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Farm dust and endotoxin protect
against allergy through A20 induction
in lung epithelial cells
Martijn J. Schuijs,1,2* Monique A. Willart,1,2* Karl Vergote,1,2 Delphine Gras,3

Kim Deswarte,1,2 Markus J. Ege,4 Filipe Branco Madeira,1,2 Rudi Beyaert,5,6

Geert van Loo,5,6 Franz Bracher,7 Erika von Mutius,4 Pascal Chanez,3

Bart N. Lambrecht,1,2,8†‡ Hamida Hammad1,2†‡

Growing up on a dairy farm protects children from allergy, hay fever, and asthma. Amechanism
linking exposure to this endotoxin (bacterial lipopolysaccharide)–rich environment with
protection has remained elusive. Here we show that chronic exposure to low-dose endotoxin or
farm dust protects mice from developing house dust mite (HDM)–induced asthma. Endotoxin
reduced epithelial cell cytokines that activate dendritic cells (DCs), thus suppressing type 2
immunity to HDMs. Loss of the ubiquitin-modifying enzyme A20 in lung epithelium abolished
the protective effect. A single-nucleotide polymorphism in the gene encoding A20 was
associated with allergy and asthma risk in children growing up on farms.Thus, the farming
environment protects from allergy by modifying the communication between barrier epithelial
cells and DCs through A20 induction.

A
llergic asthma is characterizedby eosinophil-
ic airway inflammation, goblet cell metapla-
sia, andbronchial hyperreactivity (BHR) and
is controlledby innate andadaptive immune
responses to inhaled allergens such as house

dust mites (HDMs), pollen, and fungal spores that
signal via pattern recognition receptors (PRRs)
on barrier epithelial cells (ECs) and dendritic cells
(DCs) (1, 2). In children, allergic sensitization and
asthma are strongly influenced by genes and the
environment. A dairy farm is one of the strongest
protective environments (3–6). On farms, there is
high-level exposure to endotoxin [lipopolysaccha-
ride (LPS)], a cell wall component of Gram-negative
bacteria. The protective effect that high levels of en-
vironmental endotoxin demonstrate against allergy
has also been noticed in nonfarming households,
where exposure was measured in dust collected
frommattresses or kitchen floors (7–9). Protection
in these environments is influencedby genetic poly-
morphisms in key PRRs that recognize endotoxin
(10). A clearmechanism encompassing the complex
interactions between a protective environment, ge-
netics, and the immune response to allergens has
been lacking.

To address whether exposure to environmental
endotoxin and protection from allergy are caus-
ally related, we exposed mice every other day for
2weeks to a low dose (100 ng) of LPS or to control
phosphate-buffered saline (PBS) beforeHDMsen-
sitization and challenge (Fig. 1A) (see supplemen-
tarymaterials andmethods). Sham-protectedmice
exhibited strong airway eosinophilia and lympho-
cytosis (Fig. 1B), T helper 2 (TH2)–dependentHDM
allergen–specific immunoglobulinE (IgE) (Fig. 1C),
andBHR tomethacholine (Fig. 1D).However,mice
pretreated with LPS failed to develop all of these
canonical asthma features. Protective LPS led to
reduced production of the type 2 cytokines inter-
leukin (IL)–5 and IL-13 in mediastinal lymph
node (MLN) cells (Fig. 1E), without a shift to TH1-
or TH17-associated cytokines or to TH1-dependent
serum immunoglobulin G2a (IgG2a) antibodies
(Fig. 1, C andE). All of the key asthma featureswere
also suppressed when a single high dose (1 mg) of
LPS was given as a preventive regimen 14 days be-
fore sensitization (fig. S1, A to E), as well as
when chronic low-dose LPS was given before and
throughout the entire HDM sensitization and
challenge period (fig. S1, F to I).
Sensitization to HDMs depends on various DC

subsets that migrate to theMLNs to prime CD4 T
cell responses (11, 12). When PBS-treated control
mice were exposed to a single dose of HDM,
CD11b+ conventionalDCs (cDCs), CD103+ cDCs, and
monocyte-derived DCs (moDCs) were recruited to
the lungs and MLNs (Fig. 2A). In mice receiving
preventive LPS, there was less HDM-induced
recruitment of both subsets of cDCs, whereas
moDCs were unaffected (Fig. 2A). cDCs that mi-
grate to the MLN cells induce TH2 polarization
in HDM-reactive naïve T cells (12). To study the
primary immune response to HDMs, we adop-
tively transferred CD4+ HDM-specific 1-DER
T cells [that express a transgenic T cell receptor
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specific for the Der p 1WAFSGVAAT peptide from
HDMs (12)], followed by a single administration
of HDMs. Prior 2-week treatment with LPS sup-
pressed the proliferation of 1-DER T cells in the
MLN cells (Fig. 2B), along with their differen-
tiation into IL-5– and IL-13–secreting TH2 cells
(Fig. 2C).
The recruitment of lung DCs after allergen

exposure depends on the chemokine CCL20,
as well as their maturation on granulocyte-
macrophage colony-stimulating factor (GM-CSF)
(2, 12–14), which programs DCs to induce TH2
cell polarization (2, 15). After receiving protec-
tive LPS in vivo, the lung levels of GM-CSF and
CCL20 protein induced by HDMs were reduced
(Fig. 2D). As ECs are the predominant source
of these cytokines (2, 13, 15), we flow-sorted
EpCAM+CD31–Sca1–CD45– bronchial ECs 2 hours
after they received HDMs in vivo. In the PBS
pretreated group, HDM induced the mRNA of
GM-CSF and of CCL20, yet this response was
strongly blunted in the LPS-protected group
(Fig. 2E). Similar data were found for IL-33
mRNA, another pro-TH2 cytokine made by ECs
in response to HDMs (fig. S2) (2, 15).
These findings demonstrate that LPS protec-

tion blunts the innate immune response to
HDMs, which we and others previously found
to be driven by Toll-like receptor 4 (TLR4) on
ECs (2, 15, 16). TLR4 signaling in ECs leads to
nuclear translocation of NF-kB, inducing not

only proinflammatory genes but also attenu-
ators of signaling such as A20 (encoded by
Tnfaip3). A20 is a ubiquitin-modifying enzyme
that attenuates NF-kB activation by deubiq-
uitinating key signaling intermediates down-
stream of TLR, IL-1 receptor, and tumor necrosis
factor–family receptors (17–19). The mRNA for
Tnfaip3was induced in sorted lung ECs 2 hours
after in vivo exposure to a single HDM or LPS
injection, and the effect was more pronounced
for LPS (Fig. 3A). To address whether A20 me-
diated the protective effects of LPS, we gen-
erated mice lacking A20 selectively in lung ECs
by crossing Tnfaip3fl/fl mice with mice that
displayed lung-specific Cre recombinase ex-
pression under the tetracycline-inducible con-
trol of the Ccsp promoter (Ccsp-rtTA × TetO7Cre
mice, referred to as Tnfaip3EC-KO mice) (20, 21).
We treated these mice with doxycycline from
birth onward (fig. S3, A and B) and observed
accelerated nuclear translocation of the p65
subunit of NF-kB in lung ECs 2 hours after
HDM exposure in vivo, as compared with con-
trol Tnfaip fl/fl CcspCre– mice (Tnfaip3EC-WT)
(fig. S3C). Whereas LPS suppressed the salient
features of asthma in Tnfaip3EC-WT mice, this
effect was completely lost in Tnfaip3EC-KO mice
(Fig. 3, B to D). The suppression of lung CCL20
and GM-CSF protein was less effective in
Tnfaip3EC-KO mice receiving LPS (Fig. 3E) yet
was still present to some extent, suggesting the

existence of other molecular mechanisms by
which LPS suppresses asthma. However, the
HDM-induced recruitment of DCs to the lungs
and MLNs was no longer inhibited by low-dose
LPS treatment in Tnfaip3EC-KO mice (Fig. 3F),
and asthma was no longer suppressed, which
suggests that A20 is an important player in LPS-
mediated protection.
In the absence of allergen exposure, baseline

production of GM-CSF did not differ between
Tnfaip3EC-KO andTnfaip3EC-WTmice (Fig. 3E).How-
ever, the production of GM-CSF after HDM
injection was much higher in Tnfaip3EC-KO mice.
Recently, GM-CSF was found to be a crucial de-
terminant of allergen recognition threshold in
the lung (14). To address whether the loss of A20
would alter the allergen recognition threshold,
we lowered the dose of sensitizing HDM by a
factor of 10, in the absence of preventive LPS
(fig. S4A).Whereas a 100-ng dose of HDMextract
did not induce asthma features in Tnfaip3EC-WT

mice, it did so in Tnfaip3EC-KO mice (fig. S4, B to
F). Thus, in the induced absence of A20, sensi-
tivity to inhaled HDM allergen is increased, and
asthma runs a more severe course.
In addition to LPS, dust from dairy farms also

contains peptidoglycan components of the wall of
Gram-positive bacteria, extracellular polysaccha-
rides from fungi, cowshed-derived bacteria such
as Acinetobacter Iwoffii F78, and plant-derived
polysaccharides (5). We therefore also performed
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Fig. 1. Chronic LPS
preexposure protects
mice from asthma
development. (A)
Experimental setup
illustrating the dosing
regimen of LPS and the
various controls. (B)
Bronchoalveolar lavage
differential cell counts
of mice that received a
chronic low dose of
LPS or control PBS
before sensitization
and challenge with
HDMs. To control for
sensitization to HDMs,
some mice were sham-
sensitized to PBS.
(C) Serum levels of
HDM-specific IgE and
IgG2a. (D) Bronchial
hyperreactivity was
measured after expo-
sure to increasing
doses of methacholine
(Mch) using flexiVent
(SCIREQ). (E) Cytokine
production by MLN
cells restimulated with
HDMs for 3 days
ex vivo. Data are representative of three independent experiments,with at least n= 5mice per group. IFNg, interferon-g. In (B) to (E), error bars indicate SEM.
P values reflect the Mann-Whitney U test: *P < 0.05, **P < 0.01. n.s., not significant.
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experiments using dust samples collected from
farms in Germany (22). A low dose of farm dust
extract (100 ng) was given prophylactically every
other day for 2 weeks before induction of HDM
asthma in wild-type (WT) mice. As in the pro-
phylactic treatment with LPS, farm dust extracts
suppressed the salient features of asthma (fig.
S5, A to D). The farm dust suppressed the levels
of HDM-induced GM-CSFmRNA in sorted lung
ECs (fig. S5E). Whereas farm dust suppressed
asthma features in Tnfaip3EC-WT mice (Fig. 3G),
this was not the case in Tnfaip3EC-KO mice (Fig.
3H), demonstrating that farm dust also mediates
protection via epithelial A20.
We next validated our findings in humans.

Normal human bronchial ECs (NHBECs) were

grown to confluence and differentiated in air-
liquid interface (ALI) cultures. In vitro pre-
exposure of NHBECs to LPS suppressed the
HDM-induced production of IL-1a and GM-CSF
(Fig. 4A). We also collected endobronchial biop-
sies from healthy controls and patients with
moderate to severe asthma (table S1 lists the
clinical characteristics). Primary bronchial ECs
were grown to confluence and then differen-
tiated to ALI cultures. The ALI cultures of se-
lected asthmatic patients (n = 3) were stimulated
for 1 week with 100 ng of LPS or control PBS
added every other day to the apical side of the
ALI culture. In the PBS-treated group, HDM
induced the production of GM-CSF and IL-1a on
the basolateral side of the culture, and this was

significantly reduced by LPS pretreatment (Fig.
4B). The mRNA levels of A20 were measured by
quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) and were signifi-
cantly reduced in ALI-cultured ECs of mild
(n = 12) and severe asthmatics (n = 14) com-
pared with healthy controls (n = 12) (Fig. 4C).
These effects were confirmed on protein levels
(Fig. 4D). Thus, levels of A20 are lower in the
barrier ECs of asthmatics, as compared with
healthy controls.
We finally studied whether well-known poly-

morphisms in the human TNFAIP3 gene (located
at position 6q23 in the genome) were associated
with various allergic diseases in the population of
the GABRIELA study (table S2), a cross-sectional,
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Fig. 2. Mechanism of suppression of asthma by chronic low-dose LPS
inhalation. Mice received a chronic low dose of LPS or control PBS before
sensitization to HDM extract. Some mice were sham-sensitized to PBS.
(A) Recruitment of DC subsets was measured in the lungs and draining MLNs
24 hours after administration of HDM extract. (B) Proliferation of adoptively
transferred 1-DER Tcells labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE), measured 3 days after a single injection of HDM. Some mice
receivedprotective low-doseLPSorcontrolPBS,andsomeweresham-sensitized.
(C) Cytokine production from theMLNs of mice receiving 1-DER Tcells, collected

3 days after HDM injection. (D) Chemokine and cytokine levels measured in lung
homogenates taken 2 hours after HDM sensitization. Some mice received pro-
tective low-dose LPS or control PBS, and some mice were sham-sensitized.
(E)mRNA levels of the same chemokines and cytokinesmeasured in epithelial
cell adhesion molecule (EpCAM+) lung ECs sorted 2 hours after HDM sensitiza-
tion. Mice were treated as described in (D). Data are representative of two [(A)
to (D)] and four (E) independent experiments with n= 5mice per group [(A) to
(D)] and n = 6 to 8mice per group (E). In all panels, error bars indicate SEM.
Pvalues reflect theMann-WhitneyU test: *P<0.05, **P<0.01. n.s., not significant.
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multiphase, population-based survey of the farm
effect on asthma and allergic disease in chil-
dren aged 6 to 12 years in four central European
countries. Detailed data on asthma, farming ex-
posure, and specific IgE levels have been col-
lected from a random sample of 1707 children.
From a previous genome-wide association study
(GWAS), the exonic single-nucleotide polymor-
phism (SNP) rs2230926 and the intronic SNP
rs610604 were available (23). We found that
SNP rs2230926 (T>G), which resulted in a
phenylalanine-to-cysteine switch at amino acid
position 127 (Phe127→Cys127) in exon3 ofTNFAIP3,
was associated with increased risk of asthma
[odds ratio (OR) = 1.76] and eczema (OR = 2.18)
across the entire sample population. We also

noticed that there was a gene-by-environment
interaction for this SNP with farming: the pro-
tective effect that growing up on a farm exerted
against asthma was much stronger in children
with the G allele [adjusted OR = 0.14 (0.05 to
0.39)] as compared to those with the T allele
[OR = 0.73 (0.66 to 0.80); P for interaction =
0.030]. The rs2230926 SNP causes a mutation
in the functional DUB domain in A20 and has
been linked to several autoimmune disorders,
such as systemic lupus erythematosus (24, 25).
The intronic SNP rs610604 was unrelated to
the health outcomes.
The hygiene hypothesis states that the rise in

allergy and asthma that has been observed in
affluent countries since the Second World War is

caused by reduced “infectious pressure” from
the Western lifestyle environment (26). The
mechanism behind this association has been
linked to an imbalance in the immune system,
favoring pathogenic TH2 immunity (27, 28) in
the absence of counterbalancing TH1 immu-
nity, natural killer T cells, or regulatory T cells
that are often induced by infections (26, 29).
We have provided evidence that environmental
protective factors can also influence the thresh-
old for allergen recognition, by suppressing the
activation of ECs and DCs via induction of the
ubiquitin-modifying enzyme A20. This regula-
tory mechanism is also seen in the gut, where
colonizing microbiota induce the expression of
A20 shortly after birth, thus dampening overt
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Fig. 3.TNFAIP3 expression in
lung ECs is required for LPS-
induced protection from
asthma. (A) WTmice received a
single administration of PBS,
100 mg of HDMs, or 100 ng of LPS.
Tnfaip3mRNA expression was
measured in sorted EpCAM+

ECs 2 hours later. (B) Bronchoal-
veolar lavage differential cell
counts of Tnfaip3EC-WTor
Tnfaip3EC-KO mice in lung ECs
that received chronic low-dose
LPS or control PBS before sensi-
tization and challenge with HDMs.
Some mice were sham-sensitized
with PBS. (C) Serum levels of
HDM-specific IgE and IgG1. (D)
Cytokine production by MLN cells
restimulated with HDMs for 3 days
ex vivo. (E) GM-CSFand CCL20
protein concentration in lung
homogenates of mice preexposed to chronic LPS 14 days before a single HDM inhalation. (F) Mice received a chronic low dose of LPS or control PBS before
sensitization to HDMextract. Somemicewere sham-sensitized to PBS. Recruitment of DC subsets wasmeasured in the lungs and drainingMLNs 24 hours after the
HDMextractwas administered. (G andH) Bronchoalveolar lavage differential cell counts forTnfaip3EC-WT (G) orTnfaip3EC-KO (H)mice that received chronic low-dose
farm dust or control PBS before sensitization and challenge with HDMs. Data are representative of two independent experiments with five to eightmice per group. In
all panels, error bars indicate SEM. P values reflect the Mann-Whitney U test: *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.
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inflammation to commensals (30). Combined
with the fact that a recent GWAS identified
several SNPs in the TNFAIP3 interacting
protein (TNIP-1) as associated with asthma, our
finding that TNFAIP3 SNPs are linked to asthma
in children growing up on farms lends further
support to the importance of this protective
pathway (31, 32). Future studies on the mecha-
nismof the hygiene hypothesis should incorporate
the effects of the environment on the activation
threshold of structural cells of the airways, as
they are often the drivers of innate immunity to
allergens (33).
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Fig. 4. Role of TNFAIP3 in human asthma. (A) Human IL-1a and GM-CSF
concentrations were measured in ALI cultures set up from normal human
bronchial ECs. Cells were exposed overnight to 100 ng of LPS or PBS. After 2
weeks, cells were stimulated with HDM extract or PBS, and cytokines were
measured 24 hours later. (B) ALI cultures were also set up fromECs obtained
by bronchial brushing of human asthmatics.These cultures were exposed to
100 ng of LPS for 1 week before stimulation with HDMs or PBS. Cytokines

were measured 24 hours later. (C and D) Endobronchial biopsies were
collected from healthy controls and from patients suffering from mild or
severe asthma. Bronchial ECswere grown in ALI cultures, andmRNA levels of
TNFAIP3 were measured by qRT-PCR (C) and Western blot (D). A.U., arbi-
trary units. In (A) and (B), error bars indicate SEM. P values reflect theMann-
Whitney U test (A), the Friedman test with Dunn’s post-test (B), and the
Kruskall-Wallis test with Dunn’s post-test [(C) and (D)]: *P < 0.05, **P < 0.01.
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Materials and Methods 
Mice 

Female C57Bl/6 wild-type (WT) mice were purchased from Harlan. Tnfaip3fl/fl mice were 

provided by Geert van Loo (Ghent, Belgium). Ccsp-rtTA x TetO7Cre mice were kindly provided 

by J. A. Whitsett (Cincinatti’s Children Hospital, USA). All mice were used between 6-12 weeks 

of age. Experiments were carried out using age- and gender-matched groups. All animal 

procedures performed in this study were approved by the animal ethical committee of Ghent 

University.  

 

Doxycyclin treatment 

Ccsp-rtTA x TetO7Cre mice crossed to Tnfaip3fl/fl mice were continuously fed with doxycycline 

(200mg/kg) contained in food pellets (Special Diet Services) from birth onwards.  

 

Reagents 

House dust mite (HDM) extracts were obtained from Greer Laboratories. Ultrapure 

lipopolysaccharide (LPS) was purchased from Invivogen. Farm dust extracts were obtained from 

Prof. Erika Von Mutius, Prof Franz Bracher and Dr. Christoph Müller (Ludwig-Maximilians-

Universität, Munich, Germany). ELISA Duosets for mCCL20, hIL-1α, and hGM-CSF were 

purchased from R&D systems. FITC-labeled antibodies to MHCII and CD45, PE-Cy5 labeled 

antibodies to CD3 and CD19, PE-Cy7 labeled antibodies to SCA-1, and APC-labeled antibodies 

to CD11c were from eBioscience. Fixable viability dye eFluor 506 and ELISA kits for, mIL-13,  

mIL-17A, mIL-4, mIL-5, mIL-10, mIFN-γ, mGM-CSF were from eBioscience. FITC-labeled 

antibodies to Ly6C, PE-labelled antibodies to Siglec F, CD31 and Ly6G as well as ELISA 

antibody pairs to murine IgE, IgG1 and IgG2a were from BD Biosciences. DAPI and PE-Texas 

Red-labeled antibodies to CD11c were purchased from Molecular Probes/Invitrogen. PerCp-

Cy5.5-labeled antibodies to MHCII were from Biolegend. Rabbit anti-Rel A antibodies were 

purchased from Santa Cruz and Rabbit anti-TNFAIP3 antibodies were from ProSci. Cy3-labeled 

anti-Rabbit IgG antibodies were from Jackson Immunoresearch. 

 

  



House dust mite-induced asthma model 

On day 0, mice were lightly anesthetized with isofluorane (2.5% in air) and received  1µg HDM 

intratracheally. In some experiments, mice were sensitized with a dose of 100ng HDM. On days 

7-11, mice were challenged daily with 10 µg HDM intranasally. On day 14, mice were 

euthanized. Bronchoalveolar lavage (BAL) was performed using 3x1ml of EDTA-containing 

PBS. Lungs were injected with PBS/OCT (1:1) solution, snap-frozen in liquid nitrogen and kept 

at -80°C until further processing. Blood was obtained from the iliac vein and serum was 

prepared. Single cell suspensions were obtained from mediastinal lymph nodes by homogenizing 

the organ through a 100 µm cell sieve. Cells were restimulated ex vivo with 15 µg/ml HDM for 3 

days and supernatants were collected for ELISA. Lung function was performed using an invasive 

measurement of dynamic resistance (Flexivent, Scireq).  

 

LPS and farm dust pretreatments 

Mice received either a single intranasal (i.n) injection of 1µg LPS or farm dust extracts on day -

14, or received i.n every other day (starting on day -14) 100 ng of these stimuli. All mice were 

then sensitized on day 0 with 1 µg  HDM or PBS as a control, and challenged on days 7-11 with 

10 µg HDM extracts.  Mice were euthanized 4 days after the last HDM challenge. 

 

Innate immune response to HDM and polarization of Th immunity 

To measure the effect of chronic low dose LPS or farmdust on innate immunity, mice were first 

pre-treated and then received a higher dose of 100 µg of HDM extract.  2h later, lung cells were 

homogenized and epithelial cell sorted. In some experiments, lungs and MLNs were collected at 

24h and the number of DC subsets analyzed using published methods (Plantinga et al. Immunity 

2013).  To measure Th polarization in naive HDM-specific T cells, we adoptively transfered 

3x106 CFSE-labeled 1-DER T cells, specific to the Der p 1WAFSGVAAT peptide (Plantinga et al. 

Immunity 2013) prior to 10 µg of HDM extract. Proliferation and cytokine production were 

measured 3 days later. 

 

Preparation of lung homogenates 

One mouse lung was homogenized in 500 µl cold lysis buffer  (20 mM Tris-HCl, 0.14 M NaCl, 

10% glycerol (v/v), 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, 40 mg/ml aprotinin, 



20 mg/ml leupeptin and 1% Igepal). Samples were kept on ice for 30 min and centrifuged to 

discard cellular debris. Protein contents were measured on the supernatants using NanoOrange 

reagent (Invitrogen).  

 

Flow cytometry  

Lungs were cut into small pieces and incubated at 37°C for 30 minutes in RPMI 1640 containing 

Liberase TM (Roche) and DNase I (Roche). The digestion reaction was stopped by the addition 

of a large volume of FACS buffer (containing 5mM EDTA). Lungs were filtered over a 100µm 

mesh (BD Pharmingen) and cells were centrifuged before being stained with different FACS 

antibodies. Multiparameter analysis was performed on a LSRII (BD) and data were processed 

using FlowJo (Tree Star). Dead cells were excluded using the Fixable Viability Dye eFluor 506 

(eBioscience). 

 

Epithelial cell sorting 

Lungs were digested for 1.5 hours at 37°C using Collagenase and Dnase I. Cells were stained 

with antibodies to CD45, EpCam, Sca-1, and CD31 for 30 minutes at 4°C for 30 minutes. Dead 

cells were excluded using DAPI staining. Cells were sorted on a FACS Aria III (BD), spun down 

and stored at -20°C in TriPure isolation reagent (Roche) until further processing. 

 

Quantitative real time-PCR 

RNA was extracted from cells using chloroform/isopropanol. Five hundred ng of RNA was 

reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis kit (Roche) with 

random hexamers. The obtained cDNA was used for real time quantitative PCR. 2x master mix 

(Bioline) was used, and the expression levels were normalized by comparison with 

hypoxanthine-guanine phosphoribosyl transferase (HPRT) expression. All reactions were 

performed in a LCII 480 (Roche).  

 

Histology 

To visualize goblet cell metaplasia, 6mm thick lung cryosections were stained with periodic-

acid-schiff (PAS). To detect RelA translocation to the nucleus and A20 expression, cryosections 

were stained for 1 hour at room temperature with the primary antibody, followed by a 30 minute-



incubation with Cy3-labeled anti-rabbit secondary antibodies (Jackson Immunoresearch).  Nuclei 

were counterstained with DAPI. Slides were analyzed on a LSM710 microscope (Carl Zeiss, 

Inc.) equipped with a 561-nm laser and a tunable Mai-Tai DeepSee multiphoton laser 

(Coherent). 

 

Air-liquid interface cultures of human airway epithelial cells  

Human normal bronchial epithelial cells were purchased from Lonza (Verviers, Belgium). Cells 

were expanded in T80 culture flask (NUNC) in BEGM growth medium until 85-90% 

confluence. Cells were harvested and cultured on collagen-coated transwells (Corning) until they 

reached confluence. Medium on the apical side was discarded and medium on the basolateral 

side was replaced by B-ALI growth medium (Lonza). Cells were cultured for an additional 2 

weeks before being stimulated overnight with PBS, LPS or dust mite. Cytokine levels were 

measured in supernatants by ELISA.  

 

Patient inclusion for ALI-cultures from endo-bronchial biopsies 

Patients with mild and severe asthma were recruited at the North Hospital, Marseille, France. 

Asthma was diagnosed based on the presence of clinical features consistent with asthma and 

objective measures of variable airflow obstruction investigated 15 minutes before bronchoscopy 

(improvement in FEV1 of ≥15% after inhalation of 200 μg of salbutamol). Asthma severity was 

classified as mild or severe by using the current Global Initiative for Asthma guidelines 

(www.ginaasthma.org). Patients with severe asthma met the American Thoracic Society criteria 

for refractory asthma (Chanez et al, JACI 2007). At the time of collection of endobronchial 

biopsy specimens, patients were free from respiratory tract infections and asthma exacerbations 

for at least 6 weeks. All patients were current nonsmokers; those who smoked in the past had a 

history of less than 5 pack years. Biopsy specimens from control subjects (i.e no asthma, no 

allergies, nonsmokers, with normal results from chest radiographs and pulmonary function tests 

who underwent bronchoscopy for various purposes (i.e foreign body removal, unconfirmed 

hypothesis of hemoptysis or a peripheral nodule found in a computed tomographic scan)). 

Control samples had normal macroscopic appearances of the airways. Patients were matched 

with control subjects for sex and age. 

 

http://www.ginaasthma.org/


SNP analysis in GABRIELA 

For genotyping the Illumina Human610 quad array (www.illumina.com) was used. Genotyping 

was carried out in a fully automated Illumina beadlab with Tecan robotics and iScans. Raw data 

were analyzed using GTS Image with stringent quality control settings and extracted for 

statistical analysis. Family relationships were confirmed or revised based on the results of an 

identity-by-state analysis. 

 
Statistical analyses 

For all mouse experiments, we calculated the difference between groups with the Mann-Whitney 

U test for unpaired data (SPSS vs 15.0). Differences were considered significant when p- value 

was lower than 0.05. Statistical significance for human ALI-cultures was assessed by Kruskall-

Wallis test or Friedman test followed by post-hoc Dunn’s test. Associations of health outcomes 

with SNPs were performed by logistic regression analysis using additive models and a 

multiplicative interaction term, where applicable. In case of significant interactions models were 

stratified for the environmental exposure. All models were adjusted for age, sex, and study 

center. Associations are given as adjusted odds ratios with 95%-confidence limits and p-values 

not corrected for multiple testing. Because of the disproportionate sampling design, stratified 

weighted analysis with robust standard errors was performed thereby weighting back the 

exposure-stratified case-control sample to the original survey population representing 34,491 

children. The SNP rs2230926 had a minor allele frequency of 0.03 in the weighted analysis; 

hence we used a dominant model for the G allele. 

 

 

 

  



 



Fig. S1 Effect of single high dose and chronic low dose LPS exposure throughout the asthma 

protocol. (A) Experimental setup illustrating dosing regimen for single high dose LPS exposure and 

the various controls. (B) Bronchoalveolar lavage differential cell counts of mice that received a single 

high dose LPS or control PBS two weeks prior to sensitization. To control for sensitization to HDM, 

some mice were sham sensitized to PBS. (C) Serum levels of HDM-specific IgE and IgG2a. (D). Airway 

hyperresponsiveness measured after metacholine exposure. (E) Cytokine production by MLN cells 

restimulated for 3 days ex-vivo with HDM. (F) Experimental setup visualizing dosing regimen of mice 

that received chronic low dose LPS or control PBS throughout the asthma protocol. (G) 

Bronchoalveolar lavage differential cell counts. (H) Cytokine production by MLN cells after 3 days of 

ex-vivo restimulation with HDM. (I) Serum levels of HDM-specific IgE and IgG2a. Representative of at 

least 3 independent experiments, with at least n=5 mice per group. Error bars reflect SEM. P values 

reflect Mann-Withney test, *: p value < 0.05, **: p value < 0.01.



 



Fig. S2 Suppression of IL-33 mRNA in sorted EpCam+ lung epithelial cells 2 h after HDM or PBS 

exposure in mice that were pretreated with chronic low dose LPS or control PBS.



 



Fig. S3 

(A) Overview of the crossing leading to the generation of mice with (A20EC-WT) or without (A20EC-KO) 

A20 expression in lung epithelial cells.  In the presence of doxycyclin, the rtTA protein, only expressed 

in Ccsp lung epithelial cells, will bind to the tetO7 response element of  the promotor driving Cre 

expression.  Therefore, upon Dox treatment, Cre will excise exon 4 and 5 of the Tnfaip3 gene only in 

lung epithelial cells. (B) A20 deletion band in epithelial cells obtained from the trachea of A20EC-WT or 

A20EC-KO fed doxycycline (dox). (C) Rel A expression in lung tissue 2 hours after HDM exposure in both 

genotypes.



 



Fig. S4 Lack of TNFAIP3 in lung epithelial cells strongly enhances HDM-induced asthma 

features. 

Mice with (Tnfaip3EC-WT) or without (Tnfaip3EC-KO) A20 expression in lung epithelial cells were 

sensitized with 100 ng of HDM (A). Some mice were sham-sensitized. Three days after the last 

challenge, mice were analyzed. (B) Bronchoalveolar lavage differential cell counts. (C) Cytokine 

production by MLN cells restimulated for 3 days ex vivo with HDM. (D) Levels of serum HDM-specific 

IgE, IgG1 and IgG2a. (E) Mucus visualization using PAS staining of lung sections. (F) Bronchial 

hyperreactivity was measured after exposure to increasing doses of methacholine using Flexivent. 

Representative of 2 independent experiments, with 5 mice per group (B-E) and 6-8 mice (F). Error 

bars reflect SEM. P values reflect Mann-Withney test, *: p value < 0.05, **: p value < 0.01. 



 



Fig S5 Chronic low dose farm dust pre-exposure protects from asthma development.  

(A) Bronchoalveolar lavage differential cell counts of mice that received chronic low dose farm dust 

extract or control PBS prior to sensitization and challenge with HDM. To control for sensitization to 

HDM, some mice were sham sensitized to PBS (B) Levels of serum HDM-specific IgE and IgG1. (C) 

Cytokine production by MLN cells restimulated for 3 days ex vivo with HDM. (D) Bronchial 

hyperreactivity was measured after exposure to increasing doses of methacholine using Flexivent. (E) 

mRNA of GM-CSF measured in sorted EpCAM+ lung epithelial cells 2h after a single HDM or PBS 

exposure in mice that were first treated with chronic low dose farm dust or control PBS. 

Representative of 2 independent experiments, with 5 mice per group (A-C), 5-6 mice (D), and 6-8 

mice (E). Error bars reflect SEM. P values reflect Mann-Withney test, *: p value < 0.05, **: p value < 

0.01. 



Table S1. 
Patients characteristics 
 
 

Controls Mild 
Asthmatics 

 
Severe 
Asthmatics 
 

p-value 

   

 
Age (yr*) 
 

 
56 (28-69) 44 (28-66) 

 
54 (20-68) 

 
NS 

Sex (% F) 40 % 70 % 60 % NS 

Best FEV1 (% predicted *) 100 (96-108) 100 (85-120) 80 (50-100)  0.0001† 

Exacerbations  (last year*) NA 0 2 (0-15) 0.0001 

ICS (%) 0 60  100 0.001†† 

OCS long term (%) 0 0 53  0.001† 

Blood eosinophils/mm3 130 (29-270) 175 (20-1300) 250 (40-1250) NS 

Allergy (%) 0 40 47 0.04†† 

IgE (KUI/L) 60.5 (10-103) 64.5 (15-1711) 133 (20-916) NS 

 
* Values are median (min-max)  
ICS, Inhaled Corticosteroid 
OCS,Oral Corticosteroid 
NA, not applicable 
† p < 0.05 severe asthma vs control and mild asthma; †† p < 0.05 mild and severe asthma vs 
control NS, not significant 
 
 
 
 
 
 
 
 
 
 



Table S2. 

Associations for rs2230926 (GG/GT vs. TT) 

Exposure Outcome Population aOR p 

farming Asthma all children 0.68 [0.62-0.74] p<0.001 

farming Asthma rs2230926 TT 0.73 [0.66-0.80] p<0.001 

farming Asthma rs2230926 GG/GT 0.14 [0.05-0.39] p<0.001 

rs2230926 Asthma all children 1.76 [1.05-2.97] 0.033 

rs2230926 Eczema all children 2.18 [1.02-4.66] 0.045 

rs2230926 Atopy all children 0.79 [0.41-1.50] 0.466 

aOR = odd ratios for dominant (GG/GT vs. TT) association models with 95%-confidence limits 

adjusted for sex, age, study center, and where applicable also for farming 
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