genes
TLR4 and MyD88 was increased. In vitro stimulation with LPS as well as dust extracts from different
asthma-protective farming environments restored TNFAIP3 expression of asthmatic patients to healthy
levels and reduced the expression of the pro-inflammatory TLR4-pathway-related target genes (TLR4,
MyD88, TRAF6). The observed anti-inflammatory effects were accompanied by significant
downregulation of dendritic cell associated co-stimulatory molecule CD86 and upregulation of the co-
inhibitory molecule CDZ274 upon stimulation. Whole blood samples of farm children at ages 4.5, 6 and
10 years exhibited decreased expression levels of both pro- and anti-inflammatory genes compared to
their non-farming peers, but the capacity to induce TNFAIP3 and CD274 expression and to
downregulate TLR4 levels upon LPS and farm-dust stimulation was preserved at all ages.

In the following these findings will be discussed in the context of the present state of relevant studies,

considering both methodological and content-related aspects.

4.2 Discussion of the study methods and experimental design

4.2.1 Survey data and conjoint analyses in the PASTURE/EFRAIM study population

Blood samples from the PASTURE/EFRAIM farming birth cohort provided a unique opportunity to
examine (innate) immune regulation in farmer’s children within the scope of this work. Experimental
research studying the immunology of the protective ‘farm effect’ on asthma in humans is rarely found,
thereby highlighting the significance of the current investigations. The prospective nature of the study
avoided recall bias and supports reliability of questionnaire-based data on farming exposures and atopic
outcomes. Since a random selection of farm and non-farm children was not possible due to limited
sample availability and the aim of a balanced distribution regarding demographic and clinical aspects,

the presence of sample selection bias cannot be excluded.

Samples from three different study centres (Germany, Finland, France) were assayed for
immunological analyses. Both fieldwork and laboratory procedures that were conducted prior to the

experiments demonstrated herein had been checked for coherence between the centres. Blood sampling



and processing steps in particular had been standardised and validated by a series of extensive quality
control measures beforehand*. Therefore, conjoint analysis of the present data was possible. Please
refer to corresponding earlier publications of the PASTURE study project for more detailed

considerations regarding the study design.

4.2.2 Time points of clinical and immunological assessment

Blood samples of the PASTURE/EFRAIM farming cohort were screened for the selected target genes
at three different time points, thus making it possible to address the question of long-lasting effects of

322 However, valid longitudinal analysis was only possible

early pre- and postnatal farming exposures
to a limited extent, since blood samples of some children were not available at age 4.5 years. Moreover,
blood samples from children younger than 4.5 years were not available for analysis in this particular
study cohort. However, protective effects of microbial exposure are considered to be greatest during
early infancy'”, and similar timeframes for concomitant immunological changes are proposed®*. It
must be conceded that, on the basis of the above mentioned, the crucial time window in which decisive
immunological processes may develop might have been missed in the current immunological
assessment. On the other hand, assessment at ages 4.5 to 10 years captures the time period when allergic
asthma manifests itself in most children, thus making it possible to investigate immunoregulatory
effects in the context of both farming exposures and children’s health outcomes at the same time. This

is a major strength of this study despite limited group sizes particularly of asthmatic farm children,

which is largely due to the naturally low prevalence of atopic conditions in farm children.

Since a doctor’s diagnosis of asthma is a criterion possibly to be biased in patients under 6 years of
age, as children with transient wheeze may also be included*****, asthma cases in farm and non-farm
children of the PASTURE/EFRAIM population were investigated only at the age of 6 years.

In the CLARA/CLAUS study sample, however, a small number of children under 6 years (n = 2) were
also included as ‘allergic asthmatics’. Since these two patients were seen by a paediatric allergology
specialist, demonstrating typical asthma symptoms, with corresponding clinical history and impaired

lung function results, inclusion in the present study was possible.

4.2.3 Investigated sample material - PBMCs and whole blood

Principal among the limitations of the study is the fact that immunological assessment focussed on
systemic immunity by using peripheral blood samples as the primary material. It is conceded that any
such model system may not adequately represent the in vivo local situation. Undoubtedly, decisive

?”, and circulating

disease determining inflammatory changes do occur in the respiratory trac
peripheral immune cells may be unlikely to reflect these local immunological processes. Furthermore,
a considerable proportion of PBMCs isolated from whole blood is likely to be phenotypically and

functionally distinct from immune cells of the respiratory mucosa or pulmonary lymphatic tissue.



In vitro findings from children’s PBMCs can therefore not be directly related to immune responses
which occur at the critical site of action, i.e. the lungs.

The demonstrated experimental approach may yet be interpreted in the light of the inherent limitations
of a clinically based study in young children, which requires an easy and ethically reasonable access
to appropriate sample material. In fact, any immunological study involving the acquisition of
bronchoalveolar lavage (BAL) or even bronchial biopsy samples in a paediatric cohort of non- or
mildly to moderately disease-affected individuals would not undergo approval by the human ethics
committee, nor by the children’s parents for comprehensible reasons.

Notwithstanding this, pulmonary immune cells are also largely recruited from systemic circulation,
and increasing evidence suggests that processes other than those happening locally in the airways may
be involved in the pathogenesis of childhood asthma. The proposed causal relationship between
adipose-related systemic chronic inflammation and asthma®*® may exemplify this conception. Not least
because of the farming studies and recent microbiome research, it has become clear that different sites
of the body are most likely involved in controlling innate and adaptive immune functions influencing
asthma development'***?"% In view of this, and because of the fact that the above-reported in vitro
findings obtained from children’s PBMCs replicated previous findings from animal in vivo model

Systemsl 18,261,329

, relevant physiological significance of the observed effects may well be assumed.

Data derived from unfractionated cells (i.e. PBMCs, or whole blood samples in the PASTURE cohort,
respectively) are likely to be confounded by even minor differences in cell proportions between groups.
PBMCs constitute a heterogeneous group of peripheral immune cells, comprising the lymphocyte
populations (T cells, B cells, and NK cells), as well as monocytes and a small proportion of dendritic

cells®*

, whereas whole blood samples additionally contain nucleus-free red blood cells and
polymorphonuclear granulocytes (neutrophils, basophils and eosinophils). Since peripheral blood
samples of cases (AA) and controls (HC), or farm and non-farm children respectively, exhibited similar
proportions of leukocyte subsets, the observed gene expression profiles are largely unlikely to be due
to differential composition of cell populations.

Mechanistic interpretation of the immunological findings gained from PBMCs is further complicated
by the fact that an observed effect cannot be allocated to a distinct cellular source. This particularly
applies to the dendritic cell population, which accounts for only about 1-2 percent of human PBMCs**'.
Cell-type specific gene expression effects might be overlaid by opposing effects or even be lost within

the summed signal of the bulk sample.

Notwithstanding these considerations, the use of unfractionated cells constituted a reasonable
experimental approach in the present project, whose objective was considered to be essentially
exploratory. In fact, the current data provided the basis for experiments subsequent to this work, which
were able to confirm the present findings in isolated cell populations*'. Several follow-up projects on
isolated dendritic cells as well as regulatory T cells are in progress, with data to be published by the

research group in the near future. These more elaborate model systems are certainly required in order



to gain further mechanistic insights and ultimately be able to translate findings into the human in vivo

system.

4.2.4 Immunological assessment methods

Immunological phenotype signatures as well as in vitro stimulation effects in children’s PBMCs and
whole blood leukocytes were assessed by analysing gene expression and protein levels. Quantitative
real time PCR (qPCR) was considered an appropriate experimental readout method for the purposes of
this work, as it allows objective and precise quantification of target genes. Given the fact that qPCR is
still a technique very liable to interference, extensive quality control measures were performed (as
outlined in the methods section), allowing high process standards throughout all experiments.

Gene expression profiling per se, however, provides only limited information about functional
outcomes. For evaluating DC-T cell-dependent immune responses in particular, further experimental
readouts such as cytokine studies are required. Furthermore, it remains subject to speculation whether
detected mRNA is also translated into protein, and to what extent mRNA regulation is associated with
changes in functional protein at all. To answer this question at least for TNFAIP3 as the key molecule
in this project, Western Blot analysis was performed. Particular effort was made to optimise all process
steps and components and establish an ideal standard operating procedure (see methods section), which

provided the basic framework for further experimental projects of the study group.

4.2.5 In vitro LPS and farm dust stimulation model

The in vitro farm dust stimulation model performed in this work was a valuable experimental approach
towards a clearer understanding of the mechanisms underlying the farm effect. Limitations and

challenges inherent in this model-based approach will be reflected in the following.

Firstly, a single dose stimulation regimen was employed, although it must be considered that this may
not ideally mirror the effects of chronic in vivo exposure in the natural farming environment. Since
stimulation significantly affects the natural viability of human primary immune cells, however,
repetitive stimulation and a long-term cell-culture setting would have biased immunological outcomes
due to increased cytotoxic side effects. Moreover, experimental studies in animal models have shown
that single high dose LPS as well as farm dust exposure generated similar beneficial effects as did
chronic low-dose administration®®’.

A robust protective effect of a certain exposure is characterised by preventing or suppressing the
development of pathophysiological features defining the disease phenotype. Inflammatory responses
in allergic asthmatic patients are mostly triggered when re-exposed to specific allergens, which
highlights the importance of allergen challenge in any model-based approach. In fact, unlike previous
in vivo and in vitro experimental studies investigating the protective effect of farming

118,178,238,261,332

exposures , the current experiments did not employ assessment of immunological



outcomes upon allergen exposure. Thus, the observed treatment effects of LPS and the farm dust
extracts may predict the in vivo outcome in allergic asthmatic children only to a limited extent, and
care must be taken when drawing conclusions about their asthma-protective properties from the present
model system.

To address the issue of dose-dependency of effects and gene expression kinetics, preliminary
experiments were carried out in children’s PBMCs prior to the start of the study. Comparative analyses
of two time points of assessment (8 hrs and 24 hrs), and of three different doses of farm dust extracts
respectively, revealed only minimal differences regarding target gene expression (data not shown),
suggesting that the potency of farm dust treatment is widely guaranteed. Considering the observation
of a dose-dependent dual effect of LPS in vivo®>, however, it is admitted that further experiments are
necessary to address the question of a safe and ‘protective’ LPS and farm dust dose.

Finally, in vitro LPS and farm dust exposure was modelled in peripheral blood immune cells, most
equivalent to a systemic treatment approach. Following the ‘proof of concept’ principle, this was a
reasonable and straight-forward approach to further elucidate the characteristic immunomodulatory
effects of farm dust exposure in the human system. Although asthma-protective effects have actually
been demonstrated for systemic (i.e. intravenous or intraperitoneal respectively) LPS exposure in

239238 it is conceded that this constitutes an artificial route of exposure. In vivo

murine model systems
farming exposures are most likely to occur through inhalation and oral ingestion'?®, which strengthens
the notion of the mucosal barriers as being the critical site of action in the natural system. There is
increasing evidence to suggest that the complex interplay of incorporated farm-derived microbiota and
allergens with the interacting network of immune cells and barrier epithelial cells is decisive for the
protective in vivo farm-effect’®. In the natural setting, direct engagement between immune cells and
certain farm dust constituents might be limited, since macromolecules, for instance, may not cross the
epithelial tight-junction barrier. Organotypic cultures of primary human cells are therefore required to
illustrate processes at the mucosal interface in the best way possible. In this context, elaborate work
establishing air-liquid interface (ALI) cultures of human adult airway epithelial cells (ECs) has already
been done®®'. Findings from such models, together with a more detailed knowledge about chemical and
physical properties of composed dust samples (e.g. molecular weight fractions (work in progress)),
will greatly improve our understanding and provide the basis for subsequent experimental approaches
in paediatric cohorts as well.

Only if there is absolute certainty about the impact of dosage, timing, composition and mode of

exposure may the vision of a farm dust-derived treatment strategy for childhood asthma be further

pursued.



4.3 Discussion of the main findings

4.3.1 Clinical characterisation of the allergic asthmatic phenotype

Allergic asthma is the most common asthma phenotype in children and is represented by a clear pattern
of well-established clinical and biological features''****  Allergic asthmatic children that were
recruited for the current project demonstrated the distinctive biological characteristics of the
phenotype, as defined by positive sensitisation to allergens, elevated levels of total IgE and peripheral
blood eosinophilia®®. Consistent with a mild to moderate disease severity profile which has been
typically associated with this phenotype'!, prebronchodilator lung function parameters were only
mildly affected (FEV; > 80% predicted in most AA patients) and were reversed to normal in the
majority of children. The varying degree of clinical symptom severity among AA children, which was
also reflected in the large variance of lung function measures, may be partly due to recruitment during
different pollen seasons.

In accordance with the commonly defined risk factors for early-onset allergic asthma, questionnaire
data revealed an increased rate of allergic comorbidities such as hay fever and atopic dermatitis among
AA children®™!", as well as an increased prevalence of a maternal history of asthma and allergic

disease®¥3%

and a higher level of parental education. Despite a strong association of atopy and asthma
in school-age children, atopic sensitisation per se has not been finally proven to be an independent
predictive factor for asthma susceptibility™’. In fact, around 17% of healthy control children enrolled
in the study exhibited positive atopic sensitisation to a single allergen without clinical symptoms of
allergic disease, which is consistent with prevalence rates derived from large-scale epidemiological
studies®®®. In contrast, poly-sensitisation (i.e. sensitisation to multiple allergens) and higher levels of
allergen-specific IgE were observed in AA children, supporting the assumption that the intensity of
sensitisation largely determines asthma risk in this age group'’. Both allergen specific IgE and
comorbid allergic diseases remained strong discriminating factors between AA and HC in the present
study. Since valid confounding analyses were not feasible due to limited sample size, however, it

cannot be excluded that the observed immunological effects in AA children were at least partly

mediated by the atopy component rather than arising from the asthmatic condition per se.

Together, the clear characterisation and precise definition of AA cases and HC subjects
underscores the validity of the reported findings with respect to the distinct clinical phenotype

of allergic asthma in school-age children.

4.3.2 Inflammatory innate immune signature of school-age children with allergic asthma

The present study revealed a distinct and conclusive gene expression profile in asthmatic children’s
peripheral blood mononuclear cells, particularly highlighting the role of TNFAIP3 and NF-xB

pathway-related target genes. Compared to healthy controls, school-aged urban children with allergic



asthma showed significantly increased expression of 7LR4 and its adaptor MyD88, while levels of the
anti-inflammatory molecule TNFAIP3 were significantly reduced on transcriptional and translational
level under unstimulated conditions (i.e. at baseline). Similarly, baseline mRNA expression of the co-

stimulatory dendritic cell surface molecule CD80 was decreased.

It is now well known that TLRs as innate immune receptors do not only play a vital role in sensing and
transmitting signals, but are also critically involved in modulating adaptive immune responses**.
Direct TLR stimulation is required for effective DC activation and subsequent T cell priming®'. The
role of TLRs - especially TLR4 - and ensuing signalling in the development of allergic responses and
asthma pathogenesis is complex, and its contribution to airway inflammatory responses remains
incompletely understood. Genetic alterations in TLR4 were found to modify asthma risk, although
results are conflicting (as reviewed by Tesse et al.>**). In the present study population, significantly
elevated TLR4 expression was visible in asthmatic patients’ PBMCs compared to healthy controls. So
far, few other studies have assessed the role of TLR4 in patients with allergic asthma, and those studies
conducted in adult patients exhibited major limitations and provided inconsistent results®**>*'. Aside
from differences in the patients’ age, a valid comparison with these studies is hampered by a number
of differing factors concerning methodology and study design (i.e. clinical characteristics including
atopy status, investigated sample material, and readout method, among others). Furthermore, the highly
dynamic nature that TLR4 expression in vivo and in vitro is known for makes it difficult to interpret
and compare data between experimental settings, and it is certainly one reason for the discrepancy of
findings on TLR4 expression in human immune cells. However, recent evidence has supported the
present data with respect to the atopy component of allergic asthma, linking elevated TLR4 expression
to high levels of IgE in asthmatic patients**. In fact, TLR4-mediated signalling, particularly from
airway epithelial cells*****! has been proven essential for the determination of Th2-dominated immune
responses to allergens and airway inflammation in experimental animal models of allergic asthma®*>4¢,
Landmark studies have demonstrated that some common aeroallergens can elicit allergic responses
through direct or indirect engagement with TLR4****73% In light of these findings, increased TLR4
expression in allergic asthmatic children in the present study may constitute a reduced baseline
threshold within innate immunity for mounting Th2-mediated inflammatory responses to varying
environmental stimuli. Given the fact that the expression of TLR4 signalling adaptor MyD88 was
equally increased in asthmatic subjects, relevant downstream effects of enhanced TLR4 signalling may
indeed be assumed. Moreover, MyD&88 levels paralleling those of TLR4 may indicate that the MyD88-
dependent rather than the TRIF-dependent TLR4 signalling pathway is affected in children with
allergic asthma. Since MyD88 is involved in multiple convergent innate receptor signalling cascades,

however, the contribution of other non-TLR4-related pathways must still be considered.

Chronic inflammation in asthma may result from a skewed balance of activation and control
mechanisms of immunological processes and signalling pathways. Thus, impaired regulatory

mechanisms would lead to exaggerated activation of immune responses, causing the development of



inflammatory disease. TNFAIP3 is critically involved at this point, acting as a negative regulator of
TLR4-induced NF-kB activity, which has been associated with the pathogenesis of allergic asthma®*®.
Few animal studies have provided evidence for a key function of TNFAIP3 in suppressing airway
inflammatory responses upon allergen exposure**%'. Subsequent human in vitro approaches have
primarily focussed on local processes in the lung, investigating the role of TNFAIP3 in airway
epithelial cells*****!. However, TNFAIP3 expression in myeloid cells and especially DCs has recently

been proven to be equally required for suppressing allergen induced airway inflammation*

. Against
this background, the present finding of decreased TNFAIP3 gene and protein expression in peripheral
blood immune cells of allergic asthmatic children is of particular relevance. The fact that TNFAIP3
was highly correlated with all other NF-«xB pathway-related target genes in these patients further
underscores the conception of TNFAIP3 as a biological determinant of dysregulated innate immunity
pathways in childhood asthma. Recent data from our study group have reinforced this assumption with
particular regard to the early determination of the disease. Cord blood mononuclear cell (CMBC)
samples of newborns with subsequent asthma development in childhood exhibited decreased TNFAIP3
expression, suggesting that TNFAIP3 levels may even help to predict the individual’s asthma risk at
birth (see publication®*"). Since a similar association was found for TNFAIP3 expression and comorbid
hay fever in the present AA group, it may be hypothesised that TNFAIP3-dependent regulatory
processes are particularly relevant in the development of the early-onset allergic asthma phenotype
rather than the asthmatic condition per se.

Overall, the present data strongly point towards a pivotal role of the anti-inflammatory molecule
TNFAIP3 in the development of allergic asthma in children. The current observations of elevated
levels of TLR4 and MyD88 along with decreased TNFAIP3 gene and protein expression in
asthmatic subjects strongly suggest that inflammatory processes are insufficiently contained in

these patients.

Decreased TNFAIP3 protein levels were found in asthmatic children at a statistically significant level,
although a remarkably large variance for the individual values was observed within this group. Schuijs
et al. have shown a relation between TNFAIP3 levels in airway epithelial cells and asthma severity in

1~ Although some heterogeneity in disease severity was actually

a small sample of adult patients
observed in the present paediatric cohort, the current sample size was not sufficient to detect a reliable
effect on TNFAIP3 protein levels. Thus, it may only be speculated on a similar association at this point.
On this score, recent findings suggest that TNFAIP3 expression in DCs is essential for controlling the
development of Thl7-mediated neutrophilic airway inflammation, associated with a more severe

% These observations are most intriguing due to the fact that the functional role of

asthma phenotype
TNFAIP3 in DCs is directly linked to the determination of a specific immunological phenotype.

Notwithstanding this, the observed heterogeneity of expression may also reflect a different genetic
makeup in these patients. Several functional domains have been identified in the TNFAIP3 gene, and

two of these have been directly linked to its ubiquitin-modifying activity®>'*>?, Animal studies have



impressively demonstrated that selective disruptions in these domains can result in varying phenotypic
traits®’2”7. This is particularly intriguing considering the fact that a distinct gene polymorphism located
in the functional deubiquitinase domain of TNFAIP3 has recently been associated with increased
susceptibility for asthma in a large-scale GWAS?®'. The variety of polymorphisms in the TNFAIP3
gene locus which have been associated with many other inflammatory and autoimmune diseases®**~>*-
338 highlights the great potential for further attempts in genetic research in paediatric asthma.

Apart from genetic modifications, a vast number of mechanisms have been determined to regulate the
functional activity of TNFAIP3?**. Post-translational modifications such as phosphorylation were
shown to critically affect its enzymatic activity’. The additional TNFAIP3 protein band, which had
been detected at slightly higher molecular weight than expected in all children’s samples in Western
Blot, may be interpreted against this background, although its definite relevance certainly needs to be
addressed in future mechanistic approaches.

The activity of TNFAIP3 is further regulated by direct interactions with specific proteins, such as
TNIP2, TAX1BP1 and MALT1, which were also addressed in the present study. Unlike TNFAIP3, the
genes encoding these proteins did not appear to be differentially expressed in healthy and asthmatic
children. TNIP2 (ABIN-2) constitutes one of three known TNIP (ABIN) proteins which act as negative
regulators of NF-kB by enhancing TNFAIP3’s ubiquitin-modifying activities on target proteins**’->¢,
The functional role of the TNFAIP3- and ubiquitin-binding protein TAX1BP1 has been characterised
very similarly’®. Both TNIP1 and TNIP2 have been independently shown to be critically involved in
regulating allergic airway inflammation in mice***?’’, but a potential relevance for human asthma has
only been demonstrated for TNIP1°°'. The current findings might therefore illustrate the minor
role TNIP2 plays in mediating TNFAIP3’s anti-inflammatory function. However, it may well be
supposed that the complex regulation of TNFAIP3’s activity provided by a variety of molecules and
mechanisms is governed by additive and complementary rather than exclusive effects. This also applies
to the negative regulation of TNFAIP3, where proteolytic processing by MALTI is only one among
many other mechanisms that suppress TNFAIP3’s inhibitory function on NF-kB dependent

212362 Therefore, redundancy of biological activities within the whole

inflammatory responses
regulatory network may explain why no differences between phenotypes were observed for the

individual genes.

By controlling NF-kB activation, TNFAIP3 critically regulates the biology and function of dendritic
cells. Selective TNFAIP3 deletion in murine DCs results in spontaneous DC maturation,
hyperresponsiveness to TLR-signals, and aberrant adaptive immune responses’®. In the context of
asthma, the functional role of TNFAIP3 in DCs has been further defined as particularly regulating T
cell differentiation into the Th17 cell subset*®.

Acting as ‘gatekeepers of the immune system’***, DCs are the key checkpoints in governing both
immunity and tolerance. Changes in their phenotypic features, involving the expression of co-

regulatory molecules, usually coincide with changes in their functional activity. The outcome of DC-



T cell encounter, i.e. the resulting T cell-mediated immune response, however, is not determined by
the co-regulatory molecule expression status per se, but by the intricate network of immunogenic or
tolerogenic signals transmitted during interaction with the different receptors on T cells. Bearing this
in mind, the present data demonstrating gene expression of co-regulatory molecules unrelated to their
counterpart receptors are of little significance. Considering the distinct receptor binding affinities of
the co-regulatory molecules, however, more valid assumptions can be made about the T cell response
they might induce. The finding of significantly decreased CD80 expression in asthmatic children’s
PBMC:s shall be discussed against this background.

It was very early proposed that CD80 (B7-1) and CD86 (B7-2) differentially affect T cell
development*®. Like CD86, CD80 is known to interact with the stimulatory receptor CD28 on T cells,
but engages the inhibitory molecules CTLA-4 (CD152) and CD274 (PD-L1) with higher affinity****¢’.
Interaction of CD80, yet not CD86 with CTLA-4, was shown to enhance the suppressive capacity of
regulatory T (Treg) cells*®. Likewise, signalling through the co-inhibitory molecule CD274, which

0287

can specifically bind CD80°’, promotes the development and functional maintenance of Treg

cells*®*7. Although there is still some disagreement regarding the role of CD274 in the development

371292293 more recent studies have provided evidence of its inhibitory function,

of allergic asthma
particularly in controlling severe, Th17-mediated disease®’?. In contrast, CD86 expression appears to
be essential for DC-dependent Th17 differentiation’” and has been particularly associated with

17827 and human® experimental models.

allergen-induced Th2 cell immune responses in both anima
A higher CD86/CD80 expression ratio on human DCs was associated with an allergic phenotype and
a Th2-dominated rather than Thl-preferential immune response upon in vitro allergen exposure”.
Thus, increasing evidence suggests that CD80 and CD86 may have opposing roles in regulating Th
cell differentiation and that the type of co-regulatory molecules expressed on DCs and their relative
expression levels may substantially determine the outcome of the adaptive immune response in the
development of allergic asthma. The current finding of a significantly elevated CD86/CD80-ratio
in asthmatic children may therefore indicate a shift in the balance of co-regulatory molecules on
activated DCs favouring the induction of inflammatory Th2 and Thl7 cells rather than
suppressive Treg or counterregulatory Thl cells under steady-state conditions.

However, mechanistic interpretation is complicated by the fact that DCs are not the only source of
CD&80 and CD86 expression in PBMCs. T cells were also shown to constitutively and inducibly express
both molecules on their cell surface, thereby modulating immune responses through mainly CTLA-4-
mediated T-T cell interactions®”*. Therefore, co-regulatory molecule expression cannot be exclusively
related to the function of DCs. Furthermore, it may well be questioned whether the assessment of the
steady, inactive state of circulating peripheral blood DCs, i.¢. their maturation state under unstimulated
conditions, represents an adequate model to illustrate the true pathological immunophenotype, which
may manifest only upon allergen challenge and particularly in the diseased tissue, i.e. the lungs of
asthmatic subjects. However, the strength and consistency of effects observed under unstimulated

conditions suggests that the immune phenotype of allergic asthmatic children is determined by major



disruptions in innate immune pathways, which are even clearly distinguishable during steady state in

the peripheral blood.

Taken together, the present study revealed features of an inflammatory immune phenotype in
school-aged children with allergic asthma, suggestive of dysregulated TLR4-induced NF-kB
mediated signalling. It may be proposed that impaired negative regulation by TNFAIP3 in
asthmatic children results in altered DC biology, potentially driving aberrant immune responses

in allergic asthmatic subjects.

4.3.3 Anti-inflammatory effects of in vitro farm dust exposure

Growing up in a farming environment constitutes a strong protective factor against childhood asthma

373 The protective in vivo ‘farm effect’ is supposed to be mediated by exposure not

and allergic disease
only to high concentrations, but also to a great diversity of microbial agents'*>'*. It has been shown
that airborne dust samples collected from traditional farming sites can highly reflect this in vivo
environmental exposure of farm children'?®. To disentangle innate immune mechanisms that may
explain this ‘farm effect’ on asthma, in vitro stimulation experiments with different farm-derived dust
extracts and LPS were performed in children’s PBMCs of the CLARA/CLAUS study cohort.

The present data clearly demonstrate that in vitro exposure to LPS and German (G), Finnish (Fi) and
Amish (Am) farm dust extracts induces anti-inflammatory processes by increasing the expression of
NF-kB inhibitor TNFAIP3, while consistently suppressing pro-inflammatory TLR4-pathway signalling
genes in both healthy and asthmatic children. In the presence of LPS or farm dust (G, Fi, and Am)
respectively, the expression of DC maturation markers CD80, CD86, CD274 changed significantly,
which indicates a crucial role for DCs in mediating the anti-inflammatory effects of LPS and farm dust
treatment.

Numerous animal studies have shown the beneficial effects of exposure to microbial products®*®37,

329,142,332 178,261,118

single bacterial species , or farm-derived dust samples in controlling allergic airway
inflammation and reducing cardinal features of allergic asthma. Mechanistic approaches have
demonstrated that innate immune signalling particularly via the TLR4*****-MyD88'"®-dependent
pathway plays a key role in mediating these asthma-protective properties. The present results of farm
dust induced downregulation of the LPS receptor TLR4 and its associated signalling adaptors
MyD88 and TRAF6 corroborate these findings, indicating an immediate counter-regulatory
process upon high-dose microbial exposure. It may well be supposed that persistent signalling
through the same pathway results in a sustained tolerogenic state characterised by non- or hypo-

377 Maintenance of any such state may

responsiveness to different immunogenic environmental stimuli
be ensured by regulatory mechanisms at multiple levels, including effective control of proximal

signalling as well as downstream NF-kB dependent pathways®’"*"®, TNFAIP3 is known to attenuate



TLR4-induced NF-kB activation by inhibiting the activation and functional activity of TRAF6, and
possibly other signalling intermediates upstream of IKK. Recent findings from a murine model of
allergic asthma have attributed a key role to TNFAIP3 in mediating the protective effect of in vivo LPS
and farm dust exposure, and have allocated the effect particularly to the structural cells of the airway

21 The current study was the first to replicate these findings in primary human cells in vitro.

epithelium
Analyses revealed significant upregulation of TNFAIP3 mRNA and protein levels in asthmatic
children’s PBMCs in response to LPS and farm dust stimulation, providing evidence for its
relevant functional role in microbial-induced immunoregulation in humans as well. Given the fact
that it was possible to detect these effects in peripheral immune cells, a ubiquitously relevant rather
than cell-type specific molecular mechanism may be proposed as determining the protective effect of
the diverse microbial environment. In fact, findings from animal models have also suggested a similar
role of TNFAIP3 in intestinal epithelial cells®”. This is particularly intriguing as it may provide an
explanatory molecular approach to the extensively studied protective effect of farm milk consumption,
which may hardly involve the airway epithelium but may certainly implicate immunological processes
at the mucosal surface of the intestine.

Notably, the expression of both positive and negative regulators of TNFAIP3 was virtually
unaffected, suggesting the existence of alternative molecular mechanisms to regulate TNFAIP3
activity upon farm dust exposure.

Upregulation of TNFAIP3 may reflect a crucial regulatory mechanism through which farm dust
exposure can suppress TLR4-mediated NF-«kB induced inflammatory responses. The significant
decrease in /L-18 levels in the presence of farm dust and LPS clearly supports this assumption, as it
suggests that the NF-kB dependent induction of other pro-inflammatory target genes may be reduced

as well. However, more functional readouts are certainly needed to assess further downstream effects

associated with the inhibition of NF-kB activation.

Besides barrier epithelial cells in the lung, gut and skin, antigen-presenting DCs are decisive sensors
and transducers of TLR-mediated microbial-derived signals encountered in the farming environment™.
A large body of evidence from animal and human studies points to their crucial involvement in the
asthma-protective effect of farming exposures'*>!7820208332 1y fact, the above-discussed findings have
been consistently replicated in DCs isolated from PBMCs from a small subsample of the present cohort
(see publication®?"). Farm dust and LPS exposure may modulate immune responses by substantially
influencing the phenotype and activation state of DCs, as indicated by the striking changes in
expression of the co-regulatory molecules CD80, CD86 and CD274. Strong upregulation of CD80,
accompanied by significant downregulation of CD86, was observed in response to LPS and G, Fi, and
Am farm dust treatment. This also became evident in a significant decrease of CD86/CD80 ratio. Such
opposing dynamics of the two co-stimulatory molecules may well be considered as an intriguing
finding, since a comparable dichotomy in CD80/CD86 surface expression has not been reported in

similar studies before. In view of the above-mentioned assumption of the differential roles of CD80



vs. CD86 in modulating T cell development, however, elevated CD80 together with reduced CD86
levels may point to a DC-induced Th1/Treg polarising programme, which may inhibit pathogenic Th2
cell development in asthmatic subjects. In support of this, additional measurements in the same study
population revealed significant farm dust induced upregulation of CTLA-4, the inhibitory receptor for
CD80 and CD86, while expression of the stimulatory receptor CD28 was reduced*?!. In line with these
findings, Schuijs et al. recently demonstrated in their landmark study that chronic low-dose LPS or
farm dust treatment significantly decreased the allergen-induced production of GM-CSF*', a cytokine

80 and to reduce the

which was shown to programme maturing DCs for the induction of Th2 cells
threshold for allergen responsiveness™'. Likewise, two independent studies conducted in human DCs
have shown that incubation with different bacterial species isolated from cowshed dust modulated the

immune response by inducing DC-dependent Th1 polarisation'****?,

The net co-regulatory signal delivered by DCs of healthy and asthmatic children is further represented
by the relation of co-inhibitory CD274 to co-stimulatory CD86 molecule expression. The remarkable
increase observed for CD274 expression and concomitant CD274/CD&6 ratio following LPS and farm
dust stimulation supported the hypothesis of a farm dust induced ‘inhibitory’ phenotype of DCs. The
vital role of CD274 (PD-L1) in mediating regulatory T (Treg) cell induction has been characterised
previously’®. A high CD274/CD86 ratio on plasmacytoid DCs (pDCs) in particular has been
associated with elevated numbers of Treg cells*®. The ability of pulmonary pDCs to suppress features

291 has been linked to their increased

of allergic asthma and inhibit the generation of effector T cells
expression of CD274%%, Therefore, it seems likely that microbial exposure delivered by LPS or farm
dust stimulation may induce the development of Treg cells through a CD274-dependent mechanism,
and there is recent evidence from animal models supporting this notion. Gollwitzer et al. have
demonstrated that distinct changes in airway microbiota colonisation during the neonatal period
sustainably prevented allergic airway inflammation by promoting the CD274-dependent induction of
functional Treg cell subsets®®.

Taken together, the remarkable increase of the CD274/CD86 ratio accompanied by a
significantly reduced CD86/CD80 ratio upon LPS and farm dust (G, Fi, Am) treatment may
illustrate a switch in co-regulatory molecule expression on DCs promoting the development of

Treg cells suppressing Th17- and/or Th2-mediated immune responses.

Regardless of potential limitations in methodology and experimental setup as discussed in section 4.2,
in vitro stimulation experiments yielded interesting results. The present data demonstrate strong anti-
inflammatory effects and potential asthma-protective properties of LPS and farm dust treatment in
allergic asthmatic children. They point to a multicomponent mode of action, most likely involving the
NF-kB inhibitor TNFAIP3 as a major determinant through which farm dust develops its beneficial
potential. It may well be proposed that farming exposure leads to reduced proximal innate

receptor signalling and, by activating TNFAIP3 and altering maturation processes and



functional activities of DCs, may dampen the TLR4-driven NF-xB dependent innate and

subsequent adaptive immune response to environmental allergens.

The anti-inflammatory effects of G, Fi and Am farm dust and LPS treatment were consistently
observed in both healthy and asthmatic children, indicating that beneficial effects of farming
exposure may be relevant regardless of the clinical phenotype. Yet, allergic asthmatic patients
downregulated pro-inflammatory TLR4, MyD88 and TRAF6 as well as CD86 to a significantly greater
extent. Likewise, upregulation of TNFAIP3 protein was stronger in asthmatic compared to healthy
children when stimulated with the German, Finnish and Amish farm dust extracts. In this way,
stimulation was able to restore gene expression features of a healthy immunophenotype in asthmatic
children, and in particular raised their comparatively low basal expression of NF-kB inhibitor
TNFAIP3 to ‘healthy levels’. This is a remarkable finding, as it strongly suggests that farming exposure
may counterbalance, or rather overcome the manifest inflammatory immune phenotype of allergic
asthmatic children at the early stage of symptomatic disease and may even be able to suppress an
underlying predisposition in some children. Thus, the current data point to a significant potential for a
farm dust derived treatment approach in asthmatic children.

The question of clinical applicability, however, implies the need of defining a distinct composition of
farm-derived microbial agents and products which provides the ‘most protective’ effects. The current
study demonstrated very consistent anti-inflammatory effects for 24-hour stimulation with a
0.1pg/ml LPS dose and with the German, Finnish and Amish farm dust extracts, whereas greatly
divergent effects were observed upon stimulation with the dust samples from Chinese rural
Conghua. These differences seemed to be largely due to the differential LPS content of the
environmental dust extracts, which was by far the lowest in the Chinese samples. This is in line with
previous epidemiological and immunological findings demonstrating a dose-dependent effect of
endotoxin (LPS), with particularly high levels conferring asthma-protection''®!*>*** In fact, the
Chinese dust samples used in this work’s experiments may not reflect the protective in vivo exposure
that the other dust samples do, since they had been collected in the family’s living rooms in China,
where the amount of dust was rather low. Supporting this assumption, follow-up experiments of the
study group using Chinese dust samples from hens’ stables with higher LPS content again revealed
comparable anti-inflammatory effects as observed for the German, Finnish and Amish samples
(personal communication).

Remarkably, stimulation with 0.1ug/ml LPS yielded effects very similar to stimulation with the
German, Finnish and Amish dust samples, suggesting no clear benefit of farm dust treatment in the
present experimental approach. This was in line with findings from an animal model, which also

!, However, since the different

showed comparable asthma-protective effects for LPS and farm dus
LPS concentrations between the farm dust extracts and LPS were not adjusted to a defined common
stimulation dose, direct comparison of LPS and farm dust induced effects is not valid. The present data

therefore cannot answer the widely discussed issue of defining a safe and ‘protective’ LPS dose, nor



do they help reveal potential ‘add-on’ signals in farm dust extracts, which might further contribute to
the beneficial effects of in vivo farming exposure. In particular, it was not possible to identify
distinctively protective microbial species, since unfractionated dust samples were used in the current
model. Although high concentrations of environmental endotoxin may clearly represent the relative
abundance of gram-negative bacteria, they cannot sufficiently reflect the diversity of microbial sources
encountered in asthma-protective farming environments'*-***, Indeed, 16S rRNA sequencing analyses
performed in the German and Finnish dust samples also revealed a certain percentage of gram-positive
non-LPS containing bacteria from the Firmicutes and Actinobacter phyla. According to the current
state of knowledge, it remains unclear whether the relative contribution of these and other microbes

141,144

found in farm-derived dust samples, including gram-positive bacterial species , parasites and

17 plays a role in mediating the protective effects. Most recent

fungi*®, or even plant-derived products
studies, however, have provided substantial evidence for a specific composition of bacterial

386,146, and

communities rather than individual species being the key determinant for asthma-protection

thereby support the present model-based approach.

4.3.4 Immune profile of farm children at ages 4.5, 6 and 10 years

The current in vitro model suggested profound effects of farming exposures on major signalling
pathways within innate immunity. In order to investigate how sustained microbial stimulation in vivo
might affect these regulatory innate immune genes, gene expression analyses were performed in
immune cells of farm children at three different time points (4.5 years, 6 years, 10 years of age). Indeed,
continuous farm exposure was reflected in the innate immune signature of farm children’s peripheral
blood cells when compared to non-farm children. Analyses revealed a distinct pattern of consistently
decreased pro- and anti-inflammatory genes particularly in the 4.5- and 6-year-old farm

children.

It is reasonable to assume that the immune homoeostasis of farm children, who face repeated
stimulation by a wide range of microbial antigens and environmental allergens, depends largely on
developing and maintaining a state of non-responsiveness to these stimuli. From a molecular
perspective, this is considered to be the result of a multi-levelled counter-regulatory process, similar to
the phenomenon described for chronic low-dose LPS (endotoxin) exposure, termed ‘endotoxin
tolerance’ (ET)**"**¥. Since LPS is known as a major component within the microbial cocktail of the
farming environment, a comparable mechanism may well be proposed for chronic farm exposure.
Induced by repeated and prolonged (LPS) stimulation, TLRs, the first site to sense antigens, change
into a refractory, tolerogenic state, and they become hypo-responsive or even insensitive to ligand re-
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stimulation”’®. During ET, profound gene reprogramming processes lead to transient silencing of pro-

inflammatory genes such as TLRs, while genes encoding anti-inflammatory cytokines or regulatory

389

effector molecules were shown to be over-expressed upon LPS re-exposure”. Molecular mechanisms



underlying the regulation of ET-associated genes are considered to involve TLR4-induced epigenetic
changes such as chromatin remodelling®®’.

The farming environment may serve as an in vivo model to put some of these in vitro findings into a
practical context. Gene expression in farm children is likely to be governed by epigenetic

modifications®”’

as well as genetic variants, which may therefore also contribute to defining the
individual ‘protected’ immune phenotype. Such genetic alterations have been observed for both the
TLR4%>3°1392 and the TNFAIP3*®' gene in response to environmental microbial exposures and may
also explain the partial discrepancy of the current data compared to previous findings from farming
cohorts. Analyses in the present PASTURE/EFRAIM study subsample did not reveal significant
differences in TLR4 gene expression between farm and non-farm children at any age. In contrast,
elevated levels of TLR4 and several other innate immune receptor genes and related signalling cascade
molecules were found in immune cells of children with early life or prenatal farm exposure in the
ALEX?*"!, PARSIFAL**"122188 and also the PASTURE™” study.

Consistent with the ET hypothesis, TNFAIP3 along with other negative regulators of TLR-induced
signalling was shown to be induced in LPS tolerised macrophages’’®. Experimental studies in mice
have further demonstrated that TNFAIP3 is critically involved in maintaining immune homoeostasis

3% Based on

in the gut by regulating constitutive TLR stimulation derived from commensal microbiota
these findings, increased levels of TNFAIP3, which were found in children from the U.S. Amish
farming population''®, indicate a molecular mechanism to control constant TLR4-dependent signalling
induced by the variety of microbial cues in the farming environment. However, the phenotype of farm
children’s immune cells in the present PASTURE study cohort did not fully reflect the ET model and
did not confirm the findings from the Amish farming cohort in particular. Data from this work showing
significantly decreased tolerogenic markers TNFAIP3 and CDZ274 in the farm children compared to
non-farm children at the age of 4.5 and 6 are somehow surprising. The findings were replicated at a
highly significant level in the TRILATERAL cohort comprising 112 7-year-old children from rural
Conghua and urban Hong Kong**', which suggests a stable and true finding.

It is the current conception that the farming environment exerts most effective protective effects when
exposure happens in the very early period of life and already prenatally*®>. Although it is known that
major maturation processes and long-term antigen memory are also established during that phase, our
common understanding of the exact kinetics and the speed of the principal immunological changes that
occur postnatally and during infancy is still limited''®>. An experimental animal model of asthma has
shown that the CD274-dependent development of Treg cells suppressing the development of aberrant
inflammatory processes is induced by microbial stimulation immediately after birth**’. Similarly,
analyses in cord blood samples of infants with maternal farm exposure already exhibited increased

186 "and a higher percentage of Tregs was still found in farm-exposed children of

numbers of Treg cells
the PASTURE cohort at the age of 4.5 years'®”. However, members of our research group have found
a significant decrease in Treg cells between the age of 4.5 and 6 years in the same population®®, and

likewise, school-aged Amish farm children did not show differential Treg numbers when compared to



the Hutterite children''®. These findings suggest that distinct timeframes in which regulatory immune
processes develop may exist, and that effects of long-term microbial exposure may manifest in a certain
immune phenotype at different stages. On the basis of that notion, the present data may not reflect the
immediate changes during the early establishment of immune homoeostasis in farm children.
Decreased expression of both regulatory and inflammatory innate immune genes in farm
children at school age may therefore either be causally linked to their protection from allergic
disease, or may be due to a secondary effect of downregulation, reflecting a suppressed steady
state, a ‘tolerant’ immune phenotype maintained after a period of continuous in vivo microbial
exposure. Data from U.S. and European farming studies reinforce this conception, showing generally
decreased levels of Th2- and Th17-, but also Th1- and Treg cell-associated cytokines in LPS-stimulated
peripheral blood leucocytes of farm children at school age''®!'*>. A recently published study by
Kirjavainen et al. could demonstrate similar effects of suppressed cytokine responses to LPS even in
PASTURE/LUKAS 6-year-old non-farm children when they were exposed to an indoor microbiota

composition similar to farm homes'*.

Given the understanding that the generation of tolerance is a dynamic process, it is reasonable to
suggest that key regulatory molecules such as TNFAIP3, CD274 and CD80 are upregulated in farm
children’s immune cells during the crucial phase of immune maturation in infancy, while
downregulation may occur once immune homoeostasis is established in the healthy child. Such an
educated, or ‘tolerised’ immune system of farm children may not be set at a defined state of constitutive
unresponsiveness, but rather allow dynamic responses to different environmental cues. This was shown
upon stimulation with LPS and the different farm dust extracts in the present farming cohort. Similar
to their non-farming or urban peers respectively, all 4.5-, 6- and 10-year-old farm children consistently
demonstrated a significant decrease in expression of 7LR4, while increasing TNFAIP3, CD274 and
CD&0 in response to LPS and farm dust stimulation. This indicates that the capacity to downregulate
inflammatory molecules and to induce regulatory anti-inflammatory processes is preserved in
farm children.

Interestingly, the 10-year-old German farm children exhibited significantly altered immune responses
upon stimulation with the German farm dust sample compared to those observed when treated with
LPS or the Amish or Finnish dust samples, respectively. This is a striking finding, as it strongly argues
that the immune response is specific to the environmental exposure that the system had been
conditioned for. Although these preliminary findings definitely need confirmation on a larger scale,
they point to a mechanism of long-term immunological tolerance in farm children, with
sustainably altered immune responses to a distinctive ‘cocktail’ of microbial stimuli ‘known’

from continuous early life in vivo exposure.

Despite the protective effect of such environmental exposure, a small number of farm children still

develop asthma, which illustrates clearly the contribution of non-environmental factors when



determining the manifestation of the disease. Indeed, the current data supported this notion in some
part. When stratified by phenotype in the 6-year-old German farming group, peripheral blood samples
of asthmatic farm children exhibited significantly decreased TNFAIP3 expression when compared to
their healthy farming peers. This finding provides further evidence for a key role of TNFAIP3 at the
interface between disease-determining and disease-protecting factors and further reinforces the notion
that - apart from environmental determinants - inherited factors may also play a decisive role in
defining the allergic asthmatic phenotype in children®”°. While strong genetic factors may primarily
determine the development of asthma in farm children, non-inheritable environmental exposures
may be more relevant for disease manifestation in non-farm children. Thus, protective
environmental conditions may not be strong enough to overcome a certain genetic risk profile.
This further implies that the individual’s effective protection from asthma and allergic disease also
requires a genotype which is accessible to the protective environmental stimuli. These considerations,
however, remain speculative at this point, since the genetic background of the investigated study cohort
will still be unknown when this work is completed. However, genome-wide analysis data from the
whole PASTURE study population are to be expected in the near future and may provide a clearer
view on the heritability component of allergic asthma, particularly in the farming population.
Notwithstanding this, previous large-scale GWAS studies in asthma®’**® have already taught us that
complementary explanations besides single heritable factors must exist to determine the phenotype of
allergic asthma in children™”. It is becoming clear that the impact of non-heritable environmental

d*®, and that this particularly applies to

factors on the human immune system cannot be underestimate
exposures in farming environments and the associated changes in innate immunity functions and

asthma risk''®.

Overall, the current results indicate that sustained early life in vivo farming exposure modulates the
expression of genes encoding innate immune signalling molecules, although the immunological
mechanisms underlying the observed effects remain undefined. Future large-scale studies may be able
to particularly elucidate the role of TNFAIP3 and related innate immune pathways in the context of

environmentally mediated childhood asthma protection.

4.4 Concluding remarks and outlook

In conclusion, the immunological studies conducted on children’s peripheral blood immune cells
within the scope of this work demonstrated a straightforward approach providing robust and consistent
findings on the role of TNFAIP3 and related innate immune signalling pathways in the development
of childhood allergic asthma and its environmentally mediated protection. The findings presented
provide further insight into the potential mechanisms underlying the epidemiological ‘farm-effect’ on
asthma by revealing significant immunomodulatory properties of in vitro and in vivo farming exposure.

Corroborated by earlier studies in both mice and humans, the present data suggest that strong



immunostimulatory signals encountered in the farming environment may decrease asthma risk by
activating regulatory TNFAIP3-dependent processes and sustainably altering innate immune
pathways. Even if definite practical implications cannot yet be deduced, the results of this study point
to a significant potential of a microbial-based treatment approach for the prevention of allergic asthma

in children.

Considerable support for this concept comes from the emerging field of microbiome research, which
continues to reinforce the major impact of the human microbial ecosystem on the development of
immune-mediated disorders*’!. Growing evidence suggests that reduced exposure to a biodiverse
microbial environment early in life may cause major disruptions in endogenous commensal microbiota
composition, which in turn results in dysregulated, i.e. non-tolerant immune function promoting
allergic inflammation'***>4%_ The notion that ‘appropriate’ intestinal colonisation early in life may
prevent allergic disease has fuelled the development of bacterial probiotics*****, but clinical effects of
interventions have so far been disappointing®®. From the clinical perspective, however, adjusting
microbiota imbalances through targeted modification of the external microbial exposures and/or the
internal lung and gut microenvironment remains a promising concept for future asthma treatment.
Coupling findings from the farming studies with the novel possibilities in microbiome profiling and
profound immunological research might help to overcome the challenges of designing such a novel
interventional approach*”. Based on most recent findings, it may now be possible to select specific
compositions of beneficial farm-related microbes, to use them in well-structured interventional
studies'*® and evaluate the immunological changes and related clinical outcomes they may provoke.
Modifying the indoor microbial environment may thereby constitute a feasible, non-invasive approach,

implying the natural routes of exposure via inhalation, oral intake, or skin contact.

Considering the vast number of children with severely uncontrolled or residual disease under current
standard treatment, the key to reducing the global burden of asthma will essentially rely on establishing
novel effective strategies for both disease prevention and therapy. Many years have passed since the
‘hygiene hypothesis’ was posed, and its theories have inspired researchers around the globe. Today,
human research is on the verge of ultimately deciphering a causal relationship between early life
microbial exposures and childhood asthma protection. Taking advantage of the valuable knowledge
provided by epidemiological and immunological research over the last few decades may now allow for
the development of translational interdisciplinary clinical trials and thus eventually transfer

immunological findings from ‘bench to bedside’.



5 Summary

Asthma has become one of the most common chronic diseases among children in developed Western
countries, with its prevalence still rising in other parts of the world. Distinct microbial exposures
encountered in traditional farming environments early in life have been associated with robust
protection from developing the disease. The practical relevance of this protective ‘farm-effect’,
however, remains limited as long as the causal mediators and molecular mechanisms have not been
fully identified. In this context, recent findings in mouse models of asthma have suggested a key role
for the enzyme TNFAIP3, which attenuates NF-kB dependent inflammation, but equivalent

immunological studies in humans are missing.

The objective of the present study was therefore to unravel the role of the anti-inflammatory regulator
TNFAIP3 and related innate immune signalling pathways in the development of allergic asthma and
its environmentally mediated protection in children. The study aimed to investigate target gene and
protein expression in peripheral blood mononuclear cells (PBMCs) of allergic asthmatic children
during disease manifestation. It further aimed to examine the effect of in vitro stimulation with farm
dust extracts and bacterial lipopolysaccharide (LPS) on the expression of these target molecules.
Moreover, the study aimed to assess whether children with continuous early life in vivo farm exposure

showed modified TNFAIP3 pathway gene expression in immune cells at the age of 4.5, 6 and 10 years.

Therefore, peripheral blood samples of asthmatic and healthy children from urban and farm
environments from two distinct study population cohorts were analysed. As part of the cross-sectional
CLARA/CLAUS study, a representative nested study sample comprising allergic asthmatic (AA) and
healthy control (HC) school-age children (n = 48) was recruited. PBMCs were isolated from whole
blood samples and stimulated in vitro with four different farm-derived dust extracts (from Germany,
Finland, China and from the Amish farming environment) as well as LPS for 24 hours. Furthermore,
from the prospective birth cohort study PASTURE/EFRAIM, a nested sample of farm (F) and non-
farm (NF) children (n = 100) was selected. Unstimulated and LPS-stimulated whole blood samples
were analysed at the children’s age of 4.5, 6 and 10 years. For both cohorts, gene expression and protein
levels of TNFAIP3 and NF-«xB signalling-associated candidate molecules (TLR4, MyD88, TRAF6,
TNIP2, TAX1BP1, MALTI1, CD80, CD86, CD274, PDCD1) were assessed by gqPCR and Western

Blot analysis respectively.

The following results were achieved and are presented in this thesis:

(i) Analyses in unstimulated PBMC samples revealed significantly reduced expression of the anti-
inflammatory TNFAIP3 gene and protein in allergic asthmatic children compared to healthy
controls, while expression of the pro-inflammatory pathway genes TLR4 and MyDS88 was

increased in allergic asthmatic subjects.



(i) In vitro stimulation with LPS and all four farm dust extracts except the Chinese sample restored
TNFAIP3 expression of asthmatic patients to healthy levels and significantly reduced the
expression of the pro-inflammatory TLR4-pathway-related target genes (TLR4, MyD88, TRAF6).
The observed anti-inflammatory effects were accompanied by significant downregulation of
dendritic cell associated co-stimulatory molecule CD86 and upregulation of the co-inhibitory
molecule CD274 upon stimulation.

(iii) Unstimulated whole blood samples of farm children at ages 4.5, 6 and 10 years exhibited
decreased expression of both pro- and anti-inflammatory genes compared to their non-farming
peers. However, the capacity to induce anti-inflammatory TNFAIP3 and CD274 expression and
to downregulate pro-inflammatory TLR4 levels upon LPS and farm dust stimulation was

preserved at all ages.

The results of this study in children’s peripheral immune cells indicate that farming exposures in vitro
and in vivo may inhibit critical inflammatory processes in human asthma development by activating
regulatory TNFAIP3-dependent processes and shaping innate immune pathways. These findings
increase the potential for novel farm-derived microbe-based treatment and prevention strategies, and

thus may ultimately pave the way for improving asthma management on a global scale.



6 Zusammenfassung

Asthma bronchiale zédhlt in den westlichen Industrienationen mittlerweile zu einer der haufigsten
chronischen Erkrankungen im Kindesalter, wobei in anderen Teilen der Welt weiterhin ein Anstieg der
Prédvalenz verzeichnet wird. Es hat sich gezeigt, dass insbesondere der frithe Kontakt zu bestimmten
mikrobiellen Bestandteilen in der Bauernhof-Umgebung einen wirksamen Schutz vor der Erkrankung
vermittelt. Dieser sogenannte "Bauernhof-Effekt" ist jedoch von geringer praktischer Relevanz,
solange die ursdchlichen Mediatoren und zugrundeliegenden molekularen Mechanismen nicht
vollstandig entschliisselt sind. In diesem Zusammenhang weisen nun jiingste Forschungsergebnisse an
Asthma-Mausmodellen auf eine Schliisselrolle des Enzyms TNFAIP3 hin, welches NF-kB-vermittelte
Entziindungsprozesse hemmt. Dabei fehlen aktuell entsprechende immunologische Untersuchungen

am Menschen.

Ziel der vorliegenden Studie war es daher, die Rolle des entziindungshemmenden Regulators TNFAIP3
und zugehoriger Signalwege der angeborenen Immunitét bei der Entstehung von allergischem Asthma
bronchiale im Kindesalter und seinem umweltvermittelten Schutz zu entschliisseln. Vor diesem
Hintergrund sollten Gen- und Proteinexpression von TNFAIP3 und entsprechenden Zielmolekiilen in
peripheren mononukledren Blutzellen (PBMCs) von Kindern mit allergischem Asthma bei
Krankheitsmanifestation untersucht und anschliefend die Auswirkung von in-vitro-Stimulation mit
Bauernhofstaubextrakten und bakteriellem Lipopolysaccharid (LPS) auf die Expression dieser
Zielmolekiile betrachtet werden. Dariiber hinaus sollte untersucht werden, ob Immunzellen von
Bauernhofkindern nach anhaltender in-vivo-Bauernhofexposition im Alter von 4,5, 6 und 10 Jahren

verdanderte Expressionsmuster ausgewéhlter Zielgene innerhalb des TNFAIP3-Signalweges aufweisen.

Mithilfe von zwei verschiedenen Studienkohorten wurden hierfiir Blutproben von Kindern mit Asthma
bronchiale und von gesunden Kindern aus stiddtischen sowie ldndlichen Gebieten analysiert. Im
Rahmen der CLARA/CLAUS-Querschnittsstudie wurde eine repriasentative Kohorte von Schulkindern
mit allergischem Asthma (AA) sowie gesunden Kontrollen (HC) (n = 48) rekrutiert. Aus
Vollblutproben wurden PBMCs isoliert und in vitro mit vier verschiedenen Bauernhofstaubextrakten
(aus Deutschland, Finnland, China und von den Amischen aus Amerika) sowie mit LPS fiir 24 Stunden
stimuliert. Des Weiteren wurde aus der prospektiven Geburtskohorte PASTURE/EFRAIM eine
Stichprobe von Kindern ausgewéhlt, die am Bauernhof aufgewachsen sind (F) und solchen, die nicht
am Bauernhof aufgewachsen sind (NF) (n = 100). Deren unstimulierte und LPS-stimulierte Blutproben
wurden im Alter von 4,5, 6 und 10 Jahren untersucht. In beiden Studienpopulationen erfolgte die
Auswertung der Gen- und Proteinexpression von TNFAIP3 und Zielmolekiilen des NF-xB Signalwegs
(TLR4, MyD8S8, TRAF6, TNIP2, TAX1BP1, MALTI, CD80, CD86, CD274, PDCD1) mittels gPCR
und Western-Blot.



Folgende Ergebnisse wurden erzielt und sind in der vorliegenden Arbeit dargestellt:

(1)

(i)

(iii)

In unstimulierten PBMCs zeigte sich bei Kindern mit allergischem Asthma im Vergleich zu
gesunden Kontrollen eine signifikant reduzierte Expression des entziindungshemmenden
Regulators TNFAIP3 auf Gen- und Proteinebene bei zugleich erhéhter Expression der
entziindungsférdernden Molekiile des Signalwegs (TLR4, MyD8&S).

In-vitro-Stimulation mit LPS und allen vier Bauernhofextrakten mit Ausnahme der chinesischen
Staubprobe konnte die verminderte Expression von TNFAIP3 bei Asthmatikern auf das Niveau
gesunder Kinder anheben und zugleich die Expression der entziindungsférdernden Zielgene des
TLR4-Signalwegs (TLR4, MyD88, TRAF6) signifikant reduzieren. Der beobachtete
entziindungshemmende Effekt der Stimulation zeigte sich auflerdem in einer deutlichen
Expressionsreduktion des mit dendritischen Zellen assoziierten kostimulatorischen Molekiils
CD&6 bei gleichzeitiger Expressionserhéhung des koinhibitorischen Molekiils CD274.
Unstimulierte Vollblutproben von Bauernhofkindern im Alter von 4,5, 6 und 10 Jahren wiesen
im Vergleich zu Proben von nicht-Bauernhofkindern eine verminderte Expression sowohl
entziindungsférdernder als auch -hemmender Gene auf. Die Fahigkeit zur Expressionserhohung
der entziindungshemmenden Regulatoren TNFAIP3 sowie CD274 sowie Reduktion des
entziindungsférdernden Gens 7LR4 bei LPS- und Bauernhofstaubstimulation blieb jedoch in

jedem Alter erhalten.

Die Daten der vorliegenden Studie an peripheren Immunzellen von Kindern deuten darauf hin, dass

Bauernhof-Expositionen in vitro und in vivo maBigebliche Entziindungsprozesse bei der Entstehung

von Asthma bronchiale hemmen, indem moglicherweise regulatorische TNFAIP3-vermittelte Prozesse

aktiviert und Signalwege der angeborenen Immunitit modifiziert werden. Diese Ergebnisse erdffnen

neue Moglichkeiten flir die Entwicklung mikrobiell-basierter Praventions- und Therapiestrategien und

konnen somit letztlich zu einem optimierten und umfassenderen Konzept zur Entstehung und

Behandlung von Asthma bronchiale bei Kindern beitragen.



7 References

10

11

12

13

14

15

Pearce, N. et al. Worldwide trends in the prevalence of asthma symptoms: phase III of the
International Study of Asthma and Allergies in Childhood (ISAAC). Thorax 62, 758-766,
doi:10.1136/thx.2006.070169 (2007).

Global Initiative for Asthma (GINA). Global Strategy for Asthma Management and Prevention
(Updated 2020). Available at <https.//ginasthma.org/>. Last accessed online 12/06/2020.

Nationale VersorgungsLeitlinic (NVL) Asthma, 3. Auflage (09/2018). Available at
<https://www.leitlinien.de/nvl/asthma >. Last accessed online 12/06/2020.

Murray, C. S. Can inhaled corticosteroids influence the natural history of asthma? Curr Opin
Allergy Clin Immunol 8, 77-81, doi:10.1097/ACI1.0b013e3282f41769 (2008).

Holgate, S. T. Pathophysiology of asthma: what has our current understanding taught us about
new therapeutic approaches? The Journal of allergy and clinical immunology 128, 495-505,
doi:10.1016/j.jaci.2011.06.052 (2011).

Bossley, C. I. et al. Assessment of corticosteroid response in pediatric patients with severe
asthma by using a multidomain approach. The Journal of allergy and clinical immunology 138,
413-420 e416, doi:10.1016/j.jaci.2015.12.1347 (2016).

Anderson, W. C., 3rd & Szefler, S. J. New and future strategies to improve asthma control in
children. The Journal of allergy and clinical immunology 136, 848-859,
doi:10.1016/j.jaci.2015.07.007 (2015).

Raedler, D. & Schaub, B. Immune mechanisms and development of childhood asthma. The
Lancet. Respiratory medicine 2, 647-656, doi:10.1016/s2213-2600(14)70129-8 (2014).

Eder, W., Ege, M. J. & von Mutius, E. The asthma epidemic. The New England journal of
medicine 355, 2226-2235, doi:10.1056/NEJMra054308 (2006).

Depner, M. et al. Clinical and epidemiologic phenotypes of childhood asthma. American
journal of respiratory and critical care medicine 189, 129-138, doi:10.1164/rccm.201307-
11980C (2014).

Moore, W. C. et al. Identification of asthma phenotypes using cluster analysis in the Severe
Asthma Research Program. Am J Respir Crit Care Med 181, 315-323,
doi:10.1164/rccm.200906-08960C (2010).

Wenzel, S. E. Asthma phenotypes: the evolution from clinical to molecular approaches. Nat
Med 18, 716-725, doi:10.1038/nm.2678 (2012).

Anderson, G. P. Endotyping asthma: new insights into key pathogenic mechanisms in a
complex, heterogeneous disease. Lancet 372, 1107-1119, doi:10.1016/S0140-6736(08)61452-
X (2008).

Fuchs, O. et al. The all age asthma cohort (ALLIANCE) - from early beginnings to chronic
disease: a longitudinal cohort study. BMC Pulm Med 18, 140, doi:10.1186/s12890-018-0705-6
(2018).

van Wonderen, K. E. ef al. Stability and predictiveness of multiple trigger and episodic viral
wheeze in preschoolers. Clin Exp Allergy 46, 837-847, doi:10.1111/cea.12660 (2016).



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Garden, F. L., Simpson, J. M., Mellis, C. M., Marks, G. B. & Investigators, C. Change in the
manifestations of asthma and asthma-related traits in childhood: a latent transition analysis. Fur
Respir J 47, 499-509, doi:10.1183/13993003.00284-2015 (2016).

Tai, A. et al. Outcomes of childhood asthma to the age of 50 years. The Journal of allergy and
clinical immunology 133, 1572-1578 ¢1573, doi:10.1016/j.jaci.2013.12.1033 (2014).

Fuchs, O., Bahmer, T., Rabe, K. F. & von Mutius, E. Asthma transition from childhood into
adulthood. The Lancet. Respiratory medicine 5, 224-234, doi:10.1016/S2213-2600(16)30187-
4(2017).

Lodge, C. J. et al. Childhood wheeze phenotypes show less than expected growth in FEV1
across adolescence. Am J Respir Crit Care Med 189, 1351-1358, doi:10.1164/rccm.201308-
14870C (2014).

Bonner, K. & Roberts, G. Does allergy explain why some children have severe asthma? Clin
Exp Allergy 48, 1594-1605, doi:10.1111/cea.13234 (2018).

Licari, A., Manti, S., Chiappini, E., Ciprandi, G. & Marseglia, G. L. Severe asthma in children:
Current goals and unmet needs. Pediatr Allergy Immunol 31 Suppl 24, 40-42,
doi:10.1111/pai.13168 (2020).

Tai, A. et al. The association between childhood asthma and adult chronic obstructive
pulmonary disease. Thorax 69, 805-810, doi:10.1136/thoraxjnl-2013-204815 (2014).

Ferrante, G. & La Grutta, S. The Burden of Pediatric Asthma. Front Pediatr 6, 186,
doi:10.3389/fped.2018.00186 (2018).

Hsu, J., Qin, X., Beavers, S. F. & Mirabelli, M. C. Asthma-Related School Absenteeism,
Morbidity, and Modifiable Factors. Am J Prev Med, doi:10.1016/j.amepre.2015.12.012 (2016).

Zuberbier, T., Lotvall, J., Simoens, S., Subramanian, S. V. & Church, M. K. Economic burden
of inadequate management of allergic diseases in the European Union: a GA(2) LEN review.
Allergy 69, 1275-1279, doi:10.1111/all.12470 (2014).

Barnett, S. B. & Nurmagambetov, T. A. Costs of asthma in the United States: 2002-2007. The
Journal of allergy and clinical immunology 127, 145-152, d0i:10.1016/j.jaci.2010.10.020
(2011).

Haahtela, T. et al. The Finnish experience to save asthma costs by improving care in 1987-2013.
The Journal of allergy and clinical immunology 139, 408-414 ¢402,
doi:10.1016/j.jaci.2016.12.001 (2017).

Schatz, M. & Rosenwasser, L. The allergic asthma phenotype. J Allergy Clin Immunol Pract 2,
645-648; quiz 649, doi:10.1016/j.jaip.2014.09.004 (2014).

Romanet-Manent, S. et al. Allergic vs nonallergic asthma: what makes the difference? Allergy
57, 607-613, doi:10.1034/j.1398-9995.2002.23504.x (2002).

Ring, J. History of allergy in antiquity. Chem Immunol Allergy 100, 2-14,
doi:10.1159/000358422 (2014).

Platts-Mills, T. A. The allergy epidemics: 1870-2010. The Journal of allergy and clinical
immunology 136, 3-13, doi:10.1016/j.jaci.2015.03.048 (2015).

Asher, M. L. et al. Worldwide time trends in the prevalence of symptoms of asthma, allergic
rhinoconjunctivitis, and eczema in childhood: ISAAC Phases One and Three repeat



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

multicountry  cross-sectional surveys. Lancet 368, 733-743, doi:10.1016/S0140-
6736(06)69283-0 (2006).

Lambrecht, B. N. & Hammad, H. The immunology of the allergy epidemic and the hygiene
hypothesis. Nature immunology 18, 1076-1083, doi:10.1038/ni.3829 (2017).

Worldwide variation in prevalence of symptoms of asthma, allergic rhinoconjunctivitis, and
atopic eczema: ISAAC. The International Study of Asthma and Allergies in Childhood
(ISAAC) Steering Committee. Lancet 351, 1225-1232 (1998).

Vartiainen, E., Petays, T., Haahtela, T., Jousilahti, P. & Pekkanen, J. Allergic diseases, skin
prick test responses, and IgE levels in North Karelia, Finland, and the Republic of Karelia,
Russia. The Journal of allergy and clinical immunology 109, 643-648 (2002).

Bjorksten, B. et al. Prevalence of childhood asthma, rhinitis and eczema in Scandinavia and
Eastern Europe. Eur Respir J 12, 432-437, doi:10.1183/09031936.98.12020432 (1998).

von Mutius, E. ef al. Prevalence of asthma and atopy in two areas of West and East Germany.
Am J Respir Crit Care Med 149, 358-364, doi:10.1164/ajrccm.149.2.8306030 (1994).

Nowak, D. et al. Prevalence of respiratory symptoms, bronchial hyperresponsiveness and atopy
among adults: west and east Germany. Eur Respir J 9, 2541-2552 (1996).

Wong, G. W. et al. Prevalence of respiratory and atopic disorders in Chinese schoolchildren.
Clin Exp Allergy 31, 1225-1231 (2001).

Strachan, D. P. Hay fever, hygiene, and household size. BMJ 299, 1259-1260 (1989).
von Mutius, E. et al. Skin test reactivity and number of siblings. BMJ 308, 692-695 (1994).

Strachan, D. P., Harkins, L. S., Johnston, I. D. & Anderson, H. R. Childhood antecedents of
allergic sensitization in young British adults. The Journal of allergy and clinical immunology
99, 6-12 (1997).

Forastiere, F. et al. Socioeconomic status, number of siblings, and respiratory infections in early
life as determinants of atopy in children. Epidemiology 8, 566-570 (1997).

Matricardi, P. M. et al. Sibship size, birth order, and atopy in 11,371 Italian young men. The
Journal of allergy and clinical immunology 101, 439-444 (1998).

Svanes, C., Jarvis, D., Chinn, S. & Burney, P. Childhood environment and adult atopy: results
from the European Community Respiratory Health Survey. The Journal of allergy and clinical
immunology 103, 415-420 (1999).

Bremner, S. A. et al. Infections presenting for clinical care in early life and later risk of hay
fever in two UK birth cohorts. Allergy 63, 274-283, doi:10.1111/.1398-9995.2007.01599.x
(2008).

Jarvis, D., Chinn, S., Luczynska, C. & Burney, P. The association of family size with atopy and
atopic disease. Clin Exp Allergy 27, 240-245 (1997).

Kramer, U., Heinrich, J., Wjst, M. & Wichmann, H. E. Age of entry to day nursery and allergy
in later childhood. Lancet 353, 450-454, doi:10.1016/S0140-6736(98)06329-6 (1999).

Ball, T. M. et al. Siblings, day-care attendance, and the risk of asthma and wheezing during
childhood. The  New  England  journal  of  medicine 343, 538-543,
doi:10.1056/NEJM200008243430803 (2000).



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Rothers, J. et al. Influence of early day-care exposure on total IgE levels through age 3 years.
The  Journal  of allergy  and  clinical  immunology 120, 1201-1207,
doi:10.1016/j.jaci.2007.07.036 (2007).

Smits, H. H. et al. Microbes and asthma: Opportunities for intervention. The Journal of allergy
and clinical immunology 137, 690-697, doi:10.1016/j.jaci.2016.01.004 (2016).

Schaub, B., Lauener, R. & von Mutius, E. The many faces of the hygiene hypothesis. The
Journal of allergy and clinical immunology 117, 969-977; quiz 978,
doi:10.1016/5.jaci.2006.03.003 (2006).

Feldman, A. S., He, Y., Moore, M. L., Hershenson, M. B. & Hartert, T. V. Toward primary
prevention of asthma. Reviewing the evidence for early-life respiratory viral infections as
modifiable risk factors to prevent childhood asthma. Am J Respir Crit Care Med 191, 34-44,
doi:10.1164/rccm.201405-0901PP (2015).

Papadopoulos, N. G. & Kalobatsou, A. Respiratory viruses in childhood asthma. Curr Opin
Allergy Clin Immunol 7,91-95, doi:10.1097/AC1.0b013e328013d501 (2007).

Yazdanbakhsh, M., Kremsner, P. G. & van Ree, R. Allergy, parasites, and the hygiene
hypothesis. Science 296, 490-494, doi:10.1126/science.296.5567.490 (2002).

Flohr, C., Quinnell, R. J. & Britton, J. Do helminth parasites protect against atopy and allergic
disease? Clin Exp Allergy 39, 20-32, doi:10.1111/j.1365-2222.2008.03134.x (2009).

Shirakawa, T., Enomoto, T., Shimazu, S. & Hopkin, J. M. The inverse association between
tuberculin responses and atopic disorder. Science 275, 77-79 (1997).

Alm, J. S., Lilja, G., Pershagen, G. & Scheynius, A. Early BCG vaccination and development
of atopy. Lancet 350, 400-403, doi:10.1016/S0140-6736(97)02207-1 (1997).

Krause, T. G. et al. BCG vaccination and risk of atopy. Jama 289, 1012-1015,
doi:10.1001/jama.289.8.1012 (2003).

Matricardi, P. M., Rosmini, F., Panetta, V., Ferrigno, L. & Bonini, S. Hay fever and asthma in
relation to markers of infection in the United States. The Journal of allergy and clinical
immunology 110, 381-387 (2002).

Kosunen, T. U. et al. Increase of allergen-specific immunoglobulin E antibodies from 1973 to
1994 in a Finnish population and a possible relationship to Helicobacter pylori infections. Clin
Exp Allergy 32, 373-378 (2002).

Chen, Y. & Blaser, M. J. Inverse associations of Helicobacter pylori with asthma and allergy.
Arch Intern Med 167, 821-827, doi:10.1001/archinte.167.8.821 (2007).

Janson, C. ef al. The effect of infectious burden on the prevalence of atopy and respiratory
allergies in Iceland, Estonia, and Sweden. The Journal of allergy and clinical immunology 120,
673-679, doi:10.1016/j.jaci.2007.05.003 (2007).

Matricardi, P. M. et al. Exposure to foodborne and orofecal microbes versus airborne viruses in
relation to atopy and allergic asthma: epidemiological study. BMJ 320, 412-417 (2000).

Pelosi, U. et al The inverse association of salmonellosis in infancy with allergic
rhinoconjunctivitis and asthma at school-age: a longitudinal study. Allergy 60, 626-630,
doi:10.1111/5.1398-9995.2005.00747.x (2005).

Bodner, C., Anderson, W. J., Reid, T. S. & Godden, D. J. Childhood exposure to infection and
risk of adult onset wheeze and atopy. Thorax 55, 383-387 (2000).



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Jarvis, D., Luczynska, C., Chinn, S. & Burney, P. The association of hepatitis A and
Helicobacter pylori with sensitization to common allergens, asthma and hay fever in a
population of young British adults. Allergy 59, 1063-1067, doi:10.1111/5.1398-
9995.2004.00539.x (2004).

Janse, J. J. et al. The association between foodborne and orofecal pathogens and allergic
sensitisation -- EuroPrevall study. Pediatr Allergy Immunol 25,250-256, doi:10.1111/pai.12175
(2014).

Rook, G. A. 99th Dahlem conference on infection, inflammation and chronic inflammatory
disorders: darwinian medicine and the 'hygiene' or 'old friends' hypothesis. Clin Exp Immunol
160, 70-79, doi:10.1111/1.1365-2249.2010.04133.x (2010).

Strachan, D. P., Anderson, H. R., Limb, E. S., O'Neill, A. & Wells, N. A national survey of
asthma prevalence, severity, and treatment in Great Britain. Arch Dis Child 70, 174-178 (1994).

Popp, W., Zwick, H., Steyrer, K., Rauscher, H. & Wanke, T. Sensitization to aeroallergens
depends on environmental factors. Allergy 44, 572-575 (1989).

Hijazi, N., Abalkhail, B. & Seaton, A. Asthma and respiratory symptoms in urban and rural
Saudi Arabia. Eur Respir J 12, 41-44, doi:10.1183/09031936.98.12010041 (1998).

Braback, L. et al. Atopic sensitization and respiratory symptoms among Polish and Swedish
school children. Clin Exp Allergy 24, 826-835, doi:10.1111/j.1365-2222.1994.tb01805.x
(1994).

Weinberg, E. G. Urbanization and childhood asthma: an African perspective. The Journal of
allergy and clinical immunology 105, 224-231 (2000).

Yemaneberhan, H. ef al. Prevalence of wheeze and asthma and relation to atopy in urban and
rural Ethiopia. Lancet 350, 85-90, doi:10.1016/S0140-6736(97)01151-3 (1997).

Rodriguez, A. et al. Urbanisation and asthma in low-income and middle-income countries: a
systematic review of the wurban-rural differences in asthma prevalence. Thorax,
doi:10.1136/thoraxjnl-2018-211793 (2019).

Anderson, H. R. ef al. Ambient particulate pollution and the world-wide prevalence of asthma,
rhinoconjunctivitis and eczema in children: Phase One of the International Study of Asthma and
Allergies in  Childhood (ISAAC). Occup  Environ Med 67, 293-300,
do0i:10.1136/0em.2009.048785 (2010).

Leung, T. F., Ko, F. W. & Wong, G. W. Roles of pollution in the prevalence and exacerbations
of allergic diseases in Asia. The Journal of allergy and clinical immunology 129, 42-47,
do0i:10.1016/j.jaci.2011.11.031 (2012).

Braun-Fahrlander, C. ef al. Respiratory health and long-term exposure to air pollutants in Swiss
schoolchildren. SCARPOL Team. Swiss Study on Childhood Allergy and Respiratory
Symptoms with Respect to Air Pollution, Climate and Pollen. Am J Respir Crit Care Med 155,
1042-1049, doi:10.1164/ajrccm.155.3.9116984 (1997).

Kilpelainen, M., Terho, E. O., Helenius, H. & Koskenvuo, M. Farm environment in childhood
prevents the development of allergies. Clin Exp Allergy 30, 201-208 (2000).

Braun-Fahrlander, C. et al. 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 29, 28-34
(1999).



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Von Ehrenstein, O. S. et al. Reduced risk of hay fever and asthma among children of farmers.
Clin Exp Allergy 30, 187-193 (2000).

Riedler, J., Eder, W., Oberfeld, G. & Schreuer, M. Austrian children living on a farm have less
hay fever, asthma and allergic sensitization. Clin Exp Allergy 30, 194-200 (2000).

Schulze, A., van Strien, R. T., Praml, G., Nowak, D. & Radon, K. Characterisation of asthma
among adults with and without childhood farm contact. Eur Respir J 29, 1169-1173,
doi:10.1183/09031936.00127906 (2007).

Radon, K., Ehrenstein, V., Praml, G. & Nowak, D. Childhood visits to animal buildings and
atopic diseases in adulthood: an age-dependent relationship. Am J Ind Med 46, 349-356,
doi:10.1002/ajim.20000 (2004).

Horak, F., Jr. et al. Parental farming protects children against atopy: longitudinal evidence
involving skin prick tests. Clin Exp Allergy 32, 1155-1159 (2002).

Kiechl-Kohlendorfer, U. er al. Neonatal characteristics and risk of atopic asthma in
schoolchildren: results from a large prospective birth-cohort study. Acta Paediatr 96, 1606-
1610, doi:10.1111/5.1651-2227.2007.00449.x (2007).

Perkin, M. R. & Strachan, D. P. Which aspects of the farming lifestyle explain the inverse
association with childhood allergy? The Journal of allergy and clinical immunology 117, 1374-
1381, doi:10.1016/].jaci.2006.03.008 (2006).

Remes, S. T., livanainen, K., Koskela, H. & Pekkanen, J. Which factors explain the lower
prevalence of atopy amongst farmers' children? Clin Exp Allergy 33, 427-434 (2003).

Kilpelainen, M., Terho, E. O., Helenius, H. & Koskenvuo, M. Childhood farm environment and
asthma and sensitization in young adulthood. Allergy 57, 1130-1135 (2002).

Klintberg, B., Berglund, N., Lilja, G., Wickman, M. & van Hage-Hamsten, M. Fewer allergic
respiratory disorders among farmers' children in a closed birth cohort from Sweden. Eur Respir
J17,1151-1157 (2001).

Braback, L., Hjern, A. & Rasmussen, F. Trends in asthma, allergic rhinitis and eczema among
Swedish conscripts from farming and non-farming environments. A nationwide study over three
decades. Clin Exp Allergy 34, 38-43 (2004).

Wennergren, G. et al. Asthma in late adolescence--farm childhood is protective and the
prevalence increase has levelled off. Pediatr Allergy Immunol 21, 806-813, doi:10.1111/j.1399-
3038.2010.01057.x (2010).

Portengen, L. et al. Low prevalence of atopy in young Danish farmers and farming students
born and raised on a farm. Clin Exp Allergy 32, 247-253 (2002).

Smit, L. A. et al. Hay fever and asthma symptoms in conventional and organic farmers in The
Netherlands. Occup Environ Med 64, 101-107, doi:10.1136/0em.2006.028167 (2007).

Eduard, W., Douwes, J., Omenaas, E. & Heederik, D. Do farming exposures cause or prevent
asthma? Results from a study of adult Norwegian farmers. Thorax 59, 381-386 (2004).

Barnes, M. et al. Crete: does farming explain urban and rural differences in atopy? Clin Exp
Allergy 31, 1822-1828 (2001).

Hoppin, J. A. et al. Pesticides and atopic and nonatopic asthma among farm women in the
Agricultural Health Study. Am J Respir Crit Care Med 177, 11-18, doi:10.1164/rccm.200706-
8210C (2008).



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Adler, A., Tager, I. & Quintero, D. R. Decreased prevalence of asthma among farm-reared
children compared with those who are rural but not farm-reared. The Journal of allergy and
clinical immunology 115, 67-73, doi:10.1016/j.jaci.2004.10.008 (2005).

Chrischilles, E. et al. Asthma prevalence and morbidity among rural Iowa schoolchildren. The
Journal of allergy and clinical immunology 113, 66-71, doi:10.1016/j.jaci.2003.09.037 (2004).

Midodzi, W. K., Rowe, B. H., Majaesic, C. M. & Senthilselvan, A. Reduced risk of physician-
diagnosed asthma among children dwelling in a farming environment. Respirology 12, 692-699,
doi:10.1111/5.1440-1843.2007.01134.x (2007).

Dimich-Ward, H., Chow, Y., Chung, J. & Trask, C. Contact with livestock--a protective effect
against allergies and asthma? Clin Exp Allergy 36, 1122-1129, doi:10.1111/5.1365-
2222.2006.02556.x (2006).

Ernst, P. & Cormier, Y. Relative scarcity of asthma and atopy among rural adolescents raised
on a farm. Am J Respir Crit Care Med 161, 1563-1566, doi:10.1164/ajrccm.161.5.9908119
(2000).

Downs, S. H. et al. Having lived on a farm and protection against allergic diseases in Australia.
Clin Exp Allergy 31, 570-575 (2001).

Wickens, K. et al. Farm residence and exposures and the risk of allergic diseases in New
Zealand children. Allergy 57, 1171-1179 (2002).

Douwes, J. et al. Lifelong farm exposure may strongly reduce the risk of asthma in adults.
Allergy 62, 1158-1165, doi:10.1111/j.1398-9995.2007.01490.x (2007).

Douwes, J. et al. Farm exposure in utero may protect against asthma, hay fever and eczema.
Eur Respir J 32, 603-611, doi:10.1183/09031936.00033707 (2008).

Feng, M. et al. Associations of Early Life Exposures and Environmental Factors With Asthma
Among Children in Rural and Urban Areas of Guangdong, China. Chest 149, 1030-1041,
doi:10.1016/j.chest.2015.12.028 (2016).

Riedler, J. et al. Exposure to farming in early life and development of asthma and allergy: a
cross-sectional survey. Lancet 358, 1129-1133, doi:10.1016/S0140-6736(01)06252-3 (2001).

Leynaert, B. ef al. Does living on a farm during childhood protect against asthma, allergic
rhinitis, and atopy in adulthood? Am J Respir Crit Care Med 164, 1829-1834,
doi:10.1164/ajrcem.164.10.2103137 (2001).

Alfven, T. et al. Allergic diseases and atopic sensitization in children related to farming and
anthroposophic lifestyle--the PARSIFAL study. Allergy 61, 414-421, doi:10.1111/5.1398-
9995.2005.00939.x (2006).

I1li, S. et al. Protection from childhood asthma and allergy in Alpine farm environments-the
GABRIEL Advanced Studies. The Journal of allergy and clinical immunology 129, 1470-1477
e1476, doi:10.1016/j.jaci.2012.03.013 (2012).

Campbell, B. E. et al. Exposure to 'farming' and objective markers of atopy: a systematic review
and meta-analysis. Clin Exp Allergy 45, 744-757, doi:10.1111/cea.12429 (2015).

Genuneit, J. Exposure to farming environments in childhood and asthma and wheeze in rural
populations: a systematic review with meta-analysis. Pediatr Allergy Immunol 23, 509-518,
doi:10.1111/5.1399-3038.2012.01312.x (2012).



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Holt, P. G. & Jones, C. A. The development of the immune system during pregnancy and early
life. Allergy 55, 688-697 (2000).

Lampi, J. et al. Farm environment during infancy and lung function at the age of 31: a
prospective birth cohort study in Finland. BMJ Open 5, ¢007350, doi:10.1136/bmjopen-2014-
007350 (2015).

Ege, M. J. et al. Gene-environment interaction for childhood asthma and exposure to farming
in Central Europe. The Journal of allergy and clinical immunology 127, 138-144, 144 e131-
134, doi:10.1016/.jaci.2010.09.041 (2011).

Stein, M. M. et al. Innate Immunity and Asthma Risk in Amish and Hutterite Farm Children.
The New England journal of medicine 375, 411-421, doi:10.1056/NEJMoal508749 (2016).

Genuneit, J. ef al. The combined effects of family size and farm exposure on childhood hay
fever and atopy. Pediatr Allergy Immunol 24, 293-298, doi:10.1111/pai.12053 (2013).

Bringolf-Isler, B. et al. Association of physical activity, asthma, and allergies: a cohort of
farming and nonfarming children. The Journal of allergy and clinical immunology 132, 743-
746 €744, doi:10.1016/].jaci.2013.03.042 (2013).

Stocklin, L. ef al. Health-related quality of life does not explain the protective effect of farming
on allergies. Pediatr Allergy Immunol 23, 519-521, doi:10.1111/1.1399-3038.2012.01305.x
(2012).

Ege, M. J. et al. Not all farming environments protect against the development of asthma and
wheeze in children. The Journal of allergy and clinical immunology 119, 1140-1147,
doi:10.1016/j.jaci.2007.01.037 (2007).

Elliott, L., Yeatts, K. & Loomis, D. Ecological associations between asthma prevalence and
potential exposure to farming. Eur Respir J 24, 938-941, doi:10.1183/09031936.04.00006404
(2004).

Waser, M. et al. Inverse association of farm milk consumption with asthma and allergy in rural
and suburban populations across Europe. Clin Exp Allergy 37, 661-670, doi:10.1111/j.1365-
2222.2006.02640.x (2007).

Loss, G. et al. The protective effect of farm milk consumption on childhood asthma and atopy:
the GABRIELA study. The Journal of allergy and clinical immunology 128, 766-773 €764,
doi:10.1016/j.jaci.2011.07.048 (2011).

von Mutius, E. The microbial environment and its influence on asthma prevention in early life.
The Journal of allergy and clinical immunology 137, 680-689, doi:10.1016/j.jaci.2015.12.1301
(2016).

Sudre, B. et al. High levels of grass pollen inside European dairy farms: a role for the allergy-
protective effects of environment? Allergy 64, 1068-1073, doi:10.1111/5.1398-
9995.2009.01958.x (2009).

Normand, A. C. ef al. Airborne cultivable microflora and microbial transfer in farm buildings
and rural dwellings. Occup Environ Med 68, 849-855, doi:10.1136/0em.2010.061879 (2011).

Schram-Bijkerk, D. ef al. Bacterial and fungal agents in house dust and wheeze in children: the
PARSIFAL study. Clin Exp Allergy 35, 1272-1278, doi:10.1111/j.1365-2222.2005.02339.x
(2005).



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

van Strien, R. T. et al. Microbial exposure of rural school children, as assessed by levels of N-
acetyl-muramic acid in mattress dust, and its association with respiratory health. The Journal of
allergy and clinical immunology 113, 860-867, doi:10.1016/j.jaci.2004.01.783 (2004).

Weber, J. et al. Asthma and the hygiene hypothesis. Does cleanliness matter? 4m J Respir Crit
Care Med 191, 522-529, doi:10.1164/rccm.201410-18990C (2015).

von Mutius, E. et al. Exposure to endotoxin or other bacterial components might protect against
the development of atopy. Clin Exp Allergy 30, 1230-1234 (2000).

Gereda, J. E., Leung, D. Y. & Liu, A. H. Levels of environmental endotoxin and prevalence of
atopic disease. JAMA 284, 1652-1653 (2000).

Waser, M. et al. Determinants of endotoxin levels in living environments of farmers' children
and their peers from rural areas. Clin Exp Allergy 34, 389-397 (2004).

Braun-Fahrlander, C. ef al. Environmental exposure to endotoxin and its relation to asthma in
school-age children. The New England journal of medicine 347, 869-877,
doi:10.1056/NEJM0a020057 (2002).

Celedon, J. C. et al. Exposure to dust mite allergen and endotoxin in early life and asthma and
atopy in childhood. The Journal of allergy and clinical immunology 120, 144-149,
d0i:10.1016/j.jaci.2007.03.037 (2007).

Gehring, U., Bischof, W., Fahlbusch, B., Wichmann, H. E. & Heinrich, J. House dust endotoxin
and allergic sensitization in children. Am J Respir Crit Care Med 166, 939-944,
doi:10.1164/rccm.200203-2560C (2002).

Mendy, A. et al. Endotoxin exposure and childhood wheeze and asthma: a meta-analysis of
observational studies. J Asthma 48, 685-693, doi:10.3109/02770903.2011.594140 (2011).

Rennie, D. C., Lawson, J. A., Senthilselvan, A., Willson, P. J. & Dosman, J. A. Domestic
endotoxin exposure and asthma in children: epidemiological studies. Front Biosci (Elite Ed) 4,
56-73 (2012).

Vogel, K. et al. Animal shed Bacillus licheniformis spores possess allergy-protective as well as
inflammatory properties. The Journal of allergy and clinical immunology 122, 307-312, 312
€301-308, doi:10.1016/j.jaci.2008.05.016 (2008).

Pakarinen, J. et al. Predominance of Gram-positive bacteria in house dust in the low-allergy risk
Russian Karelia. Environ Microbiol 10, 3317-3325, doi:10.1111/j.1462-2920.2008.01723.x
(2008).

Debarry, J. et al. Acinetobacter lwoffii and Lactococcus lactis strains isolated from farm
cowsheds possess strong allergy-protective properties. The Journal of allergy and clinical
immunology 119, 1514-1521, doi:10.1016/j.jaci.2007.03.023 (2007).

Ege, M. J. et al. Exposure to environmental microorganisms and childhood asthma. The New
England journal of medicine 364, 701-709, doi:10.1056/NEJMo0al1007302 (2011).

Ege, M. J. et al. Environmental bacteria and childhood asthma. Allergy 67, 1565-1571,
doi:10.1111/al1.12028 (2012).

Haahtela, T. et al. The biodiversity hypothesis and allergic disease: world allergy organization
position statement. World Allergy Organ J 6, 3, doi:10.1186/1939-4551-6-3 (2013).

Kirjavainen, P. V. ef al. Farm-like indoor microbiota in non-farm homes protects children from
asthma development. Nat Med 25, 1089-1095, doi:10.1038/s41591-019-0469-4 (2019).



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Murphy, K. & Weaver, C. Janeway’s Immunobiology - 9th Edition. (Garland Science, Taylor
& Francis Group, LLC, 2016).

Turvey, S. E. & Broide, D. H. Innate immunity. The Journal of allergy and clinical immunology
125, S24-32, doi:10.1016/j.jaci.2009.07.016 (2010).

Kumar, H., Kawai, T. & Akira, S. Pathogen recognition by the innate immune system. /nt Rev
Immunol 30, 16-34, doi:10.3109/08830185.2010.529976 (2011).

Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nature
449, 819-826, doi:10.1038/nature06246 (2007).

Matzinger, P. The danger model: a renewed sense of self. Science 296, 301-305,
doi:10.1126/science.1071059 (2002).

Seong, S. Y. & Matzinger, P. Hydrophobicity: an ancient damage-associated molecular pattern
that initiates innate immune responses. Nat Rev Immunol 4, 469-478, do0i:10.1038/nri1372
(2004).

Bonilla, F. A. & Oettgen, H. C. Adaptive immunity. The Journal of allergy and clinical
immunology 125, S33-40, doi:10.1016/j.jaci.2009.09.017 (2010).

Lafferty, K. J. & Cunningham, A. J. A new analysis of allogeneic interactions. Aust J Exp Biol
Med Sci 53, 27-42 (1975).

Lenschow, D. J., Walunas, T. L. & Bluestone, J. A. CD28/B7 system of T cell costimulation.
Annual review of immunology 14, 233-258, doi:10.1146/annurev.immunol.14.1.233 (1996).

Abbas, A. K., Murphy, K. M. & Sher, A. Functional diversity of helper T lymphocytes. Nature
383, 787-793, do0i:10.1038/383787a0 (1996).

Dong, C. TH17 cells in development: an updated view of their molecular identity and genetic
programming. Nat Rev Immunol 8, 337-348, doi:10.1038/nri2295 (2008).

Vignali, D. A., Collison, L. W. & Workman, C. J. How regulatory T cells work. Nat Rev
Immunol 8, 523-532, doi:10.1038/nri2343 (2008).

Umetsu, D. T. & DeKruyff, R. H. THI and TH2 CD4+ cells in human allergic diseases. The
Journal of allergy and clinical immunology 100, 1-6, doi:10.1016/s0091-6749(97)70186-6
(1997).

Holt, P. G., Macaubas, C., Stumbles, P. A. & Sly, P. D. The role of allergy in the development
of asthma. Nature 402, B12-17, doi:10.1038/35037009 (1999).

Woodruff, P. G. et al. T-helper type 2-driven inflammation defines major subphenotypes of
asthma. Am J Respir Crit Care Med 180, 388-395, doi:10.1164/rccm.200903-03920C (2009).

Wenzel, S. et al. Dupilumab in persistent asthma with elevated eosinophil levels. The New
England journal of medicine 368, 2455-2466, doi:10.1056/NEJMoal1304048 (2013).

Ortega, H. G. ef al. Mepolizumab treatment in patients with severe eosinophilic asthma. The
New England journal of medicine 371, 1198-1207, doi:10.1056/NEJMo0a1403290 (2014).

Wills-Karp, M. Immunologic basis of antigen-induced airway hyperresponsiveness. Annual
review of immunology 17, 255-281, doi:10.1146/annurev.immunol.17.1.255 (1999).



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Mosmann, T. R. & Coffman, R. L. TH1 and TH2 cells: different patterns of lymphokine
secretion lead to different functional properties. Annual review of immunology 7, 145-173,
doi:10.1146/annurev.iy.07.040189.001045 (1989).

Lambrecht, B. N. & Hammad, H. The immunology of asthma. Nature immunology 16, 45-56,
doi:10.1038/ni.3049 (2015).

Holt, P. G., Upham, J. W. & Sly, P. D. Contemporaneous maturation of immunologic and
respiratory functions during early childhood: implications for development of asthma
prevention strategies. The Journal of allergy and clinical immunology 116, 16-24; quiz 25,
doi:10.1016/j.jaci.2005.04.017 (2005).

Pfefferle, P. 1. et al. Cord blood allergen-specific IgE is associated with reduced IFN-gamma
production by cord blood cells: the Protection against Allergy-Study in Rural Environments
(PASTURE) Study. The Journal of allergy and clinical immunology 122, 711-716,
doi:10.1016/j.jaci.2008.06.035 (2008).

Tang, M. L., Kemp, A. S., Thorburn, J. & Hill, D. J. Reduced interferon-gamma secretion in
neonates and subsequent atopy. Lancet 344, 983-985 (1994).

Martinez, F. D. et al. Association of interleukin-2 and interferon-gamma production by blood
mononuclear cells in infancy with parental allergy skin tests and with subsequent development
of atopy. The Journal of allergy and clinical immunology 96, 652-660 (1995).

Prescott, S. L. et al. Development of allergen-specific T-cell memory in atopic and normal
children. Lancet 353, 196-200, doi:10.1016/S0140-6736(98)05104-6 (1999).

Neaville, W. A. et al. Developmental cytokine response profiles and the clinical and
immunologic expression of atopy during the first year of life. The Journal of allergy and clinical
immunology 112, 740-746, doi:10.1016/s0091-6749(03)01868-2 (2003).

Stern, D. A., Guerra, S., Halonen, M., Wright, A. L. & Martinez, F. D. Low IFN-gamma
production in the first year of life as a predictor of wheeze during childhood. The Journal of
allergy and clinical immunology 120, 835-841, doi:10.1016/j.jaci.2007.05.050 (2007).

Umetsu, D. T., Mclntire, J. J., Akbari, O., Macaubas, C. & DeKruyff, R. H. Asthma: an
epidemic of dysregulated immunity. Nature immunology 3, 715-720, doi:10.1038/ni0802-715
(2002).

Pfefferle, P. I. et al. Cord blood cytokines are modulated by maternal farming activities and
consumption of farm dairy products during pregnancy: the PASTURE Study. The Journal of
allergy and clinical immunology 125, 108-115 ¢101-103, doi:10.1016/j.jaci.2009.09.019
(2010).

Gereda, J. E. et al. Relation between house-dust endotoxin exposure, type 1 T-cell development,
and allergen sensitisation in infants at high risk of asthma. Lancet 355, 1680-1683,
doi:10.1016/s0140-6736(00)02239-x (2000).

Stern, D. A. et al. Exposure to a farming environment has allergen-specific protective effects
on TH2-dependent isotype switching in response to common inhalants. The Journal of allergy
and clinical immunology 119, 351-358, doi:10.1016/].jaci.2006.10.013 (2007).

Peters, M. et al. Inhalation of stable dust extract prevents allergen induced airway inflammation
and hyperresponsiveness. Thorax 61, 134-139, doi:10.1136/thx.2005.049403 (2006).

Peters, M. et al. Arabinogalactan isolated from cowshed dust extract protects mice from allergic
airway inflammation and sensitization. The Journal of allergy and clinical immunology 126,
648-656 €641-644, doi:10.1016/5.jaci.2010.05.011 (2010).



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

Hansen, G., Berry, G., DeKruyff, R. H. & Umetsu, D. T. Allergen-specific Thl cells fail to
counterbalance Th2 cell-induced airway hyperreactivity but cause severe airway inflammation.
J Clin Invest 103, 175-183, doi:10.1172/JCI5155 (1999).

Stephens, R., Randolph, D. A., Huang, G., Holtzman, M. J. & Chaplin, D. D. Antigen-
nonspecific recruitment of Th2 cells to the lung as a mechanism for viral infection-induced
allergic asthma. J Immunol 169, 5458-5467, doi:10.4049/jimmunol.169.10.5458 (2002).

Hollams, E. M. et al. Elucidation of asthma phenotypes in atopic teenagers through parallel
immunophenotypic and clinical profiling. The Journal of allergy and clinical immunology 124,
463-470, 470 e461-416, doi:10.1016/j.jaci.2009.06.019 (2009).

Larche, M. Regulatory T cells in allergy and asthma. Chest 132, 1007-1014,
doi:10.1378/chest.06-2434 (2007).

Hartl, D. et al. Quantitative and functional impairment of pulmonary CD4+CD25hi regulatory
T cells in pediatric asthma. The Journal of allergy and clinical immunology 119, 1258-1266,
d0i:10.1016/j.jaci.2007.02.023 (2007).

Mamessier, E. et al. T-cell activation during exacerbations: a longitudinal study in refractory
asthma. Allergy 63, 1202-1210, doi:10.1111/3.1398-9995.2008.01687.x (2008).

Schaub, B. et al. Maternal farm exposure modulates neonatal immune mechanisms through
regulatory T cells. The Journal of allergy and clinical immunology 123, 774-782 €775,
d0i:10.1016/j.jaci.2009.01.056 (2009).

Lluis, A. et al. Increased regulatory T-cell numbers are associated with farm milk exposure and
lower atopic sensitization and asthma in childhood. The Journal of allergy and clinical
immunology 133, 551-559, doi:10.1016/j.jaci.2013.06.034 (2014).

Frei, R. et al. Expression of genes related to anti-inflammatory pathways are modified among
farmers' children. PLoS One 9, €91097, doi:10.1371/journal.pone.0091097 (2014).

Wilson, M. S. et al. Suppression of allergic airway inflammation by helminth-induced
regulatory T cells. J Exp Med 202, 1199-1212, doi:10.1084/jem.20042572 (2005).

van der Vlugt, L. et al. Schistosome-induced pulmonary B cells inhibit allergic airway
inflammation and display a reduced Th2-driving function. Int J Parasitol 47, 545-554,
doi:10.1016/j.ijpara.2017.02.002 (2017).

Arnold, 1. C. et al. Helicobacter pylori infection prevents allergic asthma in mouse models
through the induction of regulatory T cells. J Clin Invest 121, 3088-3093, doi:10.1172/JCI45041
(2011).

Oertli, M. et al. DC-derived IL-18 drives Treg differentiation, murine Helicobacter pylori-
specific immune tolerance, and asthma protection. J Clin Invest 122, 1082-1096,
doi:10.1172/JC161029 (2012).

Zhao, J., Lloyd, C. M. & Noble, A. Th17 responses in chronic allergic airway inflammation
abrogate regulatory T-cell-mediated tolerance and contribute to airway remodeling. Mucosal
Immunol 6, 335-346, doi:10.1038/mi.2012.76 (2013).

Alcorn, J. F., Crowe, C. R. & Kolls, J. K. TH17 cells in asthma and COPD. Annu Rev Physiol
72, 495-516, doi:10.1146/annurev-physiol-021909-135926 (2010).

Lambrecht, B. N. & Hammad, H. Lung dendritic cells in respiratory viral infection and asthma:
from protection to immunopathology. Annual review of immunology 30, 243-270,
doi:10.1146/annurev-immunol-020711-075021 (2012).



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

Banchereau, J. ef al. Immunobiology of dendritic cells. Annual review of immunology 18, 767-
811, doi:10.1146/annurev.immunol.18.1.767 (2000).

Gill, M. A. The role of dendritic cells in asthma. The Journal of allergy and clinical immunology
129, 889-901, doi:10.1016/j.jaci.2012.02.028 (2012).

Collin, M. & Bigley, V. Human dendritic cell subsets: an update. Immunology 154, 3-20,
doi:10.1111/imm.12888 (2018).

van Rijt, L. S. et al. In vivo depletion of lung CD11c¢+ dendritic cells during allergen challenge
abrogates the characteristic features of asthma. J Exp Med 201, 981-991,
doi:10.1084/jem.20042311 (2005).

Lewkowich, L. P. et al. Allergen uptake, activation, and IL-23 production by pulmonary myeloid
DCs drives airway hyperresponsiveness in asthma-susceptible mice. PLoS One 3, ¢3879,
doi:10.1371/journal.pone.0003879 (2008).

de Heer, H. J. et al. Essential role of lung plasmacytoid dendritic cells in preventing asthmatic
reactions to harmless inhaled antigen. J Exp Med 200, 89-98, doi:10.1084/jem.20040035
(2004).

Kool, M. et al. An anti-inflammatory role for plasmacytoid dendritic cells in allergic airway
inflammation. J Immunol 183, 1074-1082, doi:10.4049/jimmunol.0900471 (2009).

Ito, T. et al. Plasmacytoid dendritic cells prime IL-10-producing T regulatory cells by inducible
costimulator ligand. J Exp Med 204, 105-115, doi:10.1084/jem.20061660 (2007).

Silver, E. et al. Lower levels of plasmacytoid dendritic cells in peripheral blood are associated
with a diagnosis of asthma 6 yr after severe respiratory syncytial virus bronchiolitis. Pediatr
Allergy Immunol 20, 471-476, doi:10.1111/j.1399-3038.2008.00818.x (2009).

Upham, J. W. et al. Plasmacytoid dendritic cells during infancy are inversely associated with
childhood respiratory tract infections and wheezing. The Journal of allergy and clinical
immunology 124, 707-713 €702, doi:10.1016/.jaci.2009.07.009 (2009).

Kaario, H. et al. Circulating Dendritic Cells, Farm Exposure and Asthma at Early Age. Scand J
Immunol 83, 18-25, doi:10.1111/s}i.12389 (2016).

Martikainen, M. V. et al. Farm exposures are associated with lower percentage of circulating
myeloid dendritic cell subtype 2 at age 6. Allergy 70, 1278-1287, doi:10.1111/all.12682 (2015).

Gorelik, L. et al. Modulation of dendritic cell function by cowshed dust extract. Innate Immun
14, 345-355, doi:10.1177/1753425908098006 (2008).

Lambrecht, B. N. & Hammad, H. The airway epithelium in asthma. Nat Med 18, 684-692,
doi:10.1038/nm.2737 (2012).

Saito, T., Yamamoto, T., Kazawa, T., Gejyo, H. & Naito, M. Expression of toll-like receptor 2
and 4 in lipopolysaccharide-induced lung injury in mouse. Cell Tissue Res 321, 75-88,
doi:10.1007/s00441-005-1113-9 (2005).

Hammad, H. & Lambrecht, B. N. Barrier Epithelial Cells and the Control of Type 2 Immunity.
Immunity 43, 29-40, doi:10.1016/j.immuni.2015.07.007 (2015).

Neill, D. R. ef al. Nuocytes represent a new innate effector leukocyte that mediates type-2
immunity. Nature 464, 1367-1370, doi:10.1038/nature08900 (2010).



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Kato, A. Group 2 Innate Lymphoid Cells in Airway Diseases. Chest 156, 141-149,
do0i:10.1016/j.chest.2019.04.101 (2019).

Halim, T. Y. et al. Group 2 innate lymphoid cells are critical for the initiation of adaptive T
helper 2 cell-mediated allergic lung inflammation. Immunity 40, 425-435,
d0i:10.1016/j.immuni.2014.01.011 (2014).

Maazi, H. et al. Activated plasmacytoid dendritic cells regulate type 2 innate lymphoid cell-
mediated airway hyperreactivity. The Journal of allergy and clinical immunology 141, 893-905
€896, doi:10.1016/j.jaci.2017.04.043 (2018).

Smith, S. G. et al. Increased numbers of activated group 2 innate lymphoid cells in the airways
of patients with severe asthma and persistent airway eosinophilia. The Journal of allergy and
clinical immunology 137, 75-86 ¢78, doi:10.1016/j.jaci.2015.05.037 (2016).

Chen, R. et al. Allergen-induced Increases in Sputum Levels of Group 2 Innate Lymphoid Cells
in Subjects with Asthma. Am J Respir Crit Care Med 196, 700-712, doi:10.1164/rccm.201612-
24270C (2017).

Bartemes, K. R., Kephart, G. M., Fox, S. J. & Kita, H. Enhanced innate type 2 immune response
in peripheral blood from patients with asthma. The Journal of allergy and clinical immunology
134, 671-678 674, doi:10.1016/j.jaci.2014.06.024 (2014).

Gury-BenAri, M. ef al. The Spectrum and Regulatory Landscape of Intestinal Innate Lymphoid
Cells Are Shaped by the Microbiome. Cell 166, 1231-1246 1213,
do0i:10.1016/j.cell.2016.07.043 (2016).

Lewis, G. et al. Dietary Fiber-Induced Microbial Short Chain Fatty Acids Suppress ILC2-
Dependent Airway Inflammation. Front Immunol 10, 2051, doi:10.3389/fimmu.2019.02051
(2019).

Sokol, C. L. et al. Basophils function as antigen-presenting cells for an allergen-induced T
helper type 2 response. Nature immunology 10, 713-720, doi:10.1038/ni.1738 (2009).

Tang, H. ef al. The T helper type 2 response to cysteine proteases requires dendritic cell-
basophil cooperation via ROS-mediated signaling. Nature immunology 11, 608-617,
doi:10.1038/ni.1883 (2010).

Hammad, H. ef al. Inflammatory dendritic cells--not basophils--are necessary and sufficient for
induction of Th2 immunity to inhaled house dust mite allergen. J Exp Med 207, 2097-2111,
do0i:10.1084/jem.20101563 (2010).

Umetsu, D. T. & Dekruyff, R. H. Natural killer T cells are important in the pathogenesis of
asthma: the many pathways to asthma. The Journal of allergy and clinical immunology 125,
975-979, doi:10.1016/].jaci.2010.02.006 (2010).

Olszak, T. et al. Microbial exposure during early life has persistent effects on natural killer T
cell function. Science 336, 489-493, doi:10.1126/science.1219328 (2012).

Lu, Y. C., Yeh, W. C. & Ohashi, P. S. LPS/TLR4 signal transduction pathway. Cytokine 42,
145-151, doi:10.1016/j.cyt0.2008.01.006 (2008).

Liu, T., Zhang, L., Joo, D. & Sun, S. C. NF-kappaB signaling in inflammation. Signal Transduct
Target Ther 2, doi:10.1038/sigtrans.2017.23 (2017).

Zanoni, 1. et al. CD14 controls the LPS-induced endocytosis of Toll-like receptor 4. Cell 147,
868-880, doi:10.1016/j.cell.2011.09.051 (2011).



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

Kagan, J. C. & Medzhitov, R. Phosphoinositide-mediated adaptor recruitment controls Toll-like
receptor signaling. Cell 125, 943-955, doi:10.1016/j.cell.2006.03.047 (2006).

Schnare, M. et al. Toll-like receptors control activation of adaptive immune responses. Nature
immunology 2, 947-950, doi:10.1038/ni712 (2001).

Sporri, R. & Reis ¢ Sousa, C. Inflammatory mediators are insufficient for full dendritic cell
activation and promote expansion of CD4+ T cell populations lacking helper function. Nature
immunology 6, 163-170, doi:10.1038/ni1162 (2005).

Iwasaki, A. & Medzhitov, R. Toll-like receptor control of the adaptive immune responses.
Nature immunology 5, 987-995, doi:10.1038/ni1112 (2004).

Trompette, A. et al. Allergenicity resulting from functional mimicry of a Toll-like receptor
complex protein. Nature 457, 585-588, doi:10.1038/nature07548 (2009).

Tesse, R., Pandey, R. C. & Kabesch, M. Genetic variations in toll-like receptor pathway genes
influence asthma and atopy. Allergy 66, 307-316, doi:10.1111/1.1398-9995.2010.02489.x
(2011).

Eder, W. et al. Toll-like receptor 2 as a major gene for asthma in children of European farmers.
The Journal of allergy and clinical immunology 113, 482-488, doi:10.1016/].jaci.2003.12.374
(2004).

Conrad, M. L. ef al. Maternal TLR signaling is required for prenatal asthma protection by the
nonpathogenic microbe Acinetobacter Iwoffii F78. J Exp Med 206, 2869-2877,
doi:10.1084/jem.20090845 (2009).

Velasco, G. et al. Toll-like receptor 4 or 2 agonists decrease allergic inflammation. 4m J Respir
Cell Mol Biol 32, 218-224, doi:10.1165/rcmb.2003-04350C (2005).

Rodriguez, D. et al. Bacterial lipopolysaccharide signaling through Toll-like receptor 4
suppresses asthma-like responses via nitric oxide synthase 2 activity. J Immunol 171, 1001-
1008 (2003).

Aumeunier, A. et al. Systemic Toll-like receptor stimulation suppresses experimental allergic
asthma and autoimmune diabetes in NOD mice. PLoS One 5, el1l484,
doi:10.1371/journal.pone.0011484 (2010).

Ege, M. I. et al. Prenatal farm exposure is related to the expression of receptors of the innate
immunity and to atopic sensitization in school-age children. The Journal of allergy and clinical
immunology 117, 817-823, doi:10.1016/j.jaci.2005.12.1307 (2006).

Lauener, R. P. et al. Expression of CD14 and Toll-like receptor 2 in farmers' and non-farmers'
children. Lancet 360, 465-466, doi:10.1016/S0140-6736(02)09641-1 (2002).

Kawai, T., Adachi, O., Ogawa, T., Takeda, K. & Akira, S. Unresponsiveness of MyD8&8-
deficient mice to endotoxin. Immunity 11, 115-122, doi:10.1016/s1074-7613(00)80086-2
(1999).

Adachi, O. et al. Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-
mediated function. Immunity 9, 143-150, doi:10.1016/s1074-7613(00)80596-8 (1998).

Campbell, E., Kunkel, S. L., Strieter, R. M. & Lukacs, N. W. Differential roles of IL-18 in
allergic airway disease: induction of eotaxin by resident cell populations exacerbates eosinophil
accumulation. J Immunol 164, 1096-1102, doi:10.4049/jimmunol.164.2.1096 (2000).



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

Yasuda, K., Nakanishi, K. & Tsutsui, H. Interleukin-18 in Health and Disease. Int J Mol Sci 20,
doi:10.3390/ijms20030649 (2019).

Deng, L. et al. Activation of the IkappaB kinase complex by TRAF6 requires a dimeric
ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain. Cell 103, 351-361,
doi:10.1016/s0092-8674(00)00126-4 (2000).

Takaesu, G. et al. TAK1 is critical for IkappaB kinase-mediated activation of the NF-kappaB
pathway. J Mol Biol 326, 105-115, doi:10.1016/s0022-2836(02)01404-3 (2003).

Edwards, M. R. et al. Targeting the NF-kappaB pathway in asthma and chronic obstructive
pulmonary disease. Pharmacol Ther 121, 1-13, doi:10.1016/j.pharmthera.2008.09.003 (2009).

Kawai, T. & Akira, S. The role of pattern-recognition receptors in innate immunity: update on
Toll-like receptors. Nature immunology 11, 373-384, doi:10.1038/ni.1863 (2010).

Boone, D. L. et al. The ubiquitin-modifying enzyme A20 is required for termination of Toll-
like receptor responses. Nature immunology 5, 1052-1060, doi:10.1038/ni1110 (2004).

Catrysse, L., Vereecke, L., Beyaert, R. & van Loo, G. A20 in inflammation and autoimmunity.
Trends in immunology 35, 22-31, doi:10.1016/5.it.2013.10.005 (2014).

Krikos, A., Laherty, C. D. & Dixit, V. M. Transcriptional activation of the tumor necrosis factor
alpha-inducible zinc finger protein, A20, is mediated by kappa B elements. The Journal of
biological chemistry 267, 17971-17976 (1992).

Wertz, 1. E. et al. De-ubiquitination and ubiquitin ligase domains of A20 downregulate NF-
kappaB signalling. Nature 430, 694-699, doi:10.1038/naturc02794 (2004).

Shembade, N., Ma, A. & Harhaj, E. W. Inhibition of NF-kappaB signaling by A20 through
disruption  of  ubiquitin  enzyme  complexes. Science 327, 1135-1139,
doi:10.1126/science.1182364 (2010).

Iwai, K. Diverse ubiquitin signaling in NF-kappaB activation. Trends Cell Biol 22, 355-364,
doi:10.1016/j.tcb.2012.04.001 (2012).

Skaug, B. et al. Direct, noncatalytic mechanism of IKK inhibition by A20. Mol Cell 44, 559-
571, doi:10.1016/j.molcel.2011.09.015 (2011).

Hammer, G. E. et al. Expression of A20 by dendritic cells preserves immune homeostasis and
prevents colitis and spondyloarthritis. Nature immunology 12, 1184-1193, doi:10.1038/ni.2135
(2011).

Matmati, M. et al. A20 (TNFAIP3) deficiency in myeloid cells triggers erosive polyarthritis
resembling theumatoid arthritis. Nature genetics 43, 908-912, doi:10.1038/ng.874 (2011).

Vereecke, L. et al. Enterocyte-specific A20 deficiency sensitizes to tumor necrosis factor-
induced toxicity and experimental colitis. J Exp Med 207, 1513-1523,
doi:10.1084/jem.20092474 (2010).

Vroman, H. et al. TNF-alpha-induced protein 3 levels in lung dendritic cells instruct TH2 or
TH17 cell differentiation in eosinophilic or neutrophilic asthma. The Journal of allergy and
clinical immunology 141, 1620-1633 ¢1612, doi:10.1016/j.jaci.2017.08.012 (2018).

Schuijs, M. J. et al. Farm dust and endotoxin protect against allergy through A20 induction in
lung epithelial cells. Science 349, 1106-1110, doi:10.1126/science.aac6623 (2015).



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

Kelly, C., Shields, M. D., Elborn, J. S. & Schock, B. C. A20 regulation of nuclear factor-
kappaB: perspectives for inflammatory lung disease. Am J Respir Cell Mol Biol 44, 743-748,
doi:10.1165/remb.2010-0339TR (2011).

Musone, S. L. et al. Multiple polymorphisms in the TNFAIP3 region are independently
associated with systemic lupus erythematosus. Nature genetics 40, 1062-1064,
doi:10.1038/ng.202 (2008).

Verstrepen, L. et al. Expression, biological activities and mechanisms of action of A20
(TNFAIP3). Biochem Pharmacol 80, 2009-2020, doi:10.1016/j.bcp.2010.06.044 (2010).

Verstrepen, L., Verhelst, K., Carpentier, I. & Beyaert, R. TAX1BP1, a ubiquitin-binding
adaptor protein in innate immunity and beyond. Trends Biochem Sci 36, 347-354,
doi:10.1016/j.tibs.2011.03.004 (2011).

Verstrepen, L., Carpentier, 1., Verhelst, K. & Beyaert, R. ABINs: A20 binding inhibitors of NF-
kappa B and apoptosis  signaling.  Biochem  Pharmacol 78, 105-114,
doi:10.1016/j.bcp.2009.02.009 (2009).

Van Huffel, S., Delaei, F., Heyninck, K., De Valck, D. & Beyaert, R. Identification of a novel
A20-binding inhibitor of nuclear factor-kappa B activation termed ABIN-2. The Journal of
biological chemistry 276, 30216-30223, doi:10.1074/jbc.M 100048200 (2001).

Shembade, N., Harhaj, N. S., Liebl, D. J. & Harhaj, E. W. Essential role for TAX1BP1 in the
termination of TNF-alpha-, IL-1- and LPS-mediated NF-kappaB and JNK signaling. EMBO J
26, 3910-3922, doi:10.1038/sj.emboj.7601823 (2007).

Iha, H. et al. Inflammatory cardiac valvulitis in TAX1BP1-deficient mice through selective NF-
kappaB activation. EMBO J 27, 629-641, doi:10.1038/emboj.2008.5 (2008).

Ventura, S. et al. A20-binding inhibitor of NF-kappaB (ABIN) 2 negatively regulates allergic
airway inflammation. J Exp Med 215, 2737-2747, doi:10.1084/jem.20170852 (2018).

Coornaert, B. et al. T cell antigen receptor stimulation induces MALT1 paracaspase-mediated
cleavage of the NF-kappaB inhibitor A20. Nature immunology 9,263-271, doi:10.1038/mi1561
(2008).

Duwel, M. et al. A20 negatively regulates T cell receptor signaling to NF-kappaB by cleaving
Maltl ubiquitin chains. J Immunol 182, 7718-7728, doi:10.4049/jimmunol.0803313 (2009).

Klemm, S. et al. The Bcl10-Maltl complex segregates Fc epsilon RI-mediated nuclear factor
kappa B activation and cytokine production from mast cell degranulation. J Exp Med 203, 337-
347, doi:10.1084/jem.20051982 (2006).

Greenwald, R. J., Freeman, G. J. & Sharpe, A. H. The B7 family revisited. Annual review of
immunology 23, 515-548, doi:10.1146/annurev.immunol.23.021704.115611 (2005).

Audiger, C., Rahman, M. J., Yun, T. J., Tarbell, K. V. & Lesage, S. The Importance of Dendritic
Cells in Maintaining Immune  Tolerance. J  Immunol 198, 2223-2231,
doi:10.4049/jimmunol. 1601629 (2017).

Schwartz, R. H. T cell anergy. Annual review of immunology 21, 305-334,
doi:10.1146/annurev.immunol.21.120601.141110 (2003).

Kool, M. et al. The ubiquitin-editing protein A20 prevents dendritic cell activation, recognition
of  apoptotic cells, and systemic autoimmunity. Immunity 35,  82-96,
d0i:10.1016/j.immuni.2011.05.013 (2011).



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Tsuyuki, S., Tsuyuki, J., Einsle, K., Kopf, M. & Coyle, A. J. Costimulation through B7-2
(CD86) is required for the induction of a lung mucosal T helper cell 2 (TH2) immune response
and altered airway responsiveness. J Exp Med 185, 1671-1679, do0i:10.1084/jem.185.9.1671
(1997).

Haczku, A. et al. Anti-CD86 (B7.2) treatment abolishes allergic airway hyperresponsiveness in
mice. Am J Respir Crit Care Med 159, 1638-1643, doi:10.1164/ajrccm.159.5.9711040 (1999).

Corydon, T. J. et al. A functional CD86 polymorphism associated with asthma and related
allergic disorders. J Med Genet 44, 509-515, doi:10.1136/jmg.2007.049536 (2007).

Wong, C. K. et al. Increased expression of plasma and cell surface co-stimulatory molecules
CTLA-4, CD28 and CDS86 in adult patients with allergic asthma. Clin Exp Immunol 141, 122-
129, doi:10.1111/j.1365-2249.2005.02815.x (2005).

Hammad, H. et al. Th2 polarization by Der p 1--pulsed monocyte-derived dendritic cells is due
to the allergic status of the donors. Blood 98, 1135-1141 (2001).

Hofer, M. F., Jirapongsananuruk, O., Trumble, A. E. & Leung, D. Y. Upregulation of B7.2, but
not B7.1, on B cells from patients with allergic asthma. The Journal of allergy and clinical
immunology 101, 96-102, doi:10.1016/S0091-6749(98)70199-X (1998).

Jirapongsananuruk, O., Hofer, M. F., Trumble, A. E., Norris, D. A. & Leung, D. Y. Enhanced
expression of B7.2 (CD86) in patients with atopic dermatitis: a potential role in the modulation
of IgE synthesis. J Immunol 160, 4622-4627 (1998).

Dong, H., Zhu, G., Tamada, K. & Chen, L. B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion. Nat Med 5, 1365-1369,
doi:10.1038/70932 (1999).

Freeman, G. J. et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family
member leads to negative regulation of lymphocyte activation. J Exp Med 192, 1027-1034
(2000).

Butte, M. J., Keir, M. E., Phamduy, T. B., Sharpe, A. H. & Freeman, G. J. Programmed death-
1 ligand 1 interacts specifically with the B7-1 costimulatory molecule to inhibit T cell responses.
Immunity 27, 111-122, doi:10.1016/j.immuni.2007.05.016 (2007).

Liang, S. C. et al. Regulation of PD-1, PD-L1, and PD-L2 expression during normal and
autoimmune responses. Eur J Immunol 33, 2706-2716, doi:10.1002/¢ji.200324228 (2003).

Brown, J. A. et al. Blockade of programmed death-1 ligands on dendritic cells enhances T cell
activation and cytokine production. J Immunol 170, 1257-1266 (2003).

Keir, M. E., Butte, M. J., Freeman, G. J. & Sharpe, A. H. PD-1 and its ligands in tolerance and
immunity. Annual review of immunology 26, 677-704,
doi:10.1146/annurev.immunol.26.021607.090331 (2008).

Gianchecchi, E., Delfino, D. V. & Fierabracci, A. Recent insights into the role of the PD-1/PD-
L1 pathway in immunological tolerance and autoimmunity. Autoimmun Rev 12, 1091-1100,
doi:10.1016/j.autrev.2013.05.003 (2013).

Akbari, O. et al. PD-L1 and PD-L2 modulate airway inflammation and iNKT-cell-dependent
airway hyperreactivity in opposing directions. Mucosal Immunol 3, 81-91,
doi:10.1038/mi.2009.112 (2010).

Bratke, K. et al. Differential regulation of PD-1 and its ligands in allergic asthma. Clin Exp
Allergy 47, 1417-1425, doi:10.1111/cea.13017 (2017).



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

Raedler, D. et al. Identification of novel immune phenotypes for allergic and nonallergic
childhood asthma. The Journal of allergy and clinical immunology 135, 81-91,
do0i:10.1016/j.jaci.2014.07.046 (2015).

Krautenbacher, N. et al. A strategy for high-dimensional multivariable analysis classifies
childhood asthma phenotypes from genetic, immunological, and environmental factors. Allergy
74, 1364-1373, doi:10.1111/all.13745 (2019).

von Mutius, E., Schmid, S. & Group, P. S. The PASTURE project: EU support for the
improvement of knowledge about risk factors and preventive factors for atopy in Europe.
Allergy 61,407-413, doi:10.1111/1.1398-9995.2006.01009.x (2006).

Asher, M. 1. et al. International Study of Asthma and Allergies in Childhood (ISAAC): rationale
and methods. Eur Respir J 8, 483-491 (1995).

Jenkins, M. A. et al. Validation of questionnaire and bronchial hyperresponsiveness against
respiratory physician assessment in the diagnosis of asthma. Int J Epidemiol 25, 609-616,
doi:10.1093/ije/25.3.609 (1996).

Riedler, J., Gamper, A., Eder, W. & Oberfeld, G. Prevalence of bronchial hyperresponsiveness
to 4.5% saline and its relation to asthma and allergy symptoms in Austrian children. Eur Respir
J 11, 355-360, doi:10.1183/09031936.98.11020355 (1998).

Buchele, G. et al. International variations in bronchial responsiveness in children: findings from
ISAAC phase two. Pediatr Pulmonol 45, 796-806, doi:10.1002/ppul.21259 (2010).

Beydon, N. et al. An official American Thoracic Society/European Respiratory Society
statement: pulmonary function testing in preschool children. Am J Respir Crit Care Med 175,
1304-1345, doi:10.1164/rccm.200605-642ST (2007).

Stanojevic, S., Wade, A. & Stocks, J. Reference values for lung function: past, present and
future. Eur Respir J 36, 12-19, doi:10.1183/09031936.00143209 (2010).

Quanjer, P. H. ef al. Multi-ethnic reference values for spirometry for the 3-95-yr age range: the
global lung function 2012  equations. FEur Respir J 40, 1324-1343,
doi:10.1183/09031936.00080312 (2012).

Global Initiative for Asthma (GINA). Global Strategy for Asthma Management and Prevention
(Updated 2015). Available at < https.//ginasthma.org/ >. Last accessed online 12/06/2020.

Nationale VersorgungsLeitlinie (NVL) Asthma, 2. Auflage, Version 5.0 (08/2013). Available
at < https://'www.leitlinien.de/nvi/asthma/archiv >. Last accessed online 12/06/2020.

Basagana, X. ef al. Domestic aeroallergen levels in Barcelona and Menorca (Spain). Pediatr
Allergy Immunol 13, 412-417 (2002).

Ferris, B. G. Epidemiology Standardization Project (American Thoracic Society). Am Rev
Respir Dis 118, 1-120 (1978).

Schroder, P. C. et al. A switch in regulatory T cells through farm exposure during immune
maturation in childhood. Allergy 72, 604-615, doi:10.1111/all.13069 (2017).

Holbreich, M. et al. Amish children living in northern Indiana have a very low prevalence of
allergic sensitization. The Journal of allergy and clinical immunology 129, 1671-1673,
doi:10.1016/j.jaci.2012.03.016 (2012).



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

Noss, 1. et al. Evaluation of a low-cost electrostatic dust fall collector for indoor air endotoxin
exposure assessment. Appl Environ Microbiol 74, 5621-5627, doi:10.1128/AEM.00619-08
(2008).

Kilburg-Basnyat, B., Peters, T. M., Perry, S. S. & Thorne, P. S. Electrostatic dust collectors
compared to inhalable samplers for measuring endotoxin concentrations in farm homes. /ndoor
Air 26, 724-733, doi:10.1111/ina.12243 (2016).

Kilburg-Basnyat, B., Metwali, N. & Thorne, P. S. Effect of deployment time on endotoxin and
allergen exposure assessment using electrostatic dust collectors. Ann Occup Hyg 59, 104-115,
doi:10.1093/annhyg/meu063 (2015).

Martikainen, M. V. et al. Integrating farm and air pollution studies in search for
immunoregulatory mechanisms operating in protective and high-risk environments. Pediatr
Allergy Immunol 29, 815-822, doi:10.1111/pai.12975 (2018).

Hollander, A., Heederik, D., Versloot, P. & Douwes, J. Inhibition and enhancement in the
analysis of airborne endotoxin levels in various occupational environments. Am Ind Hyg Assoc
J 54, 647-653, doi:10.1080/15298669391355189 (1993).

Available at <https.//www.ncbi.nlm.nih.gov/tools/primer-blast/>. Last accessed online
12/06/2020.

Available at <http://www.ensembl.org/index.html >. Last accessed online 12/06/2020.

Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative
real-time PCR experiments. Clin Chem 55, 611-622, doi:10.1373/clinchem.2008.112797
(2009).

Taylor, S. C., Berkelman, T., Yadav, G. & Hammond, M. A defined methodology for reliable
quantification of Western blot data. Mol Biotechnol 55, 217-226, doi:10.1007/s12033-013-
9672-6 (2013).

Schaub, B. et al. Impairment of T-regulatory cells in cord blood of atopic mothers. The Journal
of allergy and clinical immunology 121, 1491-1499, 1499 ¢1491-1413,
doi:10.1016/j.jaci.2008.04.010 (2008).

Celedon, J. C. et al. Day care attendance in early life, maternal history of asthma, and asthma
at the age of 6 years. Am J Respir Crit Care Med 167, 1239-1243, doi:10.1164/rccm.200209-
10630C (2003).

Krusche, J. et al. TNF-alpha-induced protein 3 is a key player in childhood asthma development
and environment-mediated protection. The Journal of allergy and clinical immunology 144,
1684-1696 1612, doi:10.1016/j.jaci.2019.07.029 (2019).

Radon, K. er al. Exposure to farming environments in early life and type 1 diabetes: a case-
control study. Diabetes 54, 3212-3216 (2005).

Holt, P. G. & Strickland, D. H. Soothing signals: transplacental transmission of resistance to
asthma and allergy. J Exp Med 206, 2861-2864, doi:10.1084/jem.20092469 (2009).

Brand, P. L. et al. Definition, assessment and treatment of wheezing disorders in preschool
children: an  evidence-based  approach. Eur  Respir J 32, 1096-1110,
doi:10.1183/09031936.00002108 (2008).

Lau, S. et al. Transient early wheeze is not associated with impaired lung function in 7-yr-old
children. Eur Respir J 21, 834-841 (2003).



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

Peters, U., Dixon, A. E. & Forno, E. Obesity and asthma. The Journal of allergy and clinical
immunology 141, 1169-1179, doi:10.1016/.jaci.2018.02.004 (2013).

Huang, Y. J. & Boushey, H. A. The microbiome in asthma. The Journal of allergy and clinical
immunology 135, 25-30, doi:10.1016/j.jaci.2014.11.011 (2015).

Sommer, F. & Backhed, F. The gut microbiota--masters of host development and physiology.
Nat Rev Microbiol 11, 227-238, doi:10.1038/nrmicro2974 (2013).

Nembrini, C. et al. Bacterial-induced protection against allergic inflammation through a
multicomponent immunoregulatory mechanism. Thorax 66, 755-763,
doi:10.1136/thx.2010.152512 (2011).

Kleiveland, C. R. in The Impact of Food Bioactives on Health: in vitro and ex vivo models (eds
K. Verhoeckx et al.) 161-167 (2015).

Passlick, B., Flieger, D. & Ziegler-Heitbrock, H. W. Identification and characterization of a
novel monocyte subpopulation in human peripheral blood. Blood 74, 2527-2534 (1989).

Hagner, S. et al. Farm-derived Gram-positive bacterium Staphylococcus sciuri W620 prevents
asthma phenotype in HDM- and OVA-exposed mice. Allergy 68, 322-329,
doi:10.1111/al1.12094 (2013).

Eisenbarth, S. C. et al. Lipopolysaccharide-enhanced, toll-like receptor 4-dependent T helper
cell type 2 responses to inhaled antigen. J Exp Med 196, 1645-1651 (2002).

Haldar, P. et al. Cluster analysis and clinical asthma phenotypes. Am J Respir Crit Care Med
178, 218-224, doi:10.1164/rccm.200711-17540C (2008).

Wright, A. L. The epidemiology of the atopic child: who is at risk for what? The Journal of
allergy and clinical immunology 113, S2-7, doi:10.1016/].jac1.2003.09.050 (2004).

Celedon, J. C. et al. Exposure to cat allergen, maternal history of asthma, and wheezing in first
5 years of life. Lancet 360, 781-782, doi:10.1016/S0140-6736(02)09906-3 (2002).

Moustaki, M., Loukou, 1., Tsabouri, S. & Douros, K. The Role of Sensitization to Allergen in
Asthma Prediction and Prevention. Front Pediatr 5, 166, doi:10.3389/fped.2017.00166 (2017).

Weinmayr, G. et al. Atopic sensitization and the international variation of asthma symptom
prevalence in children. Am J Respir Crit Care Med 176, 565-574, doi:10.1164/rccm.200607-
9940C (2007).

Lun, S. W., Wong, C. K., Ko, F. W., Hui, D. S. & Lam, C. W. Expression and functional analysis
of toll-like receptors of peripheral blood cells in asthmatic patients: implication for
immunopathological mechanism in asthma. J Clin Immunol 29, 330-342, doi:10.1007/s10875-
008-9269-1 (2009).

Krauss-Etschmann, S. et al. Association between levels of Toll-like receptors 2 and 4 and CD14
mRNA and allergy in pregnant women and their offspring. Clin Immunol 118, 292-299,
d0i:10.1016/j.clim.2005.10.003 (2006).

Chun, E. et al. Toll-like receptor expression on peripheral blood mononuclear cells in
asthmatics; implications for asthma management. J Clin Immunol 30, 459-464,
doi:10.1007/s10875-009-9363-z (2010).

Crespo-Lessmann, A. ef al. Expression of toll-like receptors 2 and 4 in subjects with asthma by
total serum IgE level. Respir Res 17, 41, doi:10.1186/s12931-016-0355-2 (2016).



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

Hammad, H. ef al. House dust mite allergen induces asthma via Toll-like receptor 4 triggering
of airway structural cells. Nat Med 15, 410-416, doi:10.1038/nm.1946 (2009).

McAlees, J. W. et al. Distinct Tlr4-expressing cell compartments control neutrophilic and
eosinophilic airway inflammation. Mucosal Immunol 8, 863-873, doi:10.1038/mi.2014.117
(2015).

Dabbagh, K., Dahl, M. E., Stepick-Bick, P. & Lewis, D. B. Toll-like receptor 4 is required for
optimal development of Th2 immune responses: role of dendritic cells. J Immunol 168, 4524-
4530 (2002).

Phipps, S. et al. Toll/IL-1 signaling is critical for house dust mite-specific helper T cell type 2
and type 17 [corrected] responses. Am J Respir Crit Care Med 179, 883-893,
doi:10.1164/rccm.200806-9740C (2009).

Herre, J. et al. Allergens as immunomodulatory proteins: the cat dander protein Fel d 1 enhances
TLR activation by lipid ligands. J Immunol 191, 1529-1535, doi:10.4049/jimmunol.1300284
(2013).

Millien, V. O. et al. Cleavage of fibrinogen by proteinases elicits allergic responses through
Toll-like receptor 4. Science 341, 792-796, doi:10.1126/science.1240342 (2013).

Kang, N. L. et al. A20 attenuates allergic airway inflammation in mice. J Immunol 183, 1488-
1495, doi:10.4049/jimmunol.0900163 (2009).

Gon, Y. et al. A20 inhibits toll-like receptor 2- and 4-mediated interleukin-8 synthesis in airway
epithelial cells. Am J Respir Cell Mol Biol 31, 330-336, doi:10.1165/rcmb.2003-04380C
(2004).

Evans, P. C. et al. Zinc-finger protein A20, a regulator of inflammation and cell survival, has
de-ubiquitinating activity. Biochem J 378, 727-734, doi:10.1042/BJ20031377 (2004).

Bosanac, 1. et al. Ubiquitin binding to A20 ZnF4 is required for modulation of NF-kappaB
signaling. Mol Cell 40, 548-557, doi:10.1016/j.molcel.2010.10.009 (2010).

Plenge, R. M. et al. Two independent alleles at 6q23 associated with risk of rheumatoid arthritis.
Nature genetics 39, 1477-1482, doi:10.1038/ng.2007.27 (2007).

Orozco, G. et al. Combined effects of three independent SNPs greatly increase the risk estimate
for RA at 6q23. Hum Mol Genet 18, 2693-2699, doi:10.1093/hmg/ddp193 (2009).

Lodolce, J. P. et al. African-derived genetic polymorphisms in TNFAIP3 mediate risk for
autoimmunity. J Immunol 184, 7001-7009, doi:10.4049/jimmunol.1000324 (2010).

Trynka, G. et al. Coeliac disease-associated risk variants in TNFAIP3 and REL implicate altered
NF-kappaB signalling. Gut 58, 1078-1083, doi:10.1136/gut.2008.169052 (2009).

Nair, R. P. et al. Genome-wide scan reveals association of psoriasis with IL-23 and NF-kappaB
pathways. Nature genetics 41, 199-204, doi:10.1038/ng.311 (2009).

Vaarala, O., Atkinson, M. A. & Neu, J. The "perfect storm" for type 1 diabetes: the complex
interplay between intestinal microbiota, gut permeability, and mucosal immunity. Diabetes 57,
2555-2562, doi:10.2337/db08-0331 (2008).

Wertz, 1. E. et al. Phosphorylation and linear ubiquitin direct A20 inhibition of inflammation.
Nature 528, 370-375, doi:10.1038/nature16165 (2015).



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

El Bakkouri, K., Wullaert, A., Haegman, M., Heyninck, K. & Beyaert, R. Adenoviral gene
transfer of the NF-kappa B inhibitory protein ABIN-1 decreases allergic airway inflammation
in a murine asthma model. The Journal of biological chemistry 280, 17938-17944,
do0i:10.1074/jbc.M413588200 (2005).

Li, X. et al. Genome-wide association studies of asthma indicate opposite immunopathogenesis
direction from autoimmune diseases. The Journal of allergy and clinical immunology 130, 861-
868.¢867, doi:10.1016/j.jaci.2012.04.041 (2012).

Zhao, D., Zhuang, N., Ding, Y., Kang, Y. & Shi, L. MiR-221 activates the NF-kappaB pathway
by targeting A20. Biochem Biophys Res Commun 472, 11-18, d0i:10.1016/j.bbrc.2015.11.009
(2016).

Hammer, G. E. & Ma, A. Molecular control of steady-state dendritic cell maturation and
immune homeostasis. Annual review of immunology 31, 743-791, doi:10.1146/annurev-
immunol-020711-074929 (2013).

Nobel Assem. Karolinska Inst. 2011. The gatekeepers of the immune system. 2011 Nobel Prize
in Physiology or Medicine: Popular Information, p. h. w. n. 0. n.

Kuchroo, V. K. et al. B7-1 and B7-2 costimulatory molecules activate differentially the Th1/Th2
developmental pathways: application to autoimmune disease therapy. Cell 80, 707-718 (1995).

Sansom, D. M., Manzotti, C. N. & Zheng, Y. What's the difference between CD80 and CD86?
Trends in immunology 24, 314-319 (2003).

Butte, M. J., Pena-Cruz, V., Kim, M. J., Freeman, G. J. & Sharpe, A. H. Interaction of human
PD-L1 and B7-1. Mol Immunol 45, 3567-3572, doi:10.1016/j.molimm.2008.05.014 (2008).

Zheng, Y. et al. CD86 and CDS8O0 differentially modulate the suppressive function of human
regulatory T cells. J Immunol 172, 2778-2784, doi:10.4049/jimmunol.172.5.2778 (2004).

Wang, L. et al. Programmed death 1 ligand signaling regulates the generation of adaptive
Foxp3+CD4+ regulatory T cells. Proc. Natl. Acad. Sci. U. S. A. 105, 9331-9336,
d0i:10.1073/pnas.0710441105 (2008).

Francisco, L. M. et al. PD-L1 regulates the development, maintenance, and function of induced
regulatory T cells. J Exp Med 206, 3015-3029, doi:10.1084/jem.20090847 (2009).

Singh, A. K., Stock, P. & Akbari, O. Role of PD-L1 and PD-L2 in allergic diseases and asthma.
Allergy 66, 155-162, doi:10.1111/1.1398-9995.2010.02458.x (2011).

McAlees, J. W. et al. Differential control of CD4(+) T-cell subsets by the PD-1/PD-L1 axis in
a mouse model of allergic asthma. Eur J Immunol 45, 1019-1029, doi:10.1002/¢ji.201444778
(2015).

Huang, G., Wang, Y. & Chi, H. Regulation of TH17 cell differentiation by innate immune
signals. Cellular & molecular immunology 9, 287-295, doi:10.1038/cmi.2012.10 (2012).

Taylor, P. A. et al. B7 expression on T cells down-regulates immune responses through CTLA-
4 ligation via T-T interactions [corrections]. J  Immunol 172, 34-39,
doi:10.4049/jimmunol.172.1.34 (2004).

von Mutius, E. & Vercelli, D. Farm living: effects on childhood asthma and allergy. Nat Rev
Immunol 10, 861-868, doi:10.1038/nri2871 (2010).



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

Gerhold, K. et al. Endotoxins prevent murine IgE production, T(H)2 immune responses, and
development of airway eosinophilia but not airway hyperreactivity. The Journal of allergy and
clinical immunology 110, 110-116, doi:10.1067/mai.2002.125831 (2002).

Medvedev, A. E., Sabroe, 1., Hasday, J. D. & Vogel, S. N. Tolerance to microbial TLR ligands:
molecular mechanisms and relevance to disease. J FEndotoxin Res 12, 133-150,
doi:10.1179/096805106X102255 (2006).

Carmody, R. J., Ruan, Q., Palmer, S., Hilliard, B. & Chen, Y. H. Negative regulation of toll-
like receptor signaling by NF-kappaB p50 ubiquitination blockade. Science 317, 675-678,
doi:10.1126/science.1142953 (2007).

Wang, J., Ouyang, Y., Guner, Y., Ford, H. R. & Grishin, A. V. Ubiquitin-editing enzyme A20
promotes tolerance to lipopolysaccharide in enterocytes. J Immunol 183, 1384-1392,
doi:10.4049/jimmunol.0803987 (2009).

Cates, E. C. et al. Intranasal exposure of mice to house dust mite elicits allergic airway
inflammation via a GM-CSF-mediated mechanism. J Immunol 173, 6384-6392,
doi:10.4049/jimmunol.173.10.6384 (2004).

Llop-Guevara, A. et al. A GM-CSF/IL-33 pathway facilitates allergic airway responses to sub-
threshold house dust mite exposure. PLoS One 9, 88714, doi:10.1371/journal.pone.0088714
(2014).

Tokita, D. et al. High PD-L1/CD86 ratio on plasmacytoid dendritic cells correlates with
elevated T-regulatory cells in liver transplant tolerance. Transplantation 85, 369-377,
do0i:10.1097/TP.0b013e3181612ded (2008).

Gollwitzer, E. S. ef al. Lung microbiota promotes tolerance to allergens in neonates via PD-L1.
Nat Med 20, 642-647, doi:10.1038/nm.3568 (2014).

Birzele, L. T. et al. Environmental and mucosal microbiota and their role in childhood asthma.
Allergy 72, 109-119, doi:10.1111/all.13002 (2017).

Roussel, S. et al. Exposure to moulds and actinomycetes in Alpine farms: a nested
environmental study of the PASTURE cohort. FEnviron Res 111, 744-750,
doi:10.1016/j.envres.2011.05.002 (2011).

Karvonen, A. M. et al. Indoor bacterial microbiota and development of asthma by 10.5 years of
age. The Journal of allergy and clinical immunology 144, 1402-1410,
doi:10.1016/j.jaci.2019.07.035 (2019).

Fan, H. & Cook, J. A. Molecular mechanisms of endotoxin tolerance. J Endotoxin Res 10, 71-
84, doi:10.1179/096805104225003997 (2004).

Biswas, S. K. & Lopez-Collazo, E. Endotoxin tolerance: new mechanisms, molecules and
clinical significance. Trends in immunology 30, 475-487, doi:10.1016/}.1t.2009.07.009 (2009).

Foster, S. L., Hargreaves, D. C. & Medzhitov, R. Gene-specific control of inflammation by
TLR-induced chromatin modifications. Nature 447, 972-978, doi:10.1038/nature05836 (2007).

Vercelli, D. Genetics, epigenetics, and the environment: switching, buffering, releasing. The
Journal of allergy and clinical immunology 113, 381-386; quiz 387,
doi:10.1016/j.jaci.2004.01.752 (2004).

Ege, M. J. et al. Gene-environment interaction for childhood asthma and exposure to farming
in Central Europe. The Journal of allergy and clinical immunology 127, 138-144, 144.e131-
134, d0i:10.1016/j.jaci.2010.09.041 (2011).



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

Penders, J. et al. Host-microbial interactions in childhood atopy: toll-like receptor 4 (TLR4),
CD14, and fecal Escherichia coli. The Journal of allergy and clinical immunology 125, 231-
236 €231-235, doi:10.1016/j.jaci.2009.10.011 (2010).

Loss, G. et al. Prenatal and early-life exposures alter expression of innate immunity genes: the
PASTURE cohort study. The Journal of allergy and clinical immunology 130, 523-530.e529,
doi:10.1016/j.jaci.2012.05.049 (2012).

Turer, E. E. et al. Homeostatic MyD88-dependent signals cause lethal inflamMation in the
absence of A20. J Exp Med 205, 451-464, doi:10.1084/jem.20071108 (2008).

von Mutius, E. & Radon, K. Living on a farm: impact on asthma induction and clinical course.
Immunol Allergy Clin North Am 28, 631-647, ix-x, doi:10.1016/j.iac.2008.03.010 (2008).

von Mutius, E. Influences in allergy: epidemiology and the environment. The Journal of allergy
and clinical immunology 113, 373-379; quiz 380, doi:10.1016/].jaci.2003.12.040 (2004).

Moffatt, M. F. et al. A large-scale, consortium-based genomewide association study of asthma.
The New England journal of medicine 363, 1211-1221, doi:10.1056/NEJM0a0906312 (2010).

Li, X. et al. Genome-wide association studies of asthma indicate opposite immunopathogenesis
direction from autoimmune diseases. The Journal of allergy and clinical immunology 130, 861-
868 €867, doi:10.1016/j.jaci.2012.04.041 (2012).

Weiss, S. T., Raby, B. A. & Rogers, A. Asthma genetics and genomics 2009. Curr Opin Genet
Dev 19, 279-282, doi:10.1016/j.gde.2009.05.001 (2009).

Brodin, P. et al. Variation in the human immune system is largely driven by non-heritable
influences. Cell 160, 37-47, doi:10.1016/j.cell.2014.12.020 (2015).

Clemente, J. C., Ursell, L. K., Parfrey, L. W. & Knight, R. The impact of the gut microbiota on
human health: an integrative view. Cell 148, 1258-1270, doi:10.1016/j.cell.2012.01.035 (2012).

Beigelman, A., Weinstock, G. M. & Bacharier, L. B. The relationships between environmental
bacterial exposure, airway bacterial colonization, and asthma. Curr Opin Allergy Clin Immunol
14, 137-142, doi:10.1097/ACI1.0000000000000036 (2014).

Fujimura, K. E. & Lynch, S. V. Microbiota in allergy and asthma and the emerging relationship
with the gut microbiome. Cell Host Microbe 17, 592-602, do0i:10.1016/j.chom.2015.04.007
(2015).

Arrieta, M. C. et al. Early infancy microbial and metabolic alterations affect risk of childhood
asthma. Sci Transl Med 7, 307ral52, doi:10.1126/scitranslmed.aab2271 (2015).

Gern, J. E. Promising candidates for allergy prevention. The Journal of allergy and clinical
immunology 136, 23-28, doi:10.1016/j.jaci.2015.05.017 (2015).

Elazab, N. et al. Probiotic administration in early life, atopy, and asthma: a meta-analysis of
clinical trials. Pediatrics 132, €666-676, doi:10.1542/peds.2013-0246 (2013).



& Abbreviations

AA
ABIN
AHR
ALEX
Am
APC
APS
ATS
A.U.
BAL
BD
BMI
BSA
CBMC
Ch

CDh
cDC
cDNA
CI
CLARA
CO;
CRP
G
CTLA-4
DAMP
DC
DNA
dsDNA
EC
ECL
E. coli
EDC
EDTA
ERS
ET

EU

allergic asthmatic

A20 binding inhibitor of NF-kB
airway hyperresponsiveness
ALlergy and EndotoXin study
Amish

antigen-presenting cell
Ammoniumperoxiddisulphate
American Thoracic Society

arbitrary units

bronchoalveolar lavage
bronchodilator

body-mass-index

bovine serum albumin

cord blood mononuclear cell
Chinese

cluster of differentiation
conventional dendritic cell
complementary deoxyribonucleic acid
confidence interval

CLinical Asthma Research Association
carbon dioxide

C-reactive protein

cycle threshold

cytotoxic T lymphocyte-associated protein 4
damage-associated molecular pattern
dendritic cell

deoxyribonucleic acid
double-stranded DNA

epithelial cell

enhanced chemiluminescence
Escherichia coli

Electrostatic Dustfall Collector
ethylenediaminetetraacetic acid
European Respiratory Society
endotoxin tolerance

endotoxin units



F farm

fc fold change

f.c. final concentration

FceRI high-affinity receptor for the Fc region of immunoglobulin E
FEV, forced expiratory volume in one second

Fi Finnish

FVC forced vital capacity

fw forward

G German

g gram

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
gDNA genomic DNA

GINA Global Initiative for Asthma

GLI Global Lung Function Initiative

GM-CSF Granulocyte-macrophage colony-stimulating factor
GWAS genome-wide association study

HC healthy control

HRP horseradish peroxidase

H,O water

IFN-y interferon gamma

IgE immunoglobulin E

IgG immunoglobulin G

IxB inhibitor of kappa B

IKK inhibitor of nuclear factor kappa-B kinase
IL interleukin

ILC innate lymphoid cell

IQR interquartile range

IRAK interleukin-1 receptor-associated kinase
IRF interferon regulatory factor

ISAAC International Study of Asthma and Allergies in Childhood
U international units

kDa kilodalton

kg kilogram

L litre

LAL Limulus Amoebocyte Lysate

LPS lipopolysaccharide

M molar

MALTI1 mucosa-associated lymphoid tissue lymphoma translocation protein 1



mDC
MD-2
MEF75/50125
MHC

ml

mM
mRNA
MyD88
n

NaCl
NCBI
NF
NF-«xB
NK cell
NKT cell
nM

nm

ns

NTC

p

PAMP
PARSIFAL

PBMCs
PBS
pDC
PD-L1
PD-1
PRR
PVDF
gPCR
RAST
RIPA
RNA
rRNA
rpm
RT

v

SCI

myeloid dendritic cell

myeloid-differentiation protein 2
mid-expiratory flow rate at 75%, 50% and 25% of FVC
major histocompatibility complex

millilitre

millimolar

messenger RNA

Myeloid differentiation primary response 88
number

sodium chloride

National Center for Biotechnology Information

non-farm

nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells

natural killer cell
natural killer T cell
nanomolar
nanometre

not significant
no-template-control
p-value

pathogen-associated molecular pattern

Prevention of Allergy: Risk Factors for Sensitization In Children Related to

Farming and Anthroposophic Lifestyle
peripheral blood mononuclear cells
phosphate-buffered saline
plasmacytoid dendritic cell
Programmed Death Ligand 1
Programmed Death receptor 1

pattern recognition receptor
polyvinylidene difluoride

quantitative real-time polymerase chain reaction
radioallergosorbent test
radioimmunoprecipitation assay
ribonucleic acid

ribosomal RNA

rotations per minute

reverse transcription

reverse

specific IgE class



SDS
SDS-PAGE
SEM
SNP
ssDNA
TAK1
TAX1BP1
TBS-T
TCR
TEMED
TGF-B
Th cell
TIR
TIRAP
TLR4

™

TNFa
TNFAIP3
TNIP2
TRAF6
TRAM
TRIF
Treg

Tris

v/v
WB
WBC

w/v

Xg

sodium dodecyl sulphate

sodium dodecyl sulphate polyacrylamide gel electrophoresis
standard error of the mean

single nucleotide polymorphism
single-stranded DNA

TGF-B-activated kinase 1

Tax1-binding protein 1

Tris-buffered saline with Tween20

T cell receptor

tetramethylethylenediamine

transforming growth factor beta

helper T cell

Toll/interleukin-1 receptor

TIR domain-containing adaptor protein
Toll-like receptor 4

melting temperature

tumor necrosis factor alpha

tumor necrosis factor alpha induced protein 3
TNFAIP3 interacting protein 2

tumor necrosis factor receptor associated factor 6
TRIF related adaptor molecule

TIR domain-containing adaptor protein inducing interferon beta
regulatory T cell
trishydroxymethylaminomethane
unstimulated

volt

volume per volume

Western Blot

white blood cell count

weight per volume

times gravity

chi-squared

Z-SCOore



9 List of figures and tables

9.1 List of figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10
Figure 11

Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.

Figure 18.
Figure 19.

Protective and risk factors for the development of allergic disease in early life.................... 3
Integrated and simplified view of the human immune SyStem............ccceevverreerrereenreereenieens 7
Th2- and Th17-induced immune processes in (allergic) asthma. ........c.ccccoeevvevieeieereennennnn. 10
Immune processes potentially underlying the impact of environmental conditions on the
development Of @SthiMa. .........c.ccoviiiiiiiiiiiiice e e e 12
TLR4-dependent NF-kB signalling pathway and regulatory activities of TNFAIP3.......... 15
Dendritic cell activation and control of T cell TeSPONSES. ....cveevievieriieiiieieereereere e 18
DC-T cell interaction following antigen ENCOUNLET...........ceccveerreerreerreerreenreesreereereereeneenns 19
Graphical representation of qPCR data. Exemplary reaction amplification plot................. 39
Exemplary representation of melting curve analysis showing off-target amplicons. .......... 40
. Enrolment flow chart CLARA/CLAUS study subsample. ...........cccccuevierienienieneeseenneens 45
. Overview of baseline mRNA expression levels of all target genes in the CLAUS

SUDSAIMPIC. ....viieeiieeiie ettt ettt ettt e st e e et eebe e e bt e esbae e sbeessseessseeesseeassaeensseensseenssens 51
Expression of TLR4-pathway genes in HC and AA. .......cccoeeiieiiiiiiieeceeree e 52
TNFAIP3 mRNA and protein expression in HC and AA. ..........cccevvevienienieciecieecieeien, 53
Scatter plot of TNFAIP3 protein XpreSSION. .....ueiuierveercveeeereeerieeesireesereesseesseesssesssseeennns 54
Expression of TNFAIP3 regulatory genes in HC and AA. .........cccoeveiieiieiieciecrecieeeiens 54
Expression of dendritic cell associated genes in HC and AA. .........cccoovevieiieciecieniiennnen, 55
Correlation of all target genes with TNFAIP3 expression, stratified by clinical

PREINIOLYDC. ..ottt ettt ettt et e be e te e ve e te e te e beesbaeba e beesteesbe e be e teeteenteans 57
Endotoxin (LPS) concentration in farm dust eXtracts. ..........cceeevevveiieiieeneesiesieseeseenneens 58

Effects of LPS and farm dust stimulation on expression of TLR4-pathway genes. .......... 60

Figure 20. Fold change of TLR4-pathway gene expression upon LPS and farm dust stimulation.....61
Figure 21. Effects of LPS and farm dust stimulation on TNFAIP3 mRNA and protein expression...63
Figure 22. Fold change of TNFAIP3 mRNA and protein expression upon LPS and farm dust

SEIMULATION. «..utitieiieteie ettt ettt et et et esee et e teste e s tenaeseeseessenseeseeneensessesaeensensens 64
Figure 23. Effects of LPS and farm dust stimulation on expression of TNFAIP3 regulatory genes. .65
Figure 24. Effects of LPS and farm dust stimulation on expression of dendritic cell associated

o0 4 1SRRI 67
Figure 25. Effects of LPS and farm dust stimulation on CD86/CD80 and CD274/CD86 expression

2215 (o OO STURRTURRURN 68
Figure 26. Fold change of dendritic cell associated gene expression upon LPS and farm dust

Figure 27.

STITIULATION. +eeeeeeeeeee ettt ettt e e e e e e ettt eeeeeeeeaeeeeeeeeaeeaeeeeeeeseeasaaaeeeessenasneeeeessasanans 69

Effects of LPS and farm dust stimulation on IL-18 mRNA eXpression...........cccecveeveennen. 70



Figure 28.

Overview of in vitro LPS and farm dust stimulation effects in HC and AA. .................... 72

Figure 29. Inflammation ratio in HC and AA and the effect of LPS and farm dust stimulation......... 73
Figure 30. Enrolment flow chart PASTURE/EFRAIM study subsample. ..........ccccceveeveeieeieenneenneene. 74
Figure 31. TNFAIP3 and TLR4 mRNA expression in NF and F children..............cccooevveiieiiennennnann. 79
Figure 32. CD80 and CD274 mRNA expression in NF and F children. .............cccoovieiieiiiiiiiiennn, 80
Figure 33. TNFAIP3 mRNA expression in healthy and asthmatic NF and F children. ...................... 82
Figure 34. Fold change of TNFAIP3 and TLR4 mRNA expression upon stimulation in NF and F...83
Figure 35. Fold change of CD80 and CD274 mRNA expression upon stimulation in NF and F. ......84
Figure 36. Overview of in vitro LPS and farm dust stimulation effects in NF and F. ....................... 85
Figure 37. Fold change of TLR4, TNFAIP3, CD80 and CD274 mRNA expression upon

stimulation in German F children. .........cccooioiiiiiiiieeeee e 86
Figure E1. TNFAIP3 protein levels at different molecular weight. ...........cccevvevieiienienienieiiennnn, 143
Figure E2. Fold change of TNFAIP3 regulatory gene expression upon LPS and farm dust

180001011 1023 VUSSR 144
Figure E3. TNFAIP3 and TLR4 mRNA expression in NF and F children without asthma. ............ 145
Figure E4. CD80 and CD274 mRNA expression in NF and F children without asthma................... 146



9.2 List of tables

Table 1. QPCR TCACLION SETUP.....cccveieieieeiiieiiieeiieeite ettt esteesveesteesreeeaeeesreessseassseessseesssesessseessseensses 38
Table 2. qPCR thermal cycling ProtoCOL.........ccueiiiiiiiiiiiiiie ettt ere e ereerreerreeareeeveeenas 38
Table 3. Pipetting voIumes fOr 4 EIS. ...ccviiiiiiiiiiiiiciecie ettt et e ave v eeve e 41
Table 4. Demographic data and socioeconomic characteristics of the study population. ................... 47
Table 5. Laboratory parameters of HC and AA..........ccoooviiiiiiiciiceecee ettt 48
Table 6. Sensitisation to allergens in HC and AA. .........covooveeiieiieiieeeee ettt e 48
Table 7. Descriptive measures of lung function in AA. ........coevvvieeeiie et 49
Table 8. Differential baseline expression of all target genes among AA and HC children.................. 56
Table 9. Study population characteristics of the PASTURE/EFRAIM subgroup, age 4.5 years and

0 FRATS. .uviiuiieiirieetieeiteetteesteeestteestbeeasbeeaabeeasseeassae e bbeeats e e et e enbaeansaeanbaeenbeeentaeesaeensbaeansaenbaaans 76
Table 10. Laboratory parameters of NF and F children (6 years)........c.cccceevveeiieiiiiecieiie e, 77
Table 11. Sensitisation to allergens in NF and F children. ............ccccoooviiiiiiiiiiiiiiiciicece e, 77
Table 12. Specific farming exposures in NF and F children. ..........c.ccccoovviiiiiiiiiiiiicecc e, 78
Table 13. Differential baseline expression of TNFAIP3, TLR4, CD80, CD274 among F and NF.....81

Table E1. Number and percentage of excluded samples. .........cccvevvievieniiiieeniciicneeeeeere e 142



10 Appendix

10.1 Supplementary tables and figures

Table E1 provides an overview of the number of samples that had been excluded from further
statistical analysis. These samples did not meet the criteria of quality control (i.e. technical replicates
with a difference of C;values > 0.4, as well as melting curve abnormalities), as they are described in

detail in the methods section of this thesis.

Table E1. Number and percentage of excluded samples.

Gene Stimulus
U LPS G Fi Ch Am

n (%) n (%) n (%) n (%) n (%) n (%)
TLR4 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
MyD88 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
TRAF6 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
TNFAIP3 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
TNIP2 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
TAX1BP1 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
MALTI 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
CD80 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
CD86 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
CD274 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
PDCD1 2(54) 2(54) 3(8.1) 4 (10.8) 2(54) 3(8.1)

Stimulating conditions were lipopolysaccharide (LPS) and dust extracts from German (G), Finnish (F7), and
Chinese (Ch) farming environments, and from farms of the Amish population (4m). n, number of excluded
samples. %, percentage of total.
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Figure E1. TNFAIP3 protein levels at different molecular weight.

TNFAIP3 protein levels, as assessed by Western Blot analysis in unstimulated PBMCs of HC (n=11) and AA
(n=14). (A) TNFAIP3 protein, predicted 82kDa size. (B) ‘total TNFAIP3’ (~100 kDa + 82kDa). Results from
densitometric analysis of protein bands. Normalized protein expression, relative to B-Actin. Lines at mean value.
A.U., arbitrary units. (C) representative immunoblot membrane-cut-out. Molecular weight in kDa. B-Actin was
used as loading-control. P values reflect Welch’s t test. *p < 0.05.
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Figure E2. Fold change of TNFAIP3 regulatory gene expression upon LPS and farm dust stimulation.

(A) TNIP2, (B) TAX1BPI1 and (C) MALT]1 gene expression fold change, compared to unstimulated conditions
(222¢, logy scale), as assessed by gPCR in PBMCs of HC (n=22) and AA (n=16) after 24 hrs stimulation with
LPS or farm dust extracts (G, Fi, Ch, Am). Scatter dot plots represent single sample values with means and 95%
CI. P values reflect Welch’s t test for fold change comparison between HC and AA. *p <0.05; ns, not significant.
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Figure E3. TNFAIP3 and TLR4 mRNA expression in NF and F children without asthma.

Baseline gene expression levels of TNFAIP3 (A) and TLR4 (B), as measured by qPCR in unstimulated whole
blood samples of healthy farm (F) and non-farm (NF) children, assessed at ages 4.5 years (n=25, 13 F/ 12 NF)
and 6 years (n=43, 23 F/20 NF). Expression relative to 18S, displayed as 2 mean values with 95% CI. P values
reflect Welch’s t test for ACt comparison between NF and F. *p < 0.05; ns, not significant.
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Figure E4. CD80 and CD274 mRNA expression in NF and F children without asthma.

Baseline gene expression levels of dendritic cell markers CD80 (A) and CD274 (B), as measured by qPCR in
unstimulated whole blood samples of healthy farm (F) and non-farm (NF) children, assessed at ages 4.5 years
(n=25, 13 F/ 12 NF) and 6 years (n=43, 23 F/20 NF). Expression relative to 18S, displayed as 2 mean values
with 95% CI. P values reflect Welch’s t test for ACt comparison between NF and F. *p < 0.05; ns, not significant.



10.2 CLARA/CLAUS questionnaire

Datum: Studiennummer:

Bei Studieneinschluss erhobene Daten:

Korpergrofse (in cm)

Gewicht (in kg)

Asthmastudie CLARA

Fragebogen fiir die Eltern

Wir freuen uns, dass Sie an unserer Asthmastudie teilnehmen. Bitte kreuzen Sie die
folgenden Fragen an. IThre Antworten werden vertraulich behandelt. Wenn Sie eine Frage
nicht beantworten mochten, lassen Sie sie bitte aus.

Wir danken IThnen herzlich fiir Ihre Mitarbeit!

Wir beginnen mit Fragen zu pfeifenden und keuchenden Atemgeriduschen. Mit
pfeifenden Atemgeriuschen meinen wir ein pfeifendes Geridusch, das aus dem

Brustkorb kommt, aber nicht gerduschvolles Atmen durch die Nase.

1. Hat Thr Kind jemals pfeifende bzw. keuchende Atemgeriusche gehabt?

Falls Ja,

wann sind diese zum ersten Mal aufgetreten:

NEIN i O |:> weiter mit Frage 12

2. Hatte Thr Kind in den letzten 12 Monaten pfeifende bzw. keuchende

Atemgeriusche?
JA e O
NEIN cooniiiee e, O |:> weiter mit Frage 12

3. Wie oft hatte IThr Kind in den letzten 12 Monaten pfeifende bzw. keuchende

Atemgeriusche?
Garnicht.......coooiiiii O
I-3mal oo O
4-12mal. oo O




Hatte Thr Kind in_den letzten 12 Monaten jemals Atemnot, als die pfeifenden/

keuchenden Atemgerausche auftraten?
Ja. O
Nein . O

Wie hiufig ist Ihr Kind in den letzten 12 Monaten nachts wegen pfeifender

oder keuchender Atemgeriausche aufgewacht?

Seltener als einmal pro Monat ............ O
Einmal pro Monat...................ccceeenne. O
Mindestens zweimal pro Monat........... O

Wodurch wurden bei IThrem Kind die pfeifenden / keuchenden Atemgeriusche

ausgelost?
Ja Nein
ANStrengung...........coeeeeiieinnnnn.n. O.......... O
Erkaltung ........cooooviiiiiiiine O.......... O
Kontakt mit Tieren ...................... O.......... O
Kontakt mit Hausstaub................. O.......... O
Kontakt mit Gras.............ccceeevnne.e. O.......... O
SONStIZES..iuniiiiiieiieieeieeee, O.......... O

Wie hiufig hatte Ihr Kind in den letzten 12 Monaten pfeifende oder

keuchende Atemgeridusche, ohne dass es erkaltet war?

NI i O
Seltener als einmal pro Monat............. O
Einmal pro Monat...................cecoeien.ns O
Mindestens zweimal pro Monat.......... O

Ist das Kind zwischen diesen Episoden vollig beschwerdefrei?

Ja |:||:> weiter mit Frage 12

Hat Thr Kind zwischen diesen Episoden folgende Beschwerden

bei Anstrengung?

Ja Nein
Husten ......coooveiiiveiieiiieieee, O.......... O
Pfeifende Atemgerdusche............. O.......... O
Atemnot......ooovviiiieiiieiiee e O.......... O

Sonstiges:




Bei Temperaturwechsel/Nebel?

Ja Nein
Husten ......cooovvviiieiiiiiieee, O.......... O
Pfeifende Atemgerdusche............. O.......... O
Atemnot......oooveiiiieiiieiieee O.......... O
Sonstiges:

Nachts?

Ja Nein
Husten ......coooveviiieiiiiineiee, O.......... O
Pfeifende Atemgerdusche............. O.......... O
Atemnot......oooveiiiieiieiiee O.......... O
Sonstiges:

Sonstige Beschwerden?

10.  Hat Ihr Kind jemals in den letzten 12 Monaten von einem Arzt
Medikamente gegen pfeifende oder keuchende Atemgeriausche, oder
Giemen oder Atemnot verschrieben bekommen?

(Gemeint sind damit nicht nur Medikamente zum Schlucken, sondern auch
Inhalationen oder Sprays)
Ja. O
Nein O |:> weiter mit Frage 12
11.  Welche Medikamente waren dies?

Bitte geben Sie den Markennamen moglichst genau an! Und sofern Sie es
wissen die Dosis sowie den Zeitraum, in dem das Medikament eingenommen

wurde.




12.  Hat Ihr Kind jemals in den letzten 12 Monaten von einem Arzt

Medikamente aus einem anderen Grund verschrieben bekommen?
(Gemeint sind damit nicht nur Medikamente zum Schlucken, sondern auch

Inhalationen oder Sprays)
Ja. O

Nein O |:> weiter mit Frage 14

13.  Welche Medikamente waren dies?
Bitte geben Sie den Markennamen moglichst genau an! Und sofern sie es
wissen die Dosis sowie den Zeitraum in dem das Medikament eingenommen

wurde.

Es folgen Fragen zu Beschwerden der Nase und der Augen

14.  Hat Ihr Kind jemals Niesanfille oder eine laufende, verstopfte oder juckende

Nase, obwohl es nicht erkiltet war?

Falls Ja, wann ist dies zum ersten Mal aufgetreten:

NCINutteeerueererreecraeresssecrascresssessascsnssens O |:> weiter mit Frage 18|

15.  Hatte Ihr Kind in den letzten 12 Monaten Niesanfille oder eine laufende,

verstopfte oder juckende Nase, obwohl es nicht erkiltet war?

NECIN everrenerneeeecrancrnscrnssaccsnsssessascsnssnes O |:> weiter mit Frage 18

16. Hatte Ihr Kind in den letzen 12 Monaten gleichzeitig mit diesen

Nasenbeschwerden juckende oder trinende Augen?




17.  Wann in den letzen 12 Monaten traten diese Nasen-Beschwerden auf?

Mehrere Antworten sind moglich.

Januar O Mai O, September  [J
Februar O Juni [ P Oktober O
Mirz [ Juli ...... [ November [
April O, August .. O............. Dezember [

18.  Ist von einem Arzt bei Ihrem Kind schon einmal Heuschnupfen oder eine

allergische Rhinitis bzw. Rhinokonjunktivitis festgestellt worden?

Es folgen Fragen zu Hauterkrankungen

19. Hatte Ihr Kind jemals eine Neurodermitis/atopische Dermatitis/ atopisches
Ekzem
Ja. O

Falls Ja, wann ist diese zum ersten Mal aufgetreten:

Nein O |:> weiter mit Frage 29

20. Wurde bei Ihrem Kind die Diagnose einer Neurodermitis/atopischen
Dermatitis/ atopisches Ekzem von einem Arzt gestellt?

Ja. O

21. Hatte Ihr Kind in_den letzten 12 Monaten eine Neurodermitis/atopische

Dermatitis/ atopisches Ekzem
Ja. O
Nein O

22.  War der Hautausschlag je an einer der folgenden Stellen?

Ja Nein
GeSiCht vviiiiiieee O.......... O
Hals oo, O.......... O
Ellenbeugen / Kniekehlen ............ O.......... O
Hand- / FuBBgelenke ..................... O.......... O

Brust/Ricken .....ooooeveveninniiinn.. O.......... O




23.

Hat sich die Lokalisation des Ausschlages im Laufe der Zeit geiindert?

Ja. O

Falls Ja, wo war er zu Beginn? Wo befindet er sich heute?

Zu Beginn:

Ja Nein
GeSiCht v O.......... O
Hals oo O.......... O
Ellenbeugen / Kniekehlen ............ O.......... O
Hand- / FuBBgelenke ..................... O.......... O
Brust/Riicken ..........cocoeeviieinnnnnn. O.......... O
Heute:
Ja Nein
GeSiCht viiiiiieee e O.......... O
Hals oo O.......... O
Ellenbeugen / Kniekehlen ............ O.......... O
Hand- / FuBBgelenke ..................... O.......... O
Brust/Riicken ..........coccoveiiieinnnnnn. O.......... O
Nein O
24.  Wenn Sie die Zeiten, in denen Ihr Kind diesen Hautausschlag hatte,
zusammenzihlen: Wie lange haben Sie diesen Hautausschlag insgesamt
beobachtet?
Fiir insgesamt weniger als 3 Monate.... O
Fiir insgesamt 3-6 Monate................... O
Fiir insgesamt 6-12 Monate................. O
Fiir langer als 12 Monate ................... O
25.  Ist der Hautausschlag wieder vollig verschwunden, oder ,kommt und geht*

der Hautausschlag?
Der Hautausschlag ist vollstindig
Verschwunden............ccoooevveiiiniiinennn.. O
Der Hautausschlag ,,kommt und geht*. O
Der Hautausschlag ist noch da ............ O




26.

Wie alt war Thr Kind, als der Hautausschlag vollstindig verschwunden ist?

______ Monate
27.  Wie hiufig ist Ihr Kind nachts wegen Juckreiz aufgewacht?
Seltener als einmal pro Monat oder nie........ O
Einmal pro Monat..............ccoceeiiiiiiiinnnnnn.n. O
Mindestens zweimal pro Monat................... O
28. Haben Sie die Haut Ihres Kindes in den letzten 12 Monaten mit einer

cortisonhaltigen Creme / Salbe oder einer Tacrolimus- bzw. Pimecrolimus-

haltigen Salbe (Protopic, Elidel) behandelt?

Es folgen Fragen zu Nahrungsunvertriglichkeiten oder —allergien

29.  Hat Ihr Kind eine Nahrungsmittelallergie?

Ja O

NEIN i O |:> weiter mit Frage 32
30. Wie duBert sich diese Nahrungsmittelallergie?

Ausschlag/rote Flecken um den Mund herum............ O

Ausschlag/rote Flecken an anderen Korperstellen...... O

Schwellung der Lippen .......cccoeiiiiiiiiiiiiiiieiieen, O
JUCKICIZ  oovneiiie i O
Durchfall ......oooiiiiiiii e O
Erbrechen ......ooooiiiiiiiiii O
Verschlechterung der Neurodermitis ........................ O
Pfeifende Atemgerdusche .............coooveiiiiiiiiniinn. O
ALCINNOL coivniiie e O
Kreislaufreaktion/Blutdruckabfall............................ O

Sonstiges:




31.

Auf welche Nahrungsmittel reagiert Ihr Kind?

Ja  Nein
Milch und Milchprodukte ..........coooeiiiiiiiiiiiiiin. O O
HUhNEreier. ....uviiiei e (] O
FiSCh i (] O
Weizenmehl oder andere Getreideprodukte............... O O
NTSSE uetienetiie ettt et e e e e e e e eanns (] O
S 0@ ittt O O
Zitrustrichte ..o (] O
Anderes Obst oder GemUSe.......ccuuvvvuneiinneiineriieninnnns (] O
Andere Nahrungsmittel...............o.ooooiiiiiiiini, O O
Welche?
32. A) Haben Sie Ihr Kind gestillt?
Ja 00 Wie lange haben Sie Ihr Kind gestillt?...............ccooeevneen.
Nein D e
33. Hat Ihr Kind jemals Hypoallergene Nahrung bekommen?

(z.B. Alete H.A., Aptamil H.A., Beba H.A., Hipp H.A., Humana H.A.,
Milumil H.A.)

Ja oo O
Falls Ja,
Zur Vorbeugung einer Nahrungsmittelallergie......... O
Aufgrund einer manifesten Nahrungsmittelallergie.. O

Welches Hypoallergne Nahrung haben sie verwendet:

(Bitte geben Sie den Namen moglichst genau an)

Nein O




Es folgen Fragen zu anderen Erkrankungen

34. Wurde bei Threm Kind jemals von einem Arzt/einer Arztin eine spastische

Bronchitis, obstruktive Bronchitis oder asthmatische Bronchitis

diagnostiziert?
Nein, Ni€ ..ot O
Ja, einmal .........oooiiii O
Ja, mehrmals.............coooiiiiiin O

35. Wurde bei Ihrem Kind in den letzten 12 Monaten von einem Arzt/einer

Arztin eine der folgenden Diagnosen gestellt?

Ja Nein
Asthma .....ooooiiiiinii e e O O
Neurodermitis, atopische Dermatitis
oder endogenes Ekzem ................ ... O O
Allergische Rhinitis/Heuschnupfen ........... O O

36. Hatte Ihr Kind bisher eine der folgenden Erkrankungen im ersten

Lebensjahr?
Ja  Nein

Mittelohrentziindung ..............cooooeiiiiiiiiiiiiee, O O
PseudokKrupp .oovveiviiii O O
Lungenentzindung .............cooovviiiiiiiiiiiiieeeeeeien, O O
Bronchitis ....o..oeiiiiiiiiie e (] O
Bronchiolitis . ......oviiuiiiiiiiieeiie e (] O
Keuchhusten .......coooviiiiiiiiniie e (] O
Andere Infektionen ...........c.cceviiiiiiiiniiiiniiieinee (] O
Welche?

Waren stationdre Aufenthalte im Krankenhaus notwendig ....[J ..... O

Warum?




37. Hatte Ihr Kind bisher eine der folgenden Erkrankungen nach dem ersten

Lebensjahr?
Ja  Nein

Mittelohrentziindung ..............ccoooeiiiiiiiiiiniieie, O O
PseudokKrupp .ooveiviiii O O
Lungenentzindung .............cooovviiiiiiiiiiiiieeeeeeien, O O
Bronchitis ....o..oeiiiiiiiiiie e (] O
Bronchiolitis .......viiiniiiiiiiire e (] O
Keuchhusten .......coooviiiiiiiiniie e (] O
Andere Infektionen ...........c.cceviiiiiiiiniiiiniiieinee (] O
Welche?

Waren stationdre Aufenthalte im Krankenhaus notwendig ....0 ..... O
Warum?

38. Hatten Sie den Eindruck, dass Ihr Kind im Siuglings- oder Kleinkindalter

vermehrt geschwitzt hat?

Fragen zu Verhalten und Erkrankungen der Mutter in der Schwangerschaft

39. Hatten Sie in der Schwangerschaft eine Infektion, die die Einnahme eines

Antibiotikums erfordert hat?

T O
N I ettt O
Falls Ja,

Welche Art der Infektion:

Welches Antibiotikum haben Sie eingenommen:

40.  Waren stationiire Aufenthalte im Krankenhaus, auBer fiir die Geburt

notwendig?
T O
JA S 1 PP O
Falls Ja,

Warum:




41. Haben Sie in der Schwangerschaft Medikamente eingenommen?

Ja  Nein
Paracetamol......o.ononioee e O O

Andere Medikamente:

Angaben zur Wohnungs- und Lebenssituation

42. A) Wie viele jiingere Geschwister hat Ihr Kind?

Bitte auch Stiefgeschwister mitzdhlen, die in Ihrer Familie leben!

Schwestern.......coceevein.... Brider...oooviviiiii,

B) Wie viele iltere Geschwister hat Ihr Kind?

Bitte auch Stiefgeschwister mitzdhlen, die in Ihrer Familie leben!

Schwestern.......c.coeeveinn.... Brider...oooviiiiiiii,

43.  Wird oder wurde Ihr Kind regelmiiig zusammen mit anderen Kindern
durch eine Tagesmutter oder bei den Grofleltern betreut? Die eigenen

Geschwister sind dabei nicht gemeint.

Im 3. bis 6. Lebensjahr Im 1. oder 2. Lebensjahr Bei Geburt

(| O O

Mit wie vielen anderen Kindern:

44.  Wird oder wurde Ihr Kind regelmii8ig zusammen mit anderen Kindern in
einer Kinderkrippe oder im Kindergarten betreut? Die eigenen Geschwister

sind dabei nicht gemeint.

Im 3. bis 6. Lebensjahr Im 1. oder 2. Lebensjahr Bei Geburt

O (| (|

Mit wie vielen anderen Kindern?

Nein O




45.  Welche der folgenden Haustiere haben/hatten Sie innerhalb der Wohnung?

Mehrere Antworten sind moglich.

Zur Zeit Im 1. oder 2. Lebensjahr Bei Geburt

Keine O O O
Hund O O O
Katze O O O

A) Darf oder durfte sich eine Katze im Zimmer, in dem Ihr Kind schlift
aufhalten?

Ja (]

Nein (]

B) Darf oder durfte sich eine Katze im Bett Ihres Kindes aufhalten?
Ja O
Nein O

C) Darf oder durfte sich ein Hund im Zimmer, in dem Ihr Kind schlaft
aufhalten?

Ja O
Nein O

D) Darf oder durfte sich ein Hund im Bett IThres Kindes aufhalten?
Ja O
Nein O

46. Hat/hatte Ihr Kind sonst regelmiiBig (ca. 1x/Woche) Kontakt zu folgenden
Tieren (z.B. in der Wohnung von Freunden/ Verwandten)? Mehrere

Antworten sind moglich.

Zur Zeit 1. oder 2. Lebensjahr Bei Geburt Nein

Hund O O O O

Katze O O O O




47. Gab es in IThrer Wohnung jemals Feuchtigkeitsflecken bzw. Schimmelbefall
an Winden oder Decken?
Feuchtigkeitsflecken in Bad oder Kiiche sind dabei nicht gemeint, sondern nur in

Rdumen wie Wohnzimmer, Schlafzimmer oder Kinderzimmer.

Feuchtigkeitsflecken, aber ohne Schimmelbefall......................... O...... O

Zur Zeit Im 1. oder 2. Lebensjahr Bei Geburt

O O O

Feuchtigkeitsflecken mit Schimmelbefall ................................... O...... O

Zur Zeit Im 1. oder 2. Lebensjahr Bei Geburt

O O O

Es folgen Fragen zu Ilhrer Familie

48.  Hat ein Arzt bei der Mutter des Kindes jemals eine der folgenden Erkrankungen

diagnostiziert?

Asthma

Heuschnupfen

Ekzem

Autoimmunerkrankung, wie z.B. Diabetes, rheumatoide Arthritis.
Schilddriisenerkrankung, bitte angeben welche

Darmerkrankung (M. Crohn, ulzerative Kolitis)

Welitere:

O Oooooogoad

Nein

49.  Falls die Mutter an einer allergischen Erkrankung (Heuschnupfen, allergisches
Asthma bronchiale, Neurodermitis/atopische Dermatitis/endogenes Ekzem) leidet,

war diese aktiv wihrend der Schwangerschaft?

Ja O
Nein O




50.

Hat ein Arzt bei dem Vater des Kindes jemals eine der folgenden Erkrankungen

diagnostiziert?

Asthma

Heuschnupfen

Ekzem

Autoimmunerkrankung, wie z.B. Diabetes, rheumatoide Arthritis.
Schilddriisenerkrankung, bitte angeben welche

Darmerkrankung (M. Crohn, ulzerative Kolitis)

Welitere:

oo Ooooo0oogod

Nein

51.

Hat ein Arzt bei Verwandten jemals eine allergische Erkrankung diagnostiziert?

Asthma?
Ja O
NEIN O

Falls Ja, bei wem:

Heuschnupfen?
Ja O
Nein e O

Falls Ja, bei wem:

Neurodermitis/atopische Dermatitis/endogenes Ekzem?
Ja O
Nein O

Falls Ja, bei wem:

Es folgen Fragen zum Rauchverhalten

52.

Rauchen Sie oder Thre Familie in Threr Wohnung/Haus?




53.

Haben sie in der Schwangerschaft geraucht?

Ja o O
Falls ja, wie viele Zigaretten am Tag (durchschnittlich):
Nein (]

54. Haben Sie und Ihre Familie in den letzten 12 Monaten mit dem Rauchen in
der Wohnung aufgehort bzw. das Rauchen innerhalb der Wohnriume
eingeschrankt?

I O

A\ 1 | RN O

Es wurde nie geraucht...... O |:> weiter mit Frage 56
55. Wie viele Zigaretten werden durchschnittlich am Tag in Threr Wohnung

(damit meinen wir auch die Kiiche) geraucht? Zigaretten, die auf dem
Balkon oder der Terrasse geraucht werden, brauchen nicht mitgezihlt zu

werden. Wie viele davon von... (keine=0)

Mutter - pro Tag
Partner - pro Tag
Andere Personen - pro Tag
Insgesamt - pro Tag

Es folgen noch allgemeine Fragen

56.

57.

58.

59.

Wurde Ihr Kind in Deutschland geboren?

O Ja
O Nein Es wurde in .ooovvvvuiennennnn... geboren.
Eskammit .....oooeeeeneenn..... Jahren nach Deutschland?

Welche Staatsangehorigkeit hat Thr Kind?

O Deutsch
O Andere ->  Welche?

In welchem Land wurde die (leibliche) Mutter des Kindes geboren?

O Deutschland

O Turkei
O Andere ->  Welche?

In welchem Land wurde der (leibliche) Vater des Kindes geboren?

O Deutschland

O Turkei
O Andere ->  Welche?




60. Welches ist der hochste Schulabschluss der Mutter bzw. des Vaters des
Kindes?
Mutter Vater
Keine abgeschlossen Schulausbildung O O
Hauptschule, Volksschule O O
Realschule, Mittlere Reife O O
Gymnasium, Abitur, Fachabitur O O
Hochschule, Fachhochschule, Universitit O O
Andere Ausbildung O O
Welche
Haben Sie noch weitere Kommentare zum Fragebogen oder allgemein?
>
Wir danken Thnen herzlich fiir das Ausfiillen des Fragebogens! g q
1 le,
Bei Fragen konnen Sie sich jederzeit gerne an uns wenden. =3
. . ‘f?\’f.ﬁ 4 £
Studienleitung: =
PD Dr. med. Bianca Schaub N

Studiendrztin Elisabeth Klucker, Tel: 089/ 44005-7878
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