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Abstract

Background
Childhood asthma prevalence is significantly higineurban areas compared to rural/farm environments
Murine studies have shown that TNFAIP3 (TdNFnduced protein 3, A20), an anti-inflammatory

regulator of NF<B signaling, mediates environmental-induced asthrogection.

Objective
We aimed to determine the role of TNFAIP3 for asthatevelopment in childhood and immune

modulatory effects of environmental factors.

M ethods

In a representative selection of 250 out of 2,116i&Ien from two prospective birth cohort and twoss-
sectional studies, we analyzed blood cells of hgadind asthmatic children from urban and rural/farm
environments from Europe and China. PBMCs were udtitad ex vivo with dust from “asthma-
protective” farms or LPS. NkB signaling-related gene and protein expression asagssed in PBMCs
and multiplex gene expression assays (NanoStringgdlated dendritic cells of school-children and i

CBMCs from newborns.

Results

Anti-inflammatory TNFAIP3 gene and protein expressiwas consistently decreased while pro-
inflammatory TLR4 expression was increased in urban asthmatics p%0reflecting their elevated
inflammatory statusex vivo farm dust or LPS-stimulation restoréNFAIP3 expression to healthy levels
in asthmatics and shifted NdB signaling associated gene expression towardsi@infiammatory state
(p<0.001). Farm/rural children showed lower expmssndicating tolerance induction by continuous
environmental exposure. Newborns with asthma avdelige showed reducddNFAIP3 expression at

birth, suggesting TNFAIP3 as a possible biomarkedisting subsequent asthma.



92
93
94
95

96
97
98
99
100
101
102
103

Conclusion
Our data indicate TNFAIP3 as key regulator durihgdhood asthma development and its environment-
mediated protection. Since environmental dust exmogonferred anti-inflammatory effects, it may

represent a promising future agent for asthma jptereand treatment.
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Key M essages
e Urban asthmatic children express |@B8-AlIP3, a negative regulator of the NdB pathway.
e Farm dust/LPS stimulation downregulates pro-inflatory genes while anti-inflammatory genes
are upregulated.
* Healthy newborns with subsequent asthma expreess@iNFAIP3 at birth, suggesting TNFAIP3

as a potential biomarker.

Capsule Summary
Asthmatic children and newborns with subsequeihinaatexpress less TNFAIP3, suggesting this negative
NF«B regulator as a potential biomarkéix vivo farm dust/LPS stimulation has anti-inflammatory

capacities and shifts TNFAIP3 expression to heddkigls.

Key words
A20, asthma, childhood, immune development, enwiremt, farming, inflammatory, TNFAIP3, LPS,

protection
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Introduction

Asthma is one of the most prevalent chronic diseasehildhood, where the majority of affected drgin
can be classified as allergic asthmatics produdimgnunoglobulin E (IgE) antibodies against
environmental antigerfsThe multifactorial etiology of asthma includes géa factors and environmental
exposures illustrated by remarkable differenceprevalence between children from urban and rural

areas

Asthma prevalence has been rising particularly asternized countries with high hygiene standards,
whereas children from rural areas in Europe ansh&hind especially farming environments with cortstan

exposure to microbial components like lipopolysacites are protected.

The recognition of LPS (endotoxin) by TLR4, expegb®n innate immune cells activates inflammatory
responses like NkB signaling® Since uncontrolled inflammation would cause sevitissue damage,
these processes are tightly reguldteSpecifically, endotoxin tolerance, an adaptive tgrtive
mechanism, controls excessive inflammation by raied response to repetitive LPS-stimulation and

suppression of pro-inflammatory signaling and uptatipn of anti-inflammatory processes.

TNFAIP3 (A20), a negative regulator of the inflanmtory NF«B pathway, is important for immune
regulation in asthma and its environment-mediatetieption! Amish children living on traditional farms
with lower asthma prevalence compared to Huttetiiédren from highly industrialized farms expressed
significantly higher levels offNFAIP3.2 Furthermore, intranasal instillation of Amish duwsttracts
significantly inhibited airway hyperreactivity inraurine modef. An allergy-protective effect of farm dust

and endotoxin mediated BNFAIP3 was also shown in lung epithelial céells.

We aimed to disentangle the role of TNFAIP3 duritjjdhood asthma development and environment-
mediated protection. Specifically, we investigated following four questions: IENFAIP3 and NF«B

signaling gene expression deregulated in PBMCsdamdiritic cells of steroid-naive asthmatics during

10



200 asthma manifestation? Is it possible to moduldiEAIP3 expression and related genes by exposure to
201 “asthma-protective” farm dust extra@svivo? Do children with constant prigm vivo farm dust exposure
202  exhibit modulatedNFAIP3 gene expression? And caNFAIP3 expression at birth serve as a predictive

203 marker for subsequent asthma development?
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M ethods

Study design

We analyzed blood samples from two cross-sectistalies (CLARA/CLAUS, TRILATERAL) and two
prospective birth cohort studies (PASTURE/EFRAINALRINA/PAULCHEN). A case-control design
was chosen (see below for each study populati@wePcalculation revealed a required group sizédof
children per phenotype for onct differences of TNFAIP3 expression based on @uraed standard
deviation of 0.8Act within group witha=0.05 significance an@=0.9 power. Higher subject numbers

were selected, based on RNA availability. Informagilten consent was obtained from the parents.

Study population and char acteristics (Details see Supplement and Fig. E1)

The CLARA/CLAUS cohort includes healthy (HC) and ldrtio-moderate asthmatic 4-15-year-old
children (N=273/N=334) recruited at LMU childrentospital since 01/2009° Asthmatics were
diagnosed according to GINA-guidelingsEligibility criteria for asthmatics were classicasthma
symptoms, at least 3 episodes of wheeze and/op®diagnosis and/or history of asthma medication
and lung function indicating significant reversiblieflow obstruction according to ATS/ERS-guidektié
Allergic asthmatics (AA) were defined by specifigel level>0.35 IU/mL and clinical symptoms. HC
were matched by age (10.2 + 2.8y). The analyzedgrsulp of 50 children (26 HC/24 AA) is
representative for the whole cohort regarding ags, breastfeeding time, maternal atopy and asthma,
smoking and number of siblings. Approval was oladirfrom the local ethics board, LMU Munich,

Germany (Nr. 379-08).

The international birth cohort study PASTURE/EFRAINtludes 1,133 children from rural areas in
Germany, Switzerland, Austria, Finland and Framoenfthe third trimester of pregnancy until 1038y

Asthma was defined as physician’s diagnosis ofrrenti spastic, obstructive, or asthmatic bronchitis
and/or asthma reported by the parents at the ade'offhe selected 6-year-old children (N=63, 32
farmers (7 Asthmatics/25 HC), 31 non-farmers (1@hAmtics/21 HC) are representative for the entire

cohort with no significant differences regarding,sarming, number of siblings, breast feeding.eStdd

12
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asthmatics showed more familiar atopy. The study agproved by the local research ethics committee
from each country (Ethics numbers: Germany: 02@4&tria: 401; Switzerland EKSG: 021056; Finland:

10/2008; France: 07/448).

In the Chinese part of the TRILATERAL study, N=3486d N=14152 children born locally in Hong

Kong (7.0 £ 0.7y) or Conghua (7.2 = 1.5y) in MamdaChina were recruited between 2013-2014.
Prevalence of physician diagnosed asthma was &ignify higher in Hong Kong compared to Conghua
(5.3% vs. 2.6%, p<0.001). Asthmatics were defingdhaving a history of wheeze ever, current wheeze
within 12 months and physician/hospital diagnossthraa. HC were those without a history of wheeze,
physician diagnosed asthma, allergic rhinitis, mtagrmatitis and eczema ever. 79 children fromddon

Kong (32 asthmatics/47 HC) and 66 children from @uara (19 asthmatic/47 HC) were recruited for the
case-control study (Approval number: CUHK CREC nemB013.220). The analyzed subgroup of 112

children (HK: 54 (32 HC/22 AA); C: 58 (39 HC/19 AAk representative for the whole cohort.

In the combined birth cohort study PAULINA/PAULCHERBord blood samples from newborns from the
Munich area (N=190) and rural Germany (N=93) weskected from 2004-2008 Eligibility criteria
were an uncomplicated pregnancy and healthy nemn&eclusion criteria were preterm delivery,
perinatal infections and maternal use of antibsoticiring the last trimester of pregnancy and cleroni
maternal diseases. Subsequent asthma in childrerdeftned as doctor’'s diagnosis of asthma until the
age of 6y and/or 10y by questionnaires. The 25csmlenon-farm children (16 HC/9 Asthmatics) are
representative for the entire cohort showing naificant difference in sex, birth weight, birth fgth, and
gestational age, maternal age, asthma and smokipaternal atopy. Approval was obtained from the
human ethics committee of the Bavarian Ethical Bp&a&MU Munich, Germany (Ethical approval of

.Bayerische Landesarztekammer*; 04092).

13
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L aboratory methods (details Suppl. Table E1)

Dust collection and extraction
Environmental dust was collected by standardizedhouks, where electrostatic dust collectors were
placed in cowsheds for 4 weeks in Germany (G) aintafd (Fi)™® Dust was extracted as described

before?

Cedll isolation and stimulation

CBMCs and PBMCs were isolated by density gradientrifugation within 24 h after blood withdrawal
and 5x16 cells/ml were cultivated at 37 °C, 5% €@BMCs from CLARA/CLAUS children were
cultured for 24 h in X-Vivo unstimulated or stimtéd with LPS (0.1 pg/ml, E.coli-O111:B4) or 40 pg/m
farm dust extract (G, Fi). Whole blood culturesnir®ASTURE/EFRAIM children were incubated for 24
h in RPMI/10% FCS unstimulated or LPS-stimulatedl (Qug/ml, E.coli-O111:B4). PBMCs from
TRILATERAL children were cultured in RPMI/10% FC®stimulated or stimulated with 1 pg/ml LPS.
CBMCs from newborns were cultured for 72 h unstemed in RPMI/10% FCS. Differences in LPS-
concentrations derive from preliminary studies wehigleal conditions were tested to be optimal irheac

setting.

RNA isolation, cDNA synthesis and quantitative RT-PCR

CBMC and leukocyte RNA was extracted using TRIzolQAzol, and chloroform, while RNA from
PBMCs and DCs was extracted using RNeasy Mini RRA concentration and quality was tested via
Nanodrop and/or Bioanalyzer. cDNA was synthetizethgi the QuantiTect Reverse Transcription Kit.
Gene expression was quantified by RT-PCR in 96-platies under standard conditions including ROX as
passive reference, melt curve analysis and autortiagshold setting using SYBR Green, set up ipl10
containing 6 ng cDNA and 320 nM primers. 18S leveisre used for normalization. The primer

sequences are listed in the supplement (SuppleTEd).

14
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Western blotting

PBMCs were lysed in 100 ul RIPA Buffer containingptease inhibitors. Protein concentration was
determined by Bradford assay. Cell lysates |(§llane) were separated by SDS-PAGE. Proteins were
transferred to PVDF membranes, blocked in 5%milleTBand incubated in 5%BSA-TBST and
TNFAIP3 antibody. Blots were incubated with HRP4emated goat anti-rabbit IgG and visualized by
ECL solution on a ChemiDoc™ System. R-Actin wasduas loading control. Protein expression was

guantified using ImageJ Software.

Nanostring

Dendritic cells were separated from unstimulatedd aGerman dust-stimulated PBMCs of
CLARA/CLAUS children by AutoMACS using the denddtcell isolation kit. In this proof-of-principle
experiment, cells were stimulated exclusively w@élerman dust, due to limited material availability.
Extracted RNA was concentrated using the RNA Clgaboncentrator™-5 Kit. Concentration, quality
and fragmentation (>300nt) was assessed with tharialyzer RNA 6000 Nano Kit. 100 ng RNA were
hybridized (18 h, 65 °C) and the PanCancer Immundiling Panel was used for NanoString nCounter
expression analysfs.Data were analyzed utilizing nSolver Analysis $afte v3.0. Quality control was
performed using default settings within the sofeygrositive controls, housekeeper, and total (ekatu
controls) counts and binding densities in each $an#p standard curve based on positive controls was

used for standardization. Expression was normalize&38 housekeeping genes.

Statistical analysis

Differences between population characteristics wesged with Wilcoxon tests for continuous variable
and Fisher tests for contingency tables. Gene egjfme was analyzed by global tests for the null
hypothesis of no effect by stimulation, farm expesand phenotype. The parallel assessment of $evera
genes within each subject was taken into accounisinyg the multivariate extension of the analydis-o
variance framework (MANOVA, Supplement), which i®m powerful than multiple single ANOVA for

each gene separately. The significance of the fkelstés was derived via the F-test as implemerR in

15
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package multcomf’. Single missing values in the gene expression |pmfivere imputed by chained
equations? Following identification of significant global dérences for each cohort (Suppl. Table E3),
we assessed specific differences by two-samplsts:t&he mean was reported with 95% confidence
intervals. Outliers were defined as data pointsritaa distance of more than three IQR to the lowsyér

data quartile and excluded for parametic tests.uAadjusted p-value less than 0.05 was considered as
significant. Statistical analysis and visualizatimas performed using R version 3.3.1 and the ggplot

package*®
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Results

Asthmatic urban children expressless TNFAIP3

To investigate the regulation OofNFAIP3 and related NReB signaling genes, we assessed gene
expression in PBMCs of steroid-naive asthmatictsaithy school-age children from urban Germ#afly.
NF-«xB pathway genesTNFAIP3, TLR4, MYD88, MALT1, TRAF6, TNIP2, TAX1BP1 and T-cell-
associated genésD274, CD279,CD80, CD152,CD86 and CD28 were examined. To compare findings
from this European cohort with the internationallIARTERAL cohort we assessed gene expression of
TNFAIP3, TLR4, MYD88, MALT1, TRAF6, TNIP2, TAX1BP1, CD274, CD80 andCD86 in urban Chinese
children. Under unstimulated conditions, Germathraatic children displayed significantly decreased
TNFAIP3 and CD80 expression and increaséld.R4 levels compared to healthy controls (Fig.1A,
p<0.007). No phenotypical differences in expressibthe other investigated genes were observed under
unstimulated conditions (Suppl. Fig. E3). Lower TNIF3 levels of asthmatic children were confirmed on
protein levels (Fig.1C, p=0.035, representative MfasBlot in Suppl. Fig. E2). Consistently, less
TNFAIP3 expression was replicated in asthmatics from HKogg (Fig.1B, p=0.042), indicating an

impaired negative regulation of the NB-pathway in asthmatic children across differefbtanrareas.

Ex vivo dust stimulation upregulates TNFAIP3 expression

We analyzed whether 24 h stimulation with farm dugtacts or LPS could shift reduced TNFAIP3 levels
in asthmatics to levels comparable to a healthylbstate TNFAIP3 levels of healthy children under
unstimulated conditions), mimicking asthma-proteztfarm exposurex vivo. We extracted dust from
German (G) and Finnish (Fi) farms and stimulated2B of children from urban Germany with these
dust extracts and LPS, one major component of fhust, to analyze their immune regulatory capacities
LAL-testing of the dust samples revealed high eoxiaot concentrations with a bacterial composition of
mainly Proteobacteria (90.1%), but also gram-pesitrirmicutes (8.6%) and Actinobacteria (1%) (see

Supplement). PBMCs of Chinese children have ongntstimulated with LPS, due to logistic reasons.

17
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Upon LPS-stimulation, asthmatics from urban Germang China reachetNFAIP3 levels comparable
to those of healthy children under unstimulatedditions (Fig.2A, 2B). German dust stimulation also
resulted in increase@NFAIP3 expression, yet not significant (data not shoviijnish farm dust (Fi)
stimulation also yielded a significant increaselNFAIP3 to healthy levels. On protein levels, TNFAIP3
upregulation was even stronger upon Finnish farnst ditimulation compared to LPS (Fig.2C).

Interestingly, for healthy children no significargregulation of TNFAIP3 was observed on proteirelsv

Taken together, urban asthmatic children showededsed TNFAIP3 transcriptional and translational
level compared to healthy children but TNFAIP3 egsion could be upregulated uper vivo

stimulation with farm dust (Fi) and LPS.

Ex vivo dust stimulation downregulates pro-inflammatory genes while upregulating anti-
inflammatory genes

Aiming at identifying the immunological mechanismsderlying the protective farm effect in a more
detailed approach, we investigated gene expresdioglated genes within the NdB signaling pathway

and co-stimulatory molecules.

Stimulation with dust extracts from Finnish (Fi)daerman (G) farms or LPS significantly increased
expression of anti-inflammatorgD274, CD152 and CD80 (red), while decreased expression of pro-
inflammatory CD86, CD28, TLR4 and MYD88 (blue), in healthy and asthmatic children (Fig.3A,
***pn<0.001, **p<0.01, *p<0.05). This suggests fueh immune modulatory characteristics of
environmental dust. Noteworthy, asthmatics from anrbGermany showed significantly stronger
downregulation offLR4, CD86, TRAF6, andMALT1 (G) as compared to HC (Fig.3A, p<0.04, indicated
by black rectangle around the respective genejeéased anti-inflammatory gene expressiorCbR74
and CD80 together with decreased pro-inflammatdilyR4 expression upon LPS-stimulation could be
confirmed for all children from urban China (Fig)J3B®f note, in preliminary tests we also includedan
dust samples as a negative control resulting irsistent or even decreased TNFAIP3 expression (Suppl
Fig. E4).
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To investigate the effect of simultaneously inceshanti-inflammatory and decreased pro-inflammatory
expression upon dust and LPS stimulation, we catedlan “inflammation ratio” by relating pro- totian
inflammatory gene expression. The averag@T-value of all genes assembling anti-inflammatory
properties (TNFAIP3, CD274, CD80, TNIP2, TAX1BP1DT52, CD279) was divided by the average
ACT-value of all pro-inflammatory genedL{R4, MYD88, MALT1, TRAF6, CD86, CD28). Under
unstimulated conditions (U), asthmatics had a fiigaitly higher inflammation ratio, indicating a
stronger pro-inflammatory basal state of asthmat@spared to healthy children (Fig.3C, p=0.005, see
Supplement-results). Upon stimulation, this inflaatibn ratio was highly significantly reduced,
indicating the anti-inflammatory capacity of 24thmaulation with farm dust and LPS for both healtind

asthmatic children (Fig.3C, **p<0.01, ***p<0.001).

IL-18 gene expression was analyzed to investigate dosamtNF«kB signaling. IL-18 is induced via the
TLR4-MYD88 axis and is associated with asthma pgg¢inesis by inducing Type2-cytokines, allergic
inflammation and eosinophilic influx into the airy&f®?’ Upon unstimulated conditions, asthmatic
children showed significantly higher levels kf-18 in line with their higher inflammatory status at
baseline (Fig.3D, p=0.002). However, when stimaafBMCs with German and Finnish farm dust, pro-
inflammatoryIL-18 was significantly downregulated in both healthyd aasthmatic children (Fig. 3D,
*p<0.05, *p<0.01, ***p<0.001), while asthmatic children downregulateel8 expression even stronger
upon LPS (p=0.001) and German farm dust (p=0.04ix)ukation. These data emphasizes an anti-

inflammatory capacity of farm dust and LPS stimiolaeven downstream of NiEB on cytokine level.

TNFAIP3 expression in dendritic cells

To investigate whether the findings are relateth®omost potent antigen presenting cells, we exagnin
dendritic cells (DCs), as we have previously shdleimportant role of DCs for environment-mediated
asthma protectioff* We isolated dendritic cells from unstimulated &eun dust stimulated (G) PBMCs
of healthy and asthmatic children from urban Gewyreamd assessed multiplex gene expression in a-proof

of-principle experiment.
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381 Under unstimulated conditions, asthmatics displdgsd TNFAIP3 expression in dendritic cells, yet not

382 significant (p=0.26) whil&LR4 expression was significantly increased (Suppl. Elg p=0.01).

383 However, upon farm dust stimulation, pro-inflammagtsignaling genes lik&LR4, its interacting partner
384 CD14 and MYD88, IRAK1, IRAK4 and IL-18 were downregulated in dendritic cells, while anti-
385 inflammatory signaling genes IIKENFAIP3, the NF«B inhibiting proteinNFKBIA (IKKa), CD80 and
386 CD274 were significantly upregulated (Fig.3E, ***p<0.001*p<0.01, *p<0.05) in both healthy and

387 asthmatic children.

388 These findings confirm the results obtained for REBVand underline the regulatory role of dendriéttsc

389 in the context of environment-mediated asthma ptiute.

390 Livingin rural areasdownregulates NF-kB signaling gene expression

391 Next, we aimed to determine whether natunalivo farm exposure modulatdNFAIP3 expression and
392 its associated pathway genes. Therefore, we exdngieee expression in a subset of farm and non-farm
393 children (both healthy and asthmatics) in unstiradaor 24 h LPS-stimulated whole blood cultures
394 (N=61) in our European PASTURE/EFRAIM cohort. Ndfelience inTNFAIP3 expression was present
395 between healthy and asthmatic farm children. Howewemparing farm and non-farm children
396 independent from phenotype, farm children expressgdificantly lessTNFAIP3 and CD274 under
397 unstimulated conditions (Fig.4A,<p.035). To assess if this effect is unique for Pean farming
398 environments, we investigated gene expression M®@8Bof children from urban (Hong Kong) and rural
399 China (Conghua), another asthma-protective enviesfi Consistently, there was no significant
400 difference between asthmatic and healthy childmemfrural China under unstimulated conditions.
401 Comparing urban to rural children, rural childreqpeessed significantly lower levels of all invesiigd
402 genes (Fig.4B, $0.003), suggesting a lower basal inflammatory raspopattern for rural children,
403 replicating the effects observed in farm childresnf Europe Ex vivo LPS-stimulation for children from

404  both European farms and rural China resulted itr@ang upregulation of anti-inflammatofyNFAIP3,
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CD80 andCD274 while downregulatedLR4 expression (Fig.5A/B, ***p<0.001, **p<0.01, *p<®Y in

line with the results observed in the urban cohorts

In summary, children from European farms and r@tsiha showed decreased gene expression of the NF-
kB pathway includingTNFAIP3 compared to non-farm/non-rural children. Impotanthe capacity to
increase anti-inflammatory geneBNFAIP3, CD80 and CD274) and decrease pro-inflammatofi R4

was preserved following LPS-stimulatiervivo.

Newbor nswith subsequent asthma expressless TNFAIP3

Finally, to assess whether dysregulation TNFAIP3 is already present at birth, we analyzed the
expression of NkeB pathway genes and T cell-associated genes in CBM®@ealthy newborns from the
German birth cohort PAULINA/PAULCHEN® Subsequent asthma diagnosis at school-age until 10

was assessed by a physician.

In fact, newborns with subsequent asthma displaigrdficantly lowerTNFAIP3 expression dysregulated
NF-«B signaling gene expression already at birth (Fig#80.037). Furthermore, the T-cell associated
genesCD274 and CD80 were decreased in newborns with subsequent astbmpared to the healthy
children, although not significant (Suppl. Fig. E&:0.055 respectively p=0.084). This suggests an
important role of TNFAIP3 for the regulation of inflammation and its involent in the early

determination of asthma development.
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Discussion

In this studycomprising data of four pediatric cohorts (totalof68 children) from urban and rural/farm
areas in Germany and China, we demonstrated thianasc childrenfrom both Germany and China
expressed lesINFAIP3, a central negative regulator of the pro-inflamomatNF«B pathway on
transcriptional and translational levels. Notaldbyyer TNFAIP3 expression levels were already present at
birth in children who developed asthma by 10y, sstigg TNFAIP3 as a potential biomarker for asthma
prediction. Moreoverex vivo stimulation of PBMCs with farm dust extracts anB3. upregulated
expression oTNFAIP3 and other anti-inflammatory regulators, while @éaging pro-inflammatory genes.
These anti-inflammatory capacities may indicateogemtial therapeutic role for farm dust exposurerev
in manifest asthmatics. Another support for thisaapt is shown by an anti-inflammatory shift in the
most potent antigen-presenting cells, namely déadrells. Farm children with long-terim vivo farm
exposure showed overall less gene expression ahwdistigated genes compared to urban children.
Nevertheless, the anti-inflammatory capacity oftac vivo LPS-stimulation was also present in farm

children.

DecreasedNFAIP3 expression in PBMCs of asthmatic school-childreomf two distinct urban areas

(Germany and China) together with increa3e&4 expression indicates an impaired negative regulatio
of NF«B signaling with simultaneous excessive activatifrthis pathway. Increased expression of the
LPS-recognizinglLR4-receptor was also identified in dendritic cellsasthmatics. These alterations may

contribute to airway inflammation resulting in étial symptoms of asthma.

Farm and rural environments protect children frosthma and allergic diseasego identify the
immunological mechanisms underlying this “farm effe we performed stimulation experiments with
farm dust and its main component LPS. Of note, rEG$A sequencing revealed a high bacterial richness
of the farm dust extracts comprising mainly grangateve Proteobacteria but also gram-positive bacter
without any LPS in their cell walls. Since 24 h LB{8nulation results in a tolerogenic state, wedutbes

model to mimicin vivo farm exposure. Indee@x vivo stimulation of PBMCs with LPS or farm dust
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activated anti-inflammatory processes by increa3iNg-AIP3, the central negative regulator of NB-
signaling, in healthy and asthmatic children. Nbtalstimulation even restored the lower levels of
asthmatics by shifting its expression to a “healdwel”. Anti-inflammatory properties via LPS anarin
dust were also mediated by upregulat®€ig274, a suppressive T-cell ligand a@D80. Whereas CD80
interacts with a greater affinity with inhibitory alecules (CD152, CD274), CD86 executes T-cell
activation through the interaction with CD%8? In fact, stimulation resulted in significant
downregulation of pro-inflammatoi@D28 in healthy children while suppressi@®152 was upregulated

in asthmatic subjects.

Moreover, stimulation resulted in downregulationppb-inflammatory regulators lik€LR4, the initial
activator of the NReB pathway. This downregulation of the LPS receptalicates that environment-
mediated asthma protection by chronic/prolonged LléXposure is driven by hyporesponsiveness
subsequently leading to anti-inflammatory immunspmmses. In addition, its adaptbtYD88 and
MALT1, the negative regulator of TNFAIP3ai&kAF6 that activates the NkB inducing KK-complex,
were reduced upon stimulation in asthmatics. Thausatory effects of LPS stimulation could also be
replicated in our urban Chinese cohort, althougla itower extent. Nevertheless, the key finding, i.e
upregulation of anti-inflammatoryTNFAIP3, CD274 and CD80 while downregulation of pro-

inflammatoryTLR4 has been consistently shown in both cohorts.

The beneficial effects of farm dust and LPS stirtiatawere demonstrated for both healthy and astiemat
children. Therefore, we believe that exposure tmifiag environments is beneficial for all childrenda
potentially for allergy prevention and is even adgealecrease an elevated inflammatory baselinasstt

allergic asthmatics.

These anti-inflammatory properties ek vivo farm dust stimulation demonstrated in PBMCs were
attributable to isolated dendritic cells (DCs), pogting our novel concept of a protective mechaniém
major antigen-presenting cells, DCs are in printmytact to antigens contained in farm dust extraits

the crucial ability to activate T-cells. Moreovegveral other farming studies have shown the demtiel
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of DCs, suggesting that specifically signaling tigb DCs is decisive in environment-mediated
protection’®?° While epidemiological studies consistently showkelin vivo asthma-protective effect of
farm exposure, our immunological findings may sigjgmssible therapeutic effects of farm dust even a
the time of early symptomatic disease. However,iraimat the use of farm dust as preventive or
therapeutic approaches it is critical to overcoheedhallenges of dose, composition, administratise

and safety of farm dust extracts.

In comparison to ouex vivo model, farm children are consistently exposedrange of antigens and high
endotoxin levels triggering inflammatory respons€he continuous activation of immune responses
induces tolerance mechanisms via unresponsiveragsther with direct downregulation of basal
inflammation to keep harmful inflammation under toh Also reduced protein expression of both Thl
and Th2 cytokines as a result of constant LPS aexpobhas been associated with subsequent asthma
protection in farm childrefi’”* This could explain our findings of lower pro- aauti-inflammatory gene
expression for children from rural China and Euapé&arms. In contrast to the Chinese cohort, irctvhi
children from rural areas were compared with cbitdfrom a big city (Hong Kong), the reference group
to the farm children in the European PASTURE/EFRAdbhort comprised children from non-farming
areas. This could explain the greater differenataéen rural and urban China compared to the Earope

cohort.

Despite the protective environmental exposure, allsnumber of farm children still develop asthma.
Thus, additional factors such as genetic prediipaosinay be responsible for their asthma develogmen
This may explain why we could not detect any sigaift differences in expression BNFAIP3 and the
investigated NReB signaling genes, when comparing asthmatic andthyeahildren from farm/rural
areas. This hypothesis is supported by a recerdystin prediction of childhood asthma risk
(Krautenbacher et al., unpublished). Family histofyatopy, age and sex were relevant for asthma
prediction for both, farmer and non-farmer. Howewshereas asthma prediction was most specific

including genetics for farm children, for non-fadmildren environmental influences were decisive.
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Upon stimulation, both farm/rural and urban chitdetowed a similar upregulation BRFAIP3, CD274
andCD80 and downregulatiofLR4, suggesting there is no difference in acute respon inflammatory
triggers, although the basal immune status - astitited under unstimulated conditions - is geheral
lower in farm/rural children. Of note, for feasitjl a representative subgroup was investigated for
functional experiments. Based on sufficient povwsemfirmation in more than 1 cohort and significant

effects despite subgroups, we are confident tiestetiesults are translational to the whole cohorts.

In summary, our data confirm TNFAIP3 as a key ratul of childhood asthma development and
important factor explaining the rural asthma-proteceffect. Farm dust stimulation restores TNFAIP3
expression to healthy levels and increased ar#ifimhatory while decreased pro-inflammatory gene
expression. Furthermore, healthy newborns, wholdped asthma at school-age expressed lower levels
of TNFAIP3 already at birth. This key regulator can thus puaédly serve as a marker predicting

childhood asthma development.
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596 Figurelegends
597 Figurel: Urban asthmatic children expressless TNFAIP3.

598 Scatter plots fofNFAIP3, TLR4 andCD80 gene (A and B) and TNFAIP3 protein (C) expressibata is
599 shown stratified for phenotypes, healthy (HC) alergic asthmatic (AA) children. Raw data values ar
600 represented by horizontally jittered points. Erfpars show 95% confidence intervals around the sampl
601 means, which were connected by horizontal lineffeRinces are indicated by the p-value of two-sampl
602 t-tests for phenotype comparisons. Gene expregaicth was analyzed by qPCR after 24 h cultivation of
603 unstimulated PBMCs of A) 4-15-year-old childrenrfravilunich, Germany (CLARA/CLAUS cohort,
604 N=36 (17 HC/19 AA)) and B) 7-year-old children frddong Kong, China (TRILATERAL cohort N=53
605 (32 HC/21 AA)). C) Relative TNFAIP3 protein levedq kDa) calculated by Image J software (arbitrary
606 units, A.U.) analyzed by Western blot after 24 Htieation of unstimulated PBMCs of 4-15-year-old
607  children (CLARA/CLAUS cohort, N=25 (11 HC/14 AA)pmmalized to B-Actin.

608 Figure 2. LPS and farm dust stimulation increase TNFAIP3 gene and protein expression in
609 asthmatic children.

610 Effect of LPS and German (G) and Finnish (Fi) fadrst stimulation compared to unstimulated (U)
611 conditions shown as scatter plots. Data is shovatifs¢d for phenotypes. Raw data values are reprtes!
612 by horizontally jittered points. Error bars showg®8onfidence intervals around the sample meanghwhi
613 were connected by horizontal lines. Differences intécated by the p-value of two-sample t-tests for
614 phenotype comparisons. Gene expression of TNFANRS (vas analyzed by qPCR after 24 h cultivation
615 of unstimulated or LPS- or Fi-farm dust stimulafB8MCs of A) 4-15-year-old children from Munich,
616 Germany (CLARA/CLAUS cohort, N=37 (18 HC/19 AA)) &) 7-year-old children from Hong Kong,
617 China (TRILATERAL cohort N=53 (31 HC/22 AA)). C) TBAIP3 protein level (82 kDa) calculated by
618 Image J software (arbitrary units, A.U.) analyzgdWdestern blot after 24 h cultivation of unstimelct
619 (U) and LPS or dust-stimulated PBMCs of 4-15 yddr@erman children (CLARA/CLAUS cohort, N=25
620 (11 HC/14 AA)) normalized to R-Actin.

621 Figure 3: LPS and farm dust stimulation downregulates pro-inflammatory (TLR4, MYD88, CD86,
622 TRAF6, CD28) and upregulates anti-inflammatory (CD274, CD80, CD152) gene expr ession.

623 Up-/ and down regulation upon 24 h stimulation w@kerman (G) or Finnish (Fi) farm dust or LPS is
624  color-coded in heat maps (A, B and E) with a rddélgradient. Saturation reflects the strengthenrms
625 of the fold change (log2 scale). Significant re¢gjola compared to the unstimulated cells is marké@t w
626 asterisks (* p<0.05, ** p<0.01, *** p<0.001) based two-sample t-test analysis. Different regulation

627 between phenotypes (AA vs HC) is marked by a btackangle around the respective gene. Fold change
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of gene expressionA¢t) in PBMCs of A) 4-15-year-old children from Mwehi, Germany (N=34 (16
HC/18 AA)) and B) 7-year-old children from Hong KprChina (N=49 (29 HC/20 AA). C) Scatter plots
of inflammation score defined as ratio of pro-inflmatory TLR4, MYD88, MALT1, TRAF6, CD86,
CD28) against anti-inflammatory expressioNFAIP3, CD274, CD80, TNIP2, TAX1BP1, CD152,
CD279) in unstimulated (U) and LPS or farm dust (G, $timulated PBMCs of 4-15-year-old children
from Munich, Germany (N=31 (15 HC/16 AA)). D.) Seatplots ofl L-18 gene expressio{t) analyzed
by gPCR after 24 h cultivation of unstimulated dtflS or German (G) and Finnish (Fi) farm dust
stimulated PBMCs of 4-15-year-old children from Ntin Germany (N=36 (17 HC/19 AA)) the from
CLARA/CLAUS cohort. Data is shown stratified for guiotype. Error bars show 95% confidence
intervals around the mean. P-values from post-Hesttanalysis are indicated for comparisons ofthga
controls to allergic asthmatics. E) Fold changeralitive expression in isolated dendritic cells of
unstimulated and G stimulated PBMCs of 4-15-yedratlildren from Munich, Germany (N=12 (7 HC/5
AA)) measured with NanoString multiplex expressémalysis.

Figure 4: Farm/rural children show lower NF-kB signaling gene expression.

Scatter plots of gene expressiarci) was analyzed by qPCR after 24 h cultivatiorun$timulated A)
leucocytes of 6-year-old farm (F) (N=32) and nom¥fdNF) (N=31) healthy and asthmatic children from
the PASTURE/EFRAIM cohort and B) PBMCs of 7-yead-blealthy and asthmatic children from rural
Conghua (C) (N=58) and Hong Kong (HK) (N=54) frometTRILATERAL cohort. Data is shown
stratified by environment. Error bars show 95% @ierice intervals around the mean. P-values fror pos
hoc t-test analysis are indicated for comparisdri¢rovs F and C vs HK, respectively.

Figure 5: LPS stimulation in farm/rural children results in upregulation of TNFAIP3, CD80 and
CD274 and downregulation of TLR4 compar ed to unstimulated blood cdlls.

Fold change in gene expression analyzed by gqPC& a#t h cultivation of unstimulated and LPS
stimulated A) leucocytes of 6-year-old farm (F) @9F and non-farm (NF) (N=29) healthy and asthmatic
children from the PASTURE/EFRAIM cohort and B) PBM®f 7-year-old healthy and asthmatic
children from rural Conghua (C) (N=55) and Hong KdiK) (N=49) from the TRILATERAL cohort.
Data is shown stratified by environment. Error keltew 95% confidence intervals around the mean. P-
values from post-hoc two-sample t-test analysisiradizated for comparisons of LPS vs U (fold change
*p<0.05, **p<0.01, ***p<0.001).

31



659

660
661
662
663

Figure 6: Newbornswith subsequent asthma express less TNFAIP3.

Scatter plots of gene expressiarct) analyzed by gPCR after 72 h cultivation of imstated CBMCs
from PAULINA/PAULCHEN cohort. Data is shown stragifi for phenotype (N=25 (16 HC/9
Asthmatics)). Error bars show 95% confidence irdEnaround the mean. P-values from post-hoc t-test

analysis are indicated for comparisons of healtntrols to asthmatics.
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Supplementary Table E1: List of used reagents andcaording companies.

Reagent

Company

Ficoll-Paque™ PLU

GE Healthcare, Piscataway, U

RPMI Gibco, Carlsbad, US
X-Vivo Lonza Walkersville, Inc., Walkersville, U¢
FCs< Sigme-Aldrich, St. Louis, Missouri, USA (PASTURE/EFRAII

Gibco, Carlsbad, USA (TRILATERAL)

LPS (E.co-O111:B4

Sigme-Aldrich, St. Louis, Missouri, US

TRIzol Invitrogen, Karlsruhe, Germa
QIAzol Qiagen, Venlo, the Netherlar
chloroforn Sigme-Aldrich, St. Louis, Missouri, US
RNeasy Mini Ki Qiagen, Venlo, the Netherlar

QuantiTect Reverse Transcription

Qiagen, Venlo, the Netherlar

BIO-RAD CFX96 Systel

Bio-Rad, Hercules, California, U¢

SsoAdvanced Universal SYBR Gre

Supermix

Bio-Rad,Hercules, California, US

Vector NTI <oftware Version 10 Advanc
11.5

Invitrogen, Carlsbad, US

cOmplete Protease Inhibitor Cock

Roche, Basel, Switzerla

Bradford asse

Carl Roth, Karlsruhe, Germa

TNFAIP3 antibody 4625

Cell Signalling Technology, Cambridge, |

HRF-conjugated goat ar-rabbit IgG, 7074

Cell Signalling Technology, Cambridge, |

ECL solutior

ThermoFisher, Waltham, Massachusetts, !

ChemiDoc™ MP Syster

Bio-Rad, Hercules, California, U¢

Image Lab softwal

Bio-Rad, Hercules, California, U¢

[2-Actin (sc-47778 HRI

Santa Cruz Biotechnologies, Santa Cruz, !

ImageJ Softwal

National Institutes of Health, Bethesda, L

AutoMACS

Miltenyi Biotec, Bergisch Gladbach, Germi

human blood dendritic cell isolatiit Il

Miltenyi Biotec, Bergisch Gladbach, Germi




RNA Clean & Concentrator-5 Kit ZymoResearch, Irvine, California, U:!

Bioanalyzer RNA 6000 Nano Agilent Technologies, Santa Clara, California, L

NanoString nCounter expression anal NanoStringTechnologies, Seattle, U!

Limulus Amebocyte Lysate (LAL) test Q(- | Lonza Walkersville, Inc., Walkersville, U¢
1000




Supplementary Table E2: Sequences of used primersrfRT-PCR.

Gene Primer sequence (forward primer, 5'- 3)
18< AGTCCCTGCCCTTTGTACAC/

CD27¢ ACCACCACCAATTCCAAGAGAG
CD8C CTGGCTGGTCTTTCTCACTTCTGTT
CDs8e GCGGCTTTTATCTTCACCTTT(
MALT1 CTCAGCCCCCCAGGAATAAAC
MYD88 TGCCTTCATCTGCTATTGCCC!
TAX1BP1 GCAGCAGAGGCAGATTTTGACATAC
TLR4 CTCAACCAAGAACCTGGACCTC
TNFAIP3 GCCCAGGAATGCTACAGATACCC
TNIP2 CAAAGGAATGTGGGGGAGAGAAGTC
TRAF€ TGATGTAGAGTTTGACCCACCCCT(
CD2¢ CCATGTGAAAGGGAAACACCTT
CD15: TGGCCCTGCACTCTCCTG

CD27¢ GCTCAGGGTGACAGAGAGAAC

IL-18 AACAAACTATTTGTCGCAGGAAT




Supplementary Table E3: Results of the global MANOMW for effects of phenotype, exposure, and

stimulus. P-values derived from F-test.

CLARA/CLAUS TRILATERAL PASTURE/EFRAIM PAULINA/
PAULCHEN
Effect of 40 hypotheses Stratified for farm Stratified for farm 10 hypotheses
Phenotype p = 1.806.10° exposure: exposure: p =3.076.16
Sublsequent HG"Std . 32 hf/git;\i%es 24 hg%%t{\i%es Subsequent t-test
analysis comprised in p = 1.919. p = 5.081. . : .
Figure 1A Subsequent t-test adjusted for farm ar]aly5|s comprised in
analysis comprised in | exposure: Figure 6
Figure 1B p = 5.645.10
n.s., no further t-test
adjusted for farm analysis
region:
p = 2.398.10 without stratification or
n.s., no further t-test | adjustment:
analysis 12 hypotheses
p = 5.739.10
without stratification or| n.s., no further t-test
adjustment: analysis
16 hypotheses
p = 1.649.10
n.s., no further t-test
analysis
Effect of - 16 hypotheses 12 hypotheses -
Exposure p = 3.309.10 p = 1.827.10
Subsequent t-test “Subsequent t-test
analysis comprised in | analysis comprised in
Figure 4B Figure 4A
Effect of 30 hypotheses 8 hypotheses 6 hypotheses -

Stimulus (via fold
change)

p = 1.568.10°
Subsequent t-test

analysis comprised in

Figure 3A

p =9.832.1¢"
Subsequent t-test
analysis comprised in
Figure 3B and 5B

p = 1.063.103°
Subsequent t-test
analysis comprised in
Figure 5A

Effect of
phenotype on
changes due to
stimulation (via
fold change)

30 hypotheses
p =2.723.10°
Subsequent t-test

analysis comprised in

Figure 3A

8 hypotheses

p =5.247.1G

n.s., no further t-test
analysis

6 hypotheses

p = 7.323.10

n.s., no further t-test
analysis

Effect of exposure
on changes due tq
stimulation (via
fold change)

8 hypotheses

p = 1.852.10

Post-hoc t-test analysig
revealed no
significance

6 hypotheses
p = 4.044.10

5 N.S., no further t-test
analysis
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M ethods

Reagents used for this study are listed in Suppiémng Table E1.

RT-PCR was performed in 96-well plates under stahdanditions (2 min, 95°C; 20 sec, 95°C and 30
sec, 62.5°C, 40x) including ROX as passive refezenelt curve analysis and automatic thresholihgett
using SYBR Green, set up in fi0containing 6 ng cDNA and 320 nM primers. The sges are listed

in Supplementary Table E2.

A representative Western blot is shown in SuppleargriFigure E2.

Bacterial 16SrRNA geneanalysis

The V3-V5 region of the bacterial 16S rRNA gene wawlified with the forward primer V3-5Forward
(CCTATCCCCTGTGTGCCTTGGCAGTCTCAGCCTACGGGAGGCAGCAGhHhh the reverse primer
Bac04xx (CCATCTCATCCCTGCGTGTCTCCGACTCAG-barcode- GUCAATTCMTTTRAGT)
from Eurofins (Eurofins Genomics, 85560 Ebersb&grmany). The 12bp barcode for this sample was:
GTCGCTGTCTTC (primer Bac0421). Triplicate | 23Polymerase Chain Reactions (PCRs) were set up.
For the amplification Fast Start High Fidelity PGRgstem (Roche, Germany) adding 2.0ul [5uM] of each
primer and 1l of bovine serum albumin [10mg/mlig(Ba-Aldrich) was used. For every sample a PCR
negative control was included. 1ul of a 1:5 dilotif the original provided DNA extract was usedP&R
template at the end. PCRs were run at 95°C fors@26nds, followed by 28 cycles of 94°C for 20s,50°

for 30s, 72°C for 5 min.

Furthermore, the amplicons were purified with Agamt AMPure XP beads (Beckmann Coulter, USA).
Amplicon purity and concentration was evaluatednragarose gel. Unidirectional sequencing of tt& 16
rRNA gene fragments was performed using 454-GS Hitgnium (Roche) protocol. Amplicons were
sequenced at the Wellcome Trust Sanger Instituaen{€idge, UK). Raw data were processed by the 454

data processing pipeline v2.9 for shotgun readsio3ang and removal of chimera was achieved by
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Ampliconnoise. Following sequences were clustere@perational Taxonomic Units (OTUs) with 97%
sequence similarity by UCLUST using the de-novdipig method in QIIME version 1. For taxonomy
assignment OTUs were aligned against SILVA databassion111 NR. The concentration of the purified

PCR product from the extract was 22.6 ng/ul, detethusing PicoGreen.

Determination of L PS concentration in farm dust samples

To determine the LPS concentration within our falust extracts, the Limulus Amebocyte Lysate (LAL)
test QCL-1000 by Lonza was used according to tléruations including3-G-Blocker and spike to
increase the test’s endotoxin specificity. For ltAé-test German and Finnish farm dust extracts were

diluted 1:100 with PBS.
Urban versus farm dust stimulation

Environmental dust was collected by standardizedhouks, where electrostatic dust collectors were
placed in cowsheds for 4 weeks in Germany (G) anidukd (Fi) whereas urban dust was collected in the
sleeping room in an apartment located in Murifchust was extracted as described befdRBMCs of

six healthy adults were isolated by density gradamtrifugation and 100 pL cell suspension (&4 5x10
cells/ml) were cultivated in RRMI/10%FCS/1%PeninilStreptomycin at 37 °C, 5% G@nstimulated or
stimulated with 40 pg/mL G, Fi and urban dust. COB25- as well as CD4-CD14+CD19+ cells have
been isolated by the DC isolation Kit Il by Milter§iotech and RNA was extracted using RNeasy Mini
Kit. cDNA was synthesized using the QuantiTect RseeTranscription Kit. Gene expression of
TNFAIP3 and 18S was quantified by RT-PCR in 96-vpddites under standard conditions including ROX
as passive reference, melt curve analysis and atitothreshold setting using SYBR Green, set up0in

ul containing 6 ng cDNA and 320 nM primers. 18S lswwere used for normalization. The primer

sequences are listed in the supplement (Supplergerdble E2).
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Study populations and char acteristics
A flow diagram visualizing all study subjects withthe four analyzed pediatric cohorts is shown in

Supplementary Figure E1.
CLARA/CLAUS

Parents completed a detailed questionnaire asgelssaith data on allergy, asthma, and socioeconomic
factors. The study population contains healthydrkih and patients with mild-to-moderate asthmadMil
to-moderate asthmatic children from the CLAUS coharhich is an ongoing replicative cohort of
CLARA, were selected for this study based on thaitantly decreased lung function and high téogé
levels. HC had more paternal asthma and highelddy&l-compared to HC of the whole cohort. We had
to exclude one healthy control from our TNFAIP3 gaxpression analysis due to technical problems.

Informed written consent was obtained from the ipiaréor participation and blood collection.
PASTURE/EFRAIM

Recruited children, comprising of half farm and fiarm children, who were repeatedly invited to
participate in follow-ups, that included questiomes. and/or blood sampling based on previous ssudie
Questionnaires were administered at the end ofnarezy or birth between 2002 and 2004 and when the
children were 2 months, 1, 1.5, 2, 3, 4, 5, 6 aAd lyears of agé’* The questionnaires assessed
information on general health, socioeconomic stgamily history of atopy, and maternal smokingftwi

a focus on doctor’s diagnosis of asthma and fammosxe. Due to the stratified sampling within cente
aiming for a comparable sample size (German N=&#ish N=18, and French N=21), our selection is
not representative for the whole cohort with regatd center distribution. Furthermore, our selected

asthmatic children showed more familiar atopy.
TRILATERAL

Questionnaires based on ISAAC (The Internationatlpiof Asthma and Allergies in Childhood) were

collected from the parents. The participation nates 82% and 86%, respectively. Ethnically, Chinese
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children born locally in Hong Kong (N=3118) or Cdnm (N=10642) were selected for analysis. The
mean age of children that participated in the suwas 7.0 £ 0.7 and 7.2 + 1.5 years with male gende
52.6% and 53.2%, respectively from Hong Kong andhdgboa. Prevalence of physician diagnosed
asthma, current wheeze (within 12 months), rhingpauctivitis and flexural dermatitis was signifieghn
higher in Hong Kong compared to Conghua (*(5.3%2/6%), *(7.8% vs. 1.7%), *(22.3% vs. 2.9%) and
*(8.5% vs. 4.3%), in which the prevalence rateddiong Kong were significantly higher than those in
Conghua children (*p<0.001). After completion oéthuestionnaire, Chinese children born in Hong Kong
or Conghua were invited for a case-control study.total of 79 children from Hong Kong (32
Asthmatics/47 HC, mean age 6.8+0.6 and 32 cases) age 6.8+0.7) and 66 children from Conghua (19
Asthmatics/47 HC), mean age 7.5+£0.7 and 19 casesn@ge 7.3+0.9) were recruited for the case-dontro

study.

PAULINA/PAULCHEN

Maternal atopy in both cohorts was defined as dtecthagnosis of asthma and/or allergic rhinitislm

atopic dermatitis. A total IgE along with specifgE (RAST) was measured. The farming group in the
PAULCHEN cohort was defined as the family havingei and/or worked on a farm during pregnancy,
whereas the non-farming group was defined as hdiiad in a non-rural and non-farming environment

during pregnancy. Informed consents were obtair@d the mothers for their participation in the $tsd

Statistical analysis

Global tests were performed for the null hypothéls@é the average gene expression is not affegted b
stimulation, farm exposure and phenotype (SuppléangrTable 3). The parallel assessment of several
genes within each subject is taken into accountidigg the multivariate extension of the analysis-of
variance framework (MANOVA). It ensures to capttine potentially high correlation of the data and
therefore is more powerful than multiple single AN®for each gene separately. For the described firs

step, single missing values in the gene expregsinfiles were imputed by chained equations.
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The null hypothesis of the global tests compridesintersection of multiple single hypotheses méd

by the number of measured genes per condition amgpbgcomparisons (phenotypes/exposure). For the
CLARA/CLAUS cohort, 10 genes were measured unstibed and upon stimulation with LPS, German
and Finnish farm dust (G, Fi) in a single phenotgpenparison (AA vs. HC), leading to 10-4-1 = 40

hypotheses.

For the TRILATERAL cohort, 8 genes were measurestimulated and upon stimulation with LPS in a

single phenotype comparison (Asthmatics vs. H@yliteg to 8-2-1 = 16 hypotheses.

For the PASTURE/EFRAIM cohort, 6 genes were meaburetimulated and upon stimulation with LPS

in a single phenotype comparison (Asthmatics vs), lading to 6-2-1 = 12 hypotheses.

For the PAULINA/PAULCHEN cohort, 10 genes were mead unstimulated in a two phenotype

comparison (healthy, asthma), leading to 10 hymmtbe
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Results

Farm dust composition

To unravel the bacterial taxonomic composition, YBBIA sequencing was performed revealing that
8564 sequences were available for the farm dusplsarfter denoising with AmpliconNoise there were

7019 sequences clustered into 84 OTUs. The 10 freagtent OTUs in the samples accounted for 97.25%
of the total sequences. 54 of the OTUs are douldetr singletons. The majority of the sequences
belonged to the phyla of gram-negative proteobic{€0.1%), while 8.6% and 1% belonged to the gram-
positive firmicutes or actinobacterien, respectiveVhen analyzing the LPS concentration within the
farm dust samples by Limulus amoebocyte lysate (Li&lsting, a very high endotoxin concentration has
been measured for the German and Finnish farmedtisict, respectively exceeding the highest stahdar

of the test by far.

Statistical assessment of global effects

For the CLARA/CLAUS cohort, the multivariate anaty®f variance (MANOVA) revealed significant
global differences for phenotype effect, stimulffeet as well as the effect of phenotype on chartlyes
to stimulation via fold change. Therefore, subsetjp®st-hoc t-test analysis were performed to ifient
specific effects by comparing the two phenotypegguife 1A), stimulus-effects (stimulated vs.
unstimulated, Figure 3A) and effect of phenotypebanges due to stimulation (Figure 3A, boxes nthrke

with bold black borders).

For the two farming/rural cohorts PASTURE/EFRAIMdafRRILATERAL, the multivariate analysis of
variance (MANOVA) revealed significant global difémces for exposure (Figure 4A and 4B) and
stimulus effects (Figure 3B, Figure 5A and 5B) éodTRILATERAL a significant effect of exposure on
changes due to stimulation. However, subsequesdttanalysis revealed no significant result fos thi

comparison. Moreover, significant phenotype effeatse only seen in a farm exposure-stratified aisly
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For the birth cohort PAULINA/PAULCHEN, significanglobal differences were shown by the
multivariate analysis of variance (MANOVA) for phatgpe effect. Subsequent post-hoc t-test analyzes

were performed to identify specific effects by caripg two phenotypes each (Figure 6).

Expression of MYD88, MALT1, TRAF6, TNIP2, TAX1BP1, CD274, CD86, CD28, CD152 and CD279

between healthy and asthmatic children under unstimulated conditions

When comparing gene expression of healthy conttolgllergic asthmatic children of the Munich
CLARAJ/CLAUS cohort under unstimulated conditionsy significant differences in gene expression
could be observed for MYD88, MALT1, TRAF6, TNIP2AX1BP1, CD274 CD86, CD28, CD152 and
CD86, CD279 and CD86 (Supplementary Figure E3A)ekVbomparing these findings to the replication
cohort TRILATERAL, analyzing gene expression ofldten from urban China (Hong Kong) consistently
no differences in gene expression could be obseatdshseline (unstimulated) for MYD88, MALTL,
TRAF6, TNIP2, CD274 and CD86 (Supplementary Figli@B), yet asthmatic Chinese children

expressed significantly less anti-inflammatory T/AH1.

Comorbid allergic diseases

In order to assess the relevance of other atopitoduid allergic diseases like atopic dermatitisydo
allergy and allergic rhinoconjunctivitis in additido asthma, we performed stratified analysis. Gen
gene expression levels of TNFAIP3 where signifibar(p=0.035) decreased in children of the
CLARAJ/CLAUS cohort with asthma and additional afjeer rhinoconjunctivitis (dCT: 9.41 (+/-.76))
compared to children with asthma alone (dCT: 8.#4.50)). However, there was no significant
difference in expression of any of the investigaledes between asthmatic children with atopic detima
or food allergy compared to children suffering frattergic asthma only. Also for the TRILATERAL
cohort, no significant differences in gene expmssdata were observable after stratification for
medication for allergic rhinoconjunctivitis or ecaa respectively. Thus, we are confident that lower

TNFAIP3 gene expression is not indicating an atspatus per se but is indeed asthma mediated.
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Urban dust stimulation resultsin constant or decreased TNFAIP3 expression

To control for the possibly negative effects of ambdust exposure, we included dust from a bedroom
(located in urban Germany) as a negative controluinpreliminary tests. PBMCs of healthy adultsénhav
been cultivated under unstimulated conditions onwdated with farm dust extracts from German and
Finnish farms or urban dust respectively for 24reo@ubsequently, CD14/CD19 cells and nonDC cells
have been isolated by magnetic cell separation. RAR\been extracted, cDNA synthetized and qPCR for

TNFAIP3 has been performed.

In this pilot, stimulation with dust but not urbaxtract from German and Finnish farms resulted in
significant upregulation of TNFAIP3 gene expressiorCD14/CD19 cells. In non-dendritic cells, urban
dust stimulation resulted even in significant doggulation of TNFAIP3 expression while farm dust

stimulation upregulated TNFAIP3 expression, yetsighificant in this cell fraction (Suppl. Fig. E4)

Inflammation ratio by relating TLR4 to TNFAIP3 gene expression

The significant differences between asthmatic aedlthy children regarding the “inflammation ratio”
relating all investigated pro-inflammatory genesatti-inflammatory expression was also observable
when the ratio was built by the two central gerfethe pathwaylLR4 andTNFAIP3. Since CD80 cannot
always act as an anti-inflammatory regulator, ddpenon its binding partners, we have calculated th
inflammation ratio in a further approach withoutlinding the CD80 expression, yielded consisteniltges

as described in the manuscript.

TNFAIP3 and TLR4 expression in isolated dendritic cells

By investigating gene expression of NB-related genes in isolated dendritic cells by teltiplex
NanoString method, asthmatic children showed logvgression levels ofNFAIP3 under unstimulated
conditions compared to healthy children (Supplemmgntigure E5, p=0.26). In comparison to the
significant difference of TNFAIP3 expression in PBM of asthmatic versus healthy children, the

expression levels obtained in isolated dendrititsaid not reach significance. This might be calibg
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the low number of children included in this prodfpsinciple experiment or due to a relevant addisib
cell population. Yet, the consistent results inhbad¢ndritic and peripheral blood mononuclear ogith a
significantly increased expression ®fER4 for asthmatics compared to healthy children ingictihe

importance of dendritic cells even under unstimadatonditions (Supplementary Figure E5, p=0.01).

Newbor nswith subsequent asthma expressless CD274 and CD80

By investigating gene expression in CMBCs from tigahewborn children, decreased expression of
CD274 andCD80 could be observed for newborns who developed astimtil the age of 10y compared

to those who stayed healthy, yet not significantpf@ementary Figure E6<0.084).

Gender -specific effects

Of note, as childhood asthma rates are known ebéder-dependent, we performed the analysis stihtif
for gender. However, stratified analysis did natwldifferent findings, although the overall signéince

is partly lost in the gender subgroups, likely ttuéhe lower sample size.
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Supplementary Figure L egends

Supplementary Figure E1: Flow diagram of study subjects

Flow diagram of all subjects included in this studynprising four pediatric cohorts, two cross-sei
studies (CLARA/CLAUS, TRILATERAL) and two birth caoht studies (PASTURE/EFRAIM,

PAULINA/PAULCHEN) with a total of 250 out of 2.16¢hildren.

Supplementary Figure E2: Representative Western Blot

One representative image of TNFAIP3 Western blatyais with R-Actin as loading control (healthy
children left, asthmatic children right, unstimelat(U) and after stimulation with LPS or farm d(St

Fi).

Supplementary Figure E3: Gene expression of MYD88, MALT1, TRAF6, TNIP2, TAX1BP1, CD274,
CD86, CD28, CD152 and CD279 between healthy and asthmatic children under unstimulated

conditions

Scatter plots for gene expression of MYD88, MALTRAF6, TNIP2, TAX1BP1, CD274, CD86 (A and
B) and CD28, CD152 and CD279 (A). Data is showratsted for phenotypes, healthy (HC) and
asthmatic children. Raw data values are represdmtdubrizontally jittered points. Error bars shosg®
confidence intervals around the sample means, whéle connected by horizontal lines. Differences ar
indicated by the p-value of two-sample t-tests gbenotype comparisons. Gene expressitrt) (was
analyzed by qPCR after 24 h cultivation of unstiabed PBMCs of A) 4-15-year-old children from
Munich, Germany (CLARA/CLAUS cohort, N=36 (17 HC/¥#A)) and B) 7-year-old children from

Hong Kong, China (TRILATERAL cohort N=53 (32 HC/2kthmatics)).
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Supplementary Figure E4: Farm dust stimulation upregulates TNFAIP3 gene expresson while

urban dust stimulation resultsin consistent or even downregulated TNFAIP3 levels

Scatter plots of gene expressiofct) of TNFAIP3 in isolated CD14/19 cells and non-dendritic cells
(nonDC) analyzed by qPCR after 24 h cultivatiorunétimulated and LPS or German (G) and Finnish
(Fi) farm dust stimulated PBMCs of six healthy agluError bars show 95% confidence intervals around
the mean. Significant regulation compared to the&timulated cells is marked with asterisks (* p<0.05

p<0.01, *** p<0.001) based on two-sample t-testiysia.

Supplementary Figure E5: Dendritic cells of asthmatics express higher levels of TLR4 under
unstimulated conditions.

Scatter plots of gene expressionTdfFAIP3 andTLR4 in isolated dendritic cells analyzed by NanoString
Dendritic cells were isolated by magnetic cell sapan after 24 h cultivation of unstimulated PBM@fs
4-15-year-old children from Munich, Germany (N=12 KIC/5 AA)). Data is shown stratified for
phenotype. Error bars show 95% confidence interaateind the mean. P-values from post-hoc t-test

analysis are indicated for comparisons of healtntrols to asthmatics.

Supplementary Figure E6 Newbornswith subsequent asthma expressless CD274 and CD80.

Scatter plots of gene expressiact) of CD274 and CD80 analyzed by gPCR after 72 h cultivation of
unstimulated CBMCs from PAULINA/PAULCHEN cohort. ais shown stratified for phenotype
(N=20-22 (13-15/9 (HC/Asthma)). Error bars show 96éfifidence intervals around the mean. P-values

from post-hoc t-test analysis are indicated for parisons of healthy controls to asthmatics.



Supplementary Figure E1

2 cross-sectional 2 prospective
studies birth cohort studies
CLARA/CLAUS TRILATERAL PASTURE/EFRAIM PAULINA/PAULCHEN
n=50 n=112 n=63 n=25
out of 273/334 out of 79/66 out of n=1.133 out of n=190/93
n(AA) Urban China n=54 || Rural China n=58 Farmer (n=32) | Non-farmer (n=31) n(AA)
n (HC) n(AA)=22 n(AA)=19 n(AA)=7 n(AA)=10 n (HC) =16
n (HC) =32 n (HC) =39 n (HC)=25 n(HC)=21

Based on sample availability a selection of representative subjects was chosen with a case-control design.
Power caleulation revealed a required group size of 14 children per phenotype for one Act difference of TNFAIP3 expression based on assumed standard deviation
0f 0.8 Act within group with a=0.05 significance and §=0.9 power. Higher subject numbers were selected, based on material availability.
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