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Abstract

Background: The hygiene hypothesis states that children exposed to higher loads of microbes such as farmers’ children
suffer less from allergies later in life. Several immunological mechanisms underpinning the hygiene hypothesis have been
proposed such as a shift in T helper cell balance, T regulatory cell activity, or immune regulatory mechanisms induced by the
innate immunity.

Objective: To investigate whether the proposed immunological mechanisms for the hygiene hypotheses are found in
farmers’ children.

Methods: We assessed gene expression levels of 64 essential markers of the innate and adaptive immunity by quantitative
real-time PCR in white blood cells in 316 Swiss children of the PARSIFAL study to compare farmers’ to non-farmers’
expressions and to associate them to the prevalence of asthma and rhinoconjunctivitis, total and allergen-specific IgE in
serum, and expression of Ce germ-line transcripts.

Results: We found enhanced expression of genes of the innate immunity such as IRAK-4 and RIPK1 and enhanced
expression of regulatory molecules such as IL-10, TGF-b, SOCS4, and IRAK-2 in farmers’ children. Furthermore, farmers’
children expressed less of the TH1 associated cytokine IFN-c while TH2 associated transcription factor GATA3 was enhanced.
No significant associations between the assessed immunological markers and allergic diseases or sensitization to allergens
were observed.

Conclusion: Farmers’ children express multiple increased innate immune response and immune regulatory molecules,
which may contribute to the mechanisms of action of the hygiene hypothesis.
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Introduction

The hygiene hypothesis was proposed on the observation that

children with several siblings were at lower risk of developing

rhinoconjunctivitis and atopic sensitization. The protective effect

was assigned to more frequent infections during childhood [1].

Other findings supported this hypothesis, such as early attendance

of a day-care nursery had a protective effect against the

development of allergies and Italian military students with

antibodies to hepatitis A virus showed a lower prevalence of

atopy and atopic respiratory diseases [2,3].

It was not only infections that seemed to protect children against

allergies; in addition, the effect of rural lifestyle has been suggested

as one of the major preventive factors for allergy development [4].

Especially, early life or prenatal contact to farm animals and

consumption of non-pasteurized milk, were found to be associated
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with lower prevalence of allergies [5,6,7,8,9]. Although there were

reports that didn’t observe a difference between farmers’ and rural

control children [10,11], the protective effect of a farm was

assigned to exposure to higher loads and a broader diversity of

bacterial and fungal components [12,13]. Farmers’ children had

reduced allergen-specific serum IgE levels and their blood

leukocytes secreted less inflammatory cytokines in response to

bacterial components and expressed more Toll-like receptors

(TLR) [5,12,14,15,16]. Enhanced TLR expression at birth was

associated with a lower risk to develop atopic dermatitis later in life

[9].

As an immunological basis for the hygiene hypothesis, several

mechanisms have been proposed including a shift in T helper cell

type (TH)1/TH2 balance or alteration of dendritic cell, innate

immunity and T regulatory cell (TREG) activities [17,18]. The

innate immunity is the origin of a T helper cell response [19] and

the activation of this system is mediated via pathways activated via

pattern recognition receptors (PRR) such as the toll-like receptor

(TLR) signaling cascade or the nucleotide-binding oligomerization

domain (NOD) signaling (Figure S1 in File S1). To provide proper

homeostasis of the innate immune response, a complex regulatory

network has evolved [20,21]. In brief, after ligand binding,

adaptor proteins such as myeloid differentiation primary response

gene 88 (MyD88), toll-interleukin 1 receptor domain containing

adaptor protein (TIRAP), or toll-like receptor adaptor molecule

1(TRIFF) are recruited to the receptor leading to activation of the

kinases interleukin-1 receptor-associated kinase (IRAK)1, IRAK2,

and IRAK4. These kinases activate TNF receptor-associated

factor (TRAF) 6 leading to the translocation of transcription

factors into the nucleus and to the activation of mitogen-activated

protein (MAP) kinases [22]. Various negative regulators of the

TLR signaling cascade have been described. The adaptor protein

toll interacting protein (TOLLIP) keeps the cascade in a quiescent

state before activation, while the non-functional kinase IRAK3,

but also suppressors of cytokine signaling (SOCS)-1 and SOCS-3

are known to act as negative feedback inhibitors [23,24].

Cytokines and co-stimulatory molecules of the innate immunity

guide T helper cell activation and differentiation (Figure S1 in File

S1) [25]. TH1 response is associated with inflammation and

autoimmunity [26], the TH2 response with IgE-mediated allergy

[27]. TREG cells confer suppressive activity on TH1 and TH2

[28,29,30,31].

Immunoglobulin class switching recombination (CSR) exchang-

es the constant region of the antibody. It is induced either T helper

cell-dependent through interaction of the CD40 ligand (CD40L)

with CD40 on B cells or innate immunity-dependent without

contribution of T helper cells through B lymphocyte stimulator

protein (BAFF) and a proliferation-inducing ligand (APRIL)

(Figure S1 in File S1) [32,33,34]. Cytokines such as IFN-c or

IL-4 determine the kind of isotype the constant region of the

antibody switches to through induction of transcription of so called

germ-line transcripts (GLT). GLT make the DNA accessible for

the recombinase AICDA (activation-induced cytidine deaminase)

making the CSR [35,36,37].

The goal of the PARSIFAL (Prevention of Allergy Risk factors

for Sensitization In children related to Farming and Anthro-

posophic Lifestyle) study was to identify potential factors from

rural and anthroposophic lifestyles having a protective effect

against allergies in children [5,38]. Here, we assessed among the

Swiss children of the PARSIFAL study [5,6,15] the gene

expressions of essential molecules of the innate and the adaptive

immunity (Table S1 and Figure S1 in File S1) and their association

with farm-life and allergic diseases such as asthma and

rhinoconjunctivitis, immunoglobulin CSR to IgE, and total or

allergen-specific IgE in sera with the aim to better understand the

immunological basis of the hygiene hypothesis using the example

of farmers’ children.

Methods

Population and Questionnaires
We assessed the expression of relevant T helper cell marker

genes and of genes of the innate immunity in the Swiss branch of

the cross-sectional PARSIFAL study [5,6,15,38]. EDTA blood

samples were available from 140 farm and 176 reference children

(Table 1). White blood cells were isolated immediately after blood

sampling using the QIAmp RNA Blood Mini Kit (Qiagen, Hilden,

Germany) and stored at 280uC. The questions on farming lifestyle

and health outcomes were derived from the internationally

validated International Study of Asthma and Allergies in

Childhood II questionnaire and the Allergy and Endotoxin

(ALEX) study, respectively, and it was validated for farmers’ and

non-farmers’ children [38,39,40,41,42]. Children with reported

doctor-diagnosed asthma once or obstructive bronchitis more than

once in their lifetime were defined as having asthma ever.

Rhinoconjunctivitis was defined by reported doctor diagnosis of

allergic rhinitis ever. Mother or father atopic sensitization was

defined as ever having asthma or rhinoconjunctivitis. The study

was approved by the ethical review committee of Basel and written

informed consent was obtained from all parents.

IgE Serology
Atopic sensitization was indicated if the child had at least one

allergen-specific serum IgE result of $0.35 kU/L against common

inhalant allergens (ImmunoCAP System, Thermo Fisher Scientif-

ic/Phadia AB, Uppsala, Sweden: birch, timothy, mugwort,

Dermatophagoides pteronyssinus and farinae, cat-, dog-, and horse

epithelium, and Cladosporium herbarum) and/or food allergens (Fx5:

egg white, milk, fish, wheat, peanut, and soy) [43]. Total IgE was

assessed using the ImmunoCAP System and the cutoff was 2 kU/

L.

RT-PCR and Quantitative Real-time PCR (TaqMan)
Total RNA was isolated from white blood cells using the

QIAmp RNA Blood Mini Kit (Qiagen, Hilden, Germany)

supplemented with RNase-free DNase (Qiagen) and stored at

minus 80uC [5,15]. For reverse transcription (RT) of RNA we

used 300 ng of total RNA in a final volume of 30 ml and added

adequate amounts of TaqMan Reverse Transcription Reagents

(Applied Biosystems, Foster City, USA). The quantification of Ce
germline transcripts we used the ABI Prim 7700 Sequence

Detection System (Applied Biosystems) and the following primers:

forward 59-ACAGGCACCAAATGGACGAC-39, reverse 59-

TTGCAGCAGCGGGTCAA-39. The minor groove binding

probe had the sequence 59-CACAGAGCCCATCCG-39. The

quantification of the other genes was performed on an ABI Prism

7900 Sequence Detection System (Applied Biosystems) using the

TaqMan low density array (LDA) system of Applied Biosystems.

The determined gene expression values were normalized to the

parallel measured endogenous controls 18S rRNA. We analyzed

the data with the comparative Ct method according to the

manufacturer’s instructions (Applied Biosystem). Tests regarding

RNA stability were performed [44].

Statistical Analysis
Data analysis was conducted using SAS software version 9.2

(SAS Institute). Differences in characteristics of children regarding

farming status were tested by Chi2-test and expressed as P-values.
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Because the distribution of the gene expression levels were skewed,

these variables were log transformed values (natural logarithm),

resulting in a good approximation to the normal distribution (data

not shown). With measurements of gene expression with more

than 12% of undetectable, we used binomial variables for these

gene expression levels, divided by the median. Multiple linear

regressions were used to investigate the association between farmer

status and gene expression levels. Geometric means ratios (GMRs)

and 95% confidence interval (CI) were reported. Adjustment was

made for the following potential confounder: gender, age of the

child, atopic sensitization of the mother and of the father. The

number of siblings and passive smoking were added in the model,

but did not change the results, so they were not kept in the final

model. Logistic regressions were used to analyze the association

between gene expression levels and asthma, rhinoconjunctivitis,

and atopic sensitization, adjusting for the same covariates as

mentioned above. Results were expressed in odds ratios (ORs) and

95% CIs. For the association with the levels of gene expression and

total IgE antibody levels and CSR to IgE, linear regression models

were performed, as both dependent variables are continuous and

were log-transformed. Those associations were corrected for

multiple testing using the false discovery rate (Benjamini proce-

dure) (P value #0.05 was considered as significant) [45].

Results

Association of Farm Life with Gene Expression of TLR Co-
receptors, Molecules of the TLR Signaling Cascade, and of
PRR

The study group was composed of 316 children between the

ages of 5 to 13. 44.3% of them were farmers’ children (Table 1).

Among farmers’ children a diagnosis of asthma (p = 0.024) or

rhinoconjunctivitis (p = 0.052) and atopic sensitization (p,0.001)

was lower compared to non-farmers’ – rural control children. The

proportion of parents with atopic sensitization was also reduced

among farmers’ children. We have previously shown that living on

a farm was associated with an increased expression of some TLR

in this study population [5,15]. Here, we completed the set of PRR

by measuring the gene expression of co-receptors of TLR,

molecules of the TLR signaling cascade, and of PRR such as

NOD1 and NOD2 or TREM1 and compared the expression of

farmers’ children to non-farmers’ children (Table 2 and Table S2

in File S1). An increased gene expression significant for IRAK-2

and RIPK1 after correction for multiple testing and of borderline

significance for TRIF, IRAK-1 and TBK1 was found among

farmers’ children. Only the gene expression of IRAK-4 was

significant decreased. Furthermore, the HLA-DRA gene was more

expressed in farmers’ children. Of the negative regulators of the

TLR signaling cascade, we identified the expression of SOCS-1

(borderline significance) and SOCS-4 genes to be increased in

farmers’ children (Table 2).

Association of Gene Expression of PRR and Molecules of
the TLR Signaling Cascade with Asthma,
Rhinoconjunctivitis, CSR to IgE, and Total or Allergen-
specific IgE

We wanted to know whether there was a correlation between

gene expression of PRR, TLR co-receptors, and molecules of the

TLR signaling cascade and the prevalence of asthma or

rhinoconjunctivitis, CSR to IgE, and total or allergen-specific

IgE in sera (Table 3 and Table S3 in File S1). To assess CSR to

IgE, we measured the expression of Ce GLT by quantitative real-

time PCR. We found that the expression of TLR9 and HLA-DRA

genes was significantly positively associated with Ce GLT

expression. Furthermore, we found that the expression of some

molecules such as CD14, TLR5, TLR6, TLR8, TREM-1, but also

IRAK-1 and IRAK-2 genes was significantly negatively associated

with total serum IgE, atopic sensitization, or asthma. However, all

this values lost significance after correction for multiple testing.

IRAK-1, IRAK-2, and RIPK1 were the only molecules, whose

gene expression was associated to both farming environment and

asthma. In this study population, we observed a reduced risk of

having asthma among farmers’ children compared to non-famers’

children (crude OR: 0.33; 95% CI: 0.12–0–90). In order to test the

contribution of these molecules in this protective effect, we added

these 3 molecules, as predictors in the logistic model and we could

observe that the protective farming effect on asthma was partially

reduced (adjusted OR: 0.67; 95% CI: 0.22–2.00).

Association of Farm Life with Gene Expression of Markers
of T Helper Cell Subtypes and Cytokines

Next, we investigated whether farm life resulted in skewing of

TH1/TH2 balance or in induction of TREG cells in children.

Neither the expression of the T-bet gene, the transcription factor

driving the phenotype of TH1, nor the expression of the

chemokine receptor CCR5 gene showed an association with farm

life (Table 4). Expression of the TH2 marker gene, the

transcription factor GATA-3, was positively associated with being

a farm child. No association was found with the level of expression

of TREG cell marker gene FOXP3.

T helper cells exhibit their function via release of a specific

cytokine pattern. We compared the gene expression of cytokines in

blood leukocytes of farmers’ with non-farmers’ children (Table 5).

Gene expression of the TH1-associated cytokine IL-12a was not

affected by farm life. However, gene expression of INF-c was

significantly down-regulated in blood leukocytes of farmers’

children. Gene expression of the TH2-associated cytokine IL-4

was also decreased (borderline significance) in farmers’ children.

The gene expression of regulatory cytokines such as IL-10 and

TGF-b was highly induced among farmers’ children. Further-

more, farmers’ children expressed more of the TNF-a gene.

Association of Gene Expression of Markers of T Helper
Cell Subtypes and Gene Expression of Cytokines with
Asthma, Rhinoconjunctivitis, CSR to IgE, and Total or
Allergen-specific IgE

Moreover, we were interested whether T helper cell balance

was associated with asthma, rhinoconjunctivitis, immunoglobulin

CSR to IgE, and total or allergen-specific IgE in sera. We found a

positive association between immunoglobulin CSR to IgE and the

gene expression of transcription factors T-bet and GATA-3 (Table

S4 in File S1). There was no association with gene expression of

any of the transcription factors with total serum IgE, atopic

sensitization, asthma, and rhinoconjunctivitis. However, we found

a positive association of TNF-a gene expression with the

expression of Ce GLT (Table S5 in File S1). There were no

further significant associations between the expression of cytokine

genes and asthma, rhinoconjunctivitis, and total or allergen-

specific IgE.

Association of Farm Life with Gene Expression of APRIL,
BAFF, CD40L, and AICDA

We further were interested whether the expression of co-

stimulatory molecules crucial in inducing CSR was associated with

farm life. We measured the gene expression of APRIL, BAFF,

Anti-Inflammatory Pathways in Farmers’ Children
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CD40L, and AICDA in blood leucocytes of children and no

association with farming status was observed (Table S6 in File S1).

Association of Gene Expression of APRIL, BAFF, CD40L,
and AICDA with Asthma, Rhinoconjunctivitis, CSR to IgE,
and Total or Allergen-specific IgE

Finally, we investigated whether the expression of APRIL,

BAFF, CD40L, and AICDA genes in blood leucocytes of children

was associated with the prevalence of asthma and rhinoconjuncti-

vitis, CSR to IgE, and total and allergen-specific IgE in sera. Only

the expression of the Ce GLT was positively associated with

CD40L gene expression (Table S7 in File S1).

Discussion

In this study we show that farmers’ children have an increased

expression of innate immunity and regulatory molecules, which

may lead to changes in thresholds for the activation of an

inflammatory immune response. However, no significant associ-

ation between gene expressions and allergic diseases or atopic

sensitization was shown. Investigations comparing farmers’ with

urban children or taking into account the gut microbial flora, the

nutrition, or infections might clarify this issue in more detail.

Moreover, although our data showed no shift in T helper cell

balance in farmers’ children, different levels of T helper cell-

associated cytokines were observed. Additionally, immunoglobulin

CSR to IgE was enhanced via T cell activation shown by strong

positive associations between the expression Ce GLT and the

expression of CD40L or the T helper cell transcription factors.

Although farmers’ children expressed more TH2 transcription

factor GATA-3 and this was associated with enhanced switching

to IgE, they were less sensitized what indicates other immunolog-

ical mechanisms to be important. Our findings coincide with other

observations that the molecular basis of allergic disorders cannot

be explained by the TH2 paradigm [18,46]. These observations

include that IFN-c, IL-17, and neutrophils are found in lungs of

asthma patients and treatments targeting TH2 cells failed to be

effective [47]. It is interestingly noted here that not only TH2-

associated diseases have increased over the past decades in parallel

with elevated hygiene conditions, but also TH1-associated

inflammatory and autoimmune diseases [48,49,50]. There are

patients with a coincidence of allergic and autoimmune disease

[51]. Moreover, allergic diseases show a substantial autoimmune

profile and TH1 response plays an important role in chronicity and

tissue injury in atopic diseases [52,53,54]. Our results, combined

with the observations described above, does not support the fact

Table 2. Association of farm life with gene expression of TLR signaling cascade.

GMR* 95% CI p-value
p-value after mutliple
testing

MYD88 0.85 0.73 0.99 0.035 0.101

TRIF 1.21 1.04 1.41 0.015 0.056

IRAK1 1.17 1.07 1.29 0.001 0.052

IRAK2 1.89 1.56 2.29 0.001 0.026

IRAK4 0.83 0.73 0.96 0.01 0.047

RIPK1 1.27 1.13 1.44 0.001 0.017

TBK1 1.17 1.04 1.33 0.012 0.052

HLA-DRA 1.54 1.29 1.84 0.001 0.013

SOCS1 1.19 1.03 1.39 0.021 0.068

SOCS4 1.17 1.04 1.31 0.008 0.042

Boldface values are significant (p,0.05).
*adjusted for sex, age, mother atopic sensitization and father atopic sensitization.
GMR, geometric mean in farmers’ children compared with non-farmers’ children.
doi:10.1371/journal.pone.0091097.t002

Table 3. Association of PRR and molecules of the TLR signaling cascade with CSR to IgE.

OR* 95% CI P-value p-value after mutliple testing

TLR7 1.33 1.13 1.57 0.001 0.063

TLR9 1.37 1.16 1.61 0.001 0.032

TLR10 0.90 0.83 0.98 0.017 0.089

IRAK2 1.23 1.04 1.45 0.014 0.080

HLA-DRA 1.30 1.08 1.55 0.005 0.045

SOCS6 1.14 1.03 1.27 0.012 0.095

TRIAD3 1.49 1.09 2.02 0.012 0.084

Boldface values are significant (p,0.05).
*adjusted for sex, age, mother atopic sensitization and father atopic sensitization.
OR, odds ratio of farmers’ children compared with non-farmers’ children.
doi:10.1371/journal.pone.0091097.t003
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that skewing of T helper cell differentiation is an immunological

mechanism for the hygiene hypothesis at least in school age

children. In newborn children, the situation might be different. It

has been shown that reduced IFN-c secretion after ex-vivo re-

stimulation of cord blood cells with phorbol 12-myristate 13-

acetate was associated with reduced allergen-specific IgE [55]. The

different results between newborn and school age children might

be based on different development status of the immune system or

on the different methods to assess the IFN-c expression. It is

important to note here that our data shows direct analyses of the

cells without any cultures, representing a direct in vivo situation

compared to cultures of cells for several days.

Although the present study did not allow us to investigate

immunological mechanisms in deep or even to discover new

mechanisms, we were able to reproduce mechanisms in humans

that have been demonstrated in cell cultures or mice experiments.

One important mechanism that we were able to reproduce was the

following: we have previously shown that the expressions of some

TLR genes such as TLR2, TLR4, and TLR8 were enhanced

among the farmers’ children included in the study [5,15].

Furthermore, the expression of the TLR signaling molecules

IRAK-1 and RIPK1 were increased in farmers’ children. IRAK-1

deficiency in mice attenuates but does not eliminate TLR-induced

NF-kB and MAPK activation and gene induction. So, activation

of the innate immunity is still guaranteed. Interestingly, TLR4-

mediated STAT3-dependent IL-10 induction is impaired in

IRAK-1 deficient cells [22]. Therefore, we propose that higher

TLR expression together with more IRAK-1 activity ends in

higher IL-10 levels in farmers’ children. IL-10 has been shown to

be the crucial regulatory cytokine of the immune system by

inhibiting inflammatory cytokine production by the innate

immunity and eliciting anergy in T cells [25]. Moreover, IL-10

plays a role in allergen-specific immunotherapy [56]. In our study,

we were able to show a strong increase of gene expression of

regulatory cytokines, IL-10 and TGF-b, among farmer’s children,

but we were not able to associate those gene expressions directly

with allergic disorders, CSR to IgE, or atopic sensitization.

However, we observed a strong down-regulated expression of TH1

Table 4. Association of farm life with gene expression of markers of T helper cell subtypes.

GMR* 95% CI p-value p-value multiple testing

TH1

T-bet 1.07 0.91 1.27 0.397

CCR5 0.83 0.5 1.39 0.481

TH2

GATA3 1.28 1.08 1.51 0.004 0.026

CCR3 0.71 0.54 0.93 0.014 0.056

CCR4 1.27 1.01 1.6 0.037 0.101

TREG

FOXP3 1.02 0.87 1.19 0.808

Boldface values are significant (p,0.05).
*adjusted for sex, age, mother atopic sensitization and father atopic sensitization.
GMR, geometric mean in farmers’ children compared with non farmers’ children.
doi:10.1371/journal.pone.0091097.t004

Table 5. Association of farm life with the expression of cytokine genes.

GMR* 95% CI p-value p-value multiple testing

IL12a 0.93 0.63 1.38 0.721

IFN-c 0.29 0.18 0.46 0.001 0.010

IL41 0.87 0.77 0.97 0.015 0.052

IL10 3.45 1.82 6.56 0.001 0.009

TGF-b 1.16 1.05 1.29 0.005 0.029

IFN-b1 0.96 0.86 1.07 0.465

IL1b 1.32 0.98 1.78 0.072

IL6 0.88 0.44 1.79 0.730

IL8 1.13 0.84 1.54 0.419

IL18 0.88 0.71 1.09 0.251

IL211 0.98 0.88 1.08 0.648

TNF-a 1.43 1.21 1.69 0.001 0.007

Boldface values are significant (p,0.05).
*adjusted for sex, age, mother atopic sensitization and father atopic sensitization.
GMR, geometric mean in farmers’ children compared with non farmers’ children.
1Binomial values.
doi:10.1371/journal.pone.0091097.t005
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and TH2 associated cytokines INF-c and IL-4 in farmers’ children

that might be caused by enhanced IL-10 levels.

The cross-sectional design of the study, the mixed cell

population in peripheral blood in which we performed the

measurements and the limited amount of children reduced the

significance of the study. Thus, we were not able to investigate

more in detail the role of farm-related environmental factors such

as animal contact or nutrition on the expression of the markers of

the immune system. Furthermore, the mentioned limitation might

be the reason for not finding significant associations to the health

outcomes, asthma and rhinoconjunctivitis. Although we could

show that the farm-environmental mediated up-regulation in

IRAK-1, IRAK-2, and RIPK1 contributed partially to their

reduced incidence of asthma. In order to better understand the

farming environment effect on the maturation of the immune

system and on the development of allergic diseases, longitudinal

studies are needed.

In summary, the immune system of farmers’ children seems to

comprise the same composition of T helper cell subtypes

compared to non-farmers’ children, but farmers’ T helper cells

might be in a more anergic status and therefore they secreted less

cytokines. This anergic status might be caused by regulatory

cytokines induced by the innate immunity.
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Boeve, Jeroen Douwes, Machteld Huber, Mirjam Matze; Gertraud Weiss,

Mynda Schreuer; Karin B. Michles.

Author Contributions

Conceived and designed the experiments: RF CR CB MW AS MvH GP

GD JR EvM FS CBF RL. Performed the experiments: RF SL. Analyzed

the data: CR CB. Contributed reagents/materials/analysis tools: MW AS

MvH GP GD JR EvM CBF RL. Wrote the paper: RF CR SL AS MvH

GP GD EvM FS CA RL.

References

1. Strachan DP (1989) Hay fever, hygiene, and household size. BMJ 299: 1259–

1260.

2. Matricardi PM, Rosmini F, Ferrigno L, Nisini R, Rapicetta M, et al. (1997)

Cross sectional retrospective study of prevalence of atopy among Italian military

students with antibodies against hepatitis A virus. BMJ 314: 999–1003.

3. Kramer U, Heinrich J, Wjst M, Wichmann HE (1999) Age of entry to day

nursery and allergy in later childhood. Lancet 353: 450–454.

4. Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH, et al. (1999)

Prevalence of hay fever and allergic sensitization in farmer’s children and their

peers living in the same rural community. SCARPOL team. Swiss Study on

Childhood Allergy and Respiratory Symptoms with Respect to Air Pollution.

Clin Exp Allergy 29: 28–34.

5. Ege MJ, Bieli C, Frei R, van Strien RT, Riedler J, et al. (2006) Prenatal farm

exposure is related to the expression of receptors of the innate immunity and to

atopic sensitization in school-age children. J Allergy Clin Immunol 117: 817–

823.

6. Bieli C, Eder W, Frei R, Braun-Fahrlander C, Klimecki W, et al. (2007) A

polymorphism in CD14 modifies the effect of farm milk consumption on allergic

diseases and CD14 gene expression. J Allergy Clin Immunol 120: 1308–1315.

7. Riedler J, Eder W, Oberfeld G, Schreuer M (2000) Austrian children living on a

farm have less hay fever, asthma and allergic sensitization. Clin Exp Allergy 30:

194–200.

8. Loss G, Apprich S, Waser M, Kneifel W, Genuneit J, et al. (2011) The protective

effect of farm milk consumption on childhood asthma and atopy: the

GABRIELA study. J Allergy Clin Immunol 128: 766–773 e764.

9. Roduit C, Wohlgensinger J, Frei R, Bitter S, Bieli C, et al. (2011) Prenatal

animal contact and gene expression of innate immunity receptors at birth are

associated with atopic dermatitis. J Allergy Clin Immunol 127: 179–185, 185

e171.

10. Filipiak B, Heinrich J, Schafer T, Ring J, Wichmann HE (2001) Farming, rural

lifestyle and atopy in adults from southern Germany–results from the

MONICA/KORA study Augsburg. Clin Exp Allergy 31: 1829–1838.

11. Lee SY, Kwon JW, Seo JH, Song YH, Kim BJ, et al. (2012) Prevalence of atopy

and allergic diseases in Korean children: associations with a farming

environment and rural lifestyle. Int Arch Allergy Immunol 158: 168–174.

12. Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, et al. (2002)

Environmental exposure to endotoxin and its relation to asthma in school-age

children. N Engl J Med 347: 869–877.

13. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson WO, et al. (2011)

Exposure to environmental microorganisms and childhood asthma. N Engl J Med

364: 701–709.

14. Lauener RP, Birchler T, Adamski J, Braun-Fahrlander C, Bufe A, et al. (2002)

Expression of CD14 and Toll-like receptor 2 in farmers’ and non-farmers’

children. Lancet 360: 465–466.

15. Ege MJ, Frei R, Bieli C, Schram-Bijkerk D, Waser M, et al. (2007) Not all

farming environments protect against the development of asthma and wheeze in

children. J Allergy Clin Immunol 119: 1140–1147.

16. Loss G, Bitter S, Wohlgensinger J, Frei R, Roduit C, et al. (2012) Prenatal and

early-life exposures alter expression of innate immunity genes: The PASTURE

cohort study. J Allergy Clin Immunol 130: 523–530 e529.

17. Frei R, Lauener RP, Crameri R, O’Mahony L (2012) Microbiota and dietary

interactions: an update to the hygiene hypothesis? Allergy 67: 451–461.

18. Mrabet-Dahbi S, Maurer M (2010) Does allergy impair innate immunity? Leads

and lessons from atopic dermatitis. Allergy 65: 1351–1356.

19. Iwasaki A, Medzhitov R (2010) Regulation of adaptive immunity by the innate

immune system. Science 327: 291–295.

20. Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate

immunity: update on Toll-like receptors. Nat Immunol 11: 373–384.

21. Frei R, Ferstl R, Konieczna P, Ziegler M, Simon T, et al. (2013) Histamine

receptor 2 modifies dendritic cell responses to microbial ligands. J Allergy Clin

Immunol 132: 194–204.

22. Flannery S, Bowie AG (2010) The interleukin-1 receptor-associated kinases:

critical regulators of innate immune signalling. Biochem Pharmacol 80: 1981–

1991.

23. Liew FY, Xu D, Brint EK, O’Neill LA (2005) Negative regulation of toll-like

receptor-mediated immune responses. Nat Rev Immunol 5: 446–458.

24. Akira S, Takeda K (2004) Toll-like receptor signalling. Nat Rev Immunol 4:

499–511.

25. Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, et al. (2011) Interleukins,

from 1 to 37, and interferon-gamma: receptors, functions, and roles in diseases. J

Allergy Clin Immunol 127: 701–721 e701–770.

Anti-Inflammatory Pathways in Farmers’ Children

PLOS ONE | www.plosone.org 7 March 2014 | Volume 9 | Issue 3 | e91097



26. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, et al. (2000) A novel

transcription factor, T-bet, directs Th1 lineage commitment. Cell 100: 655–669.

27. Zheng W, Flavell RA (1997) The transcription factor GATA-3 is necessary and

sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89: 587–596.

28. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the

development and function of CD4+CD25+ regulatory T cells. Nat Immunol

4: 330–336.

29. Khattri R, Cox T, Yasayko SA, Ramsdell F (2003) An essential role for Scurfin

in CD4+CD25+ T regulatory cells. Nat Immunol 4: 337–342.

30. Jiang H, Chess L (2006) Regulation of immune responses by T cells. N Engl J Med

354: 1166–1176.

31. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, et al. (2004)

Immune responses in healthy and allergic individuals are characterized by a fine

balance between allergen-specific T regulatory 1 and T helper 2 cells. J Exp Med

199: 1567–1575.

32. Macpherson AJ, Lamarre A (2002) BLySsful interactions between DCs and B

cells. Nat Immunol 3: 798–800.

33. Litinskiy MB, Nardelli B, Hilbert DM, He B, Schaffer A, et al. (2002) DCs

induce CD40-independent immunoglobulin class switching through BLyS and

APRIL. Nat Immunol 3: 822–829.

34. Ng LG, Mackay CR, Mackay F (2005) The BAFF/APRIL system: life beyond B

lymphocytes. Mol Immunol 42: 763–772.

35. Chaudhuri J, Alt FW (2004) Class-switch recombination: interplay of

transcription, DNA deamination and DNA repair. Nat Rev Immunol 4: 541–

552.

36. Manis JP, Tian M, Alt FW (2002) Mechanism and control of class-switch

recombination. Trends Immunol 23: 31–39.

37. Yu K, Chedin F, Hsieh CL, Wilson TE, Lieber MR (2003) R-loops at

immunoglobulin class switch regions in the chromosomes of stimulated B cells.

Nat Immunol 4: 442–451.

38. Alfven T, Braun-Fahrlander C, Brunekreef B, von Mutius E, Riedler J, et al.

(2006) Allergic diseases and atopic sensitization in children related to farming

and anthroposophic lifestyle–the PARSIFAL study. Allergy 61: 414–421.

39. Asher MI, Keil U, Anderson HR, Beasley R, Crane J, et al. (1995) International

Study of Asthma and Allergies in Childhood (ISAAC): rationale and methods.

Eur Respir J 8: 483–491.

40. Wickman M, Kull I, Pershagen G, Nordvall SL (2002) The BAMSE project:

presentation of a prospective longitudinal birth cohort study. Pediatr Allergy

Immunol 13 Suppl 15: 11–13.

41. Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Waser M, et al. (2001)

Exposure to farming in early life and development of asthma and allergy: a cross-

sectional survey. Lancet 358: 1129–1133.

42. Ublagger E, Schreuer M, Eder W, von Mutius E, Benz MR, et al. (2005)

Validation of questions on asthma and wheeze in farming and anthroposophic
children. Clin Exp Allergy 35: 1033–1039.

43. Rosenlund H, Bergstrom A, Alm JS, Swartz J, Scheynius A, et al. (2009) Allergic

disease and atopic sensitization in children in relation to measles vaccination and
measles infection. Pediatrics 123: 771–778.

44. Bieli C, Frei R, Schickinger V, Steinle J, Bommer C, et al. (2008) Gene
expression measurements in the context of epidemiological studies. Allergy 63:

1633–1636.

45. Benjamini Y, Hochberg Y (1994) Controlling the false discovery rate: a practical
and powerful approach to multiple testing Journal of the royal statistical society

B 57: 289–300.
46. Eyerich K, Novak N (2013) Immunology of atopic eczema: overcoming the

Th1/Th2 paradigm. Allergy 68: 974–982.
47. Kim HY, DeKruyff RH, Umetsu DT (2010) The many paths to asthma:

phenotype shaped by innate and adaptive immunity. Nat Immunol 11: 577–584.

48. Marshall AL, Chetwynd A, Morris JA, Placzek M, Smith C, et al. (2004) Type 1
diabetes mellitus in childhood: a matched case control study in Lancashire and

Cumbria, UK. Diabet Med 21: 1035–1040.
49. Feillet H, Bach JF (2004) Increased incidence of inflammatory bowel disease: the

price of the decline of infectious burden? Curr Opin Gastroenterol 20: 560–564.

50. Loftus EV, Jr. (2004) Clinical epidemiology of inflammatory bowel disease:
Incidence, prevalence, and environmental influences. Gastroenterology 126:

1504–1517.
51. Sheikh A, Smeeth L, Hubbard R (2003) There is no evidence of an inverse

relationship between TH2-mediated atopy and TH1-mediated autoimmune
disorders: Lack of support for the hygiene hypothesis. J Allergy Clin Immunol

111: 131–135.

52. Rebane A, Zimmermann M, Aab A, Baurecht H, Koreck A, et al. (2012)
Mechanisms of IFN-gamma-induced apoptosis of human skin keratinocytes in

patients with atopic dermatitis. J Allergy Clin Immunol 129: 1297–1306.
53. Zimmermann M, Koreck A, Meyer N, Basinski T, Meiler F, et al. (2011) TNF-

like weak inducer of apoptosis (TWEAK) and TNF-alpha cooperate in the

induction of keratinocyte apoptosis. J Allergy Clin Immunol 127: 200–207, 207
e201–210.

54. Zeller S, Rhyner C, Meyer N, Schmid-Grendelmeier P, Akdis CA, et al. (2009)
Exploring the repertoire of IgE-binding self-antigens associated with atopic

eczema. J Allergy Clin Immunol 124: 278–285, 285 e271–277.
55. Pfefferle PI, Sel S, Ege MJ, Buchele G, Blumer N, et al. (2008) Cord blood

allergen-specific IgE is associated with reduced IFN-gamma production by cord

blood cells: the Protection against Allergy-Study in Rural Environments
(PASTURE) Study. J Allergy Clin Immunol 122: 711–716.

56. Soyka MB, Holzmann D, Akdis CA (2012) Regulatory cells in allergen-specific
immunotherapy. Immunotherapy 4: 389–396.

Anti-Inflammatory Pathways in Farmers’ Children

PLOS ONE | www.plosone.org 8 March 2014 | Volume 9 | Issue 3 | e91097


