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Abstract

Background: Farm exposure protects against development of allergies early in life.
At 4.5 years, protection against asthma by farm-milk exposure was partially
mediated by regulatory T cells (Tregs). The aim of this study was to investigate
the critical time window of the ‘asthma-protective’ farm effect via Tregs during
childhood immune maturation.

Methods: Tregs were assessed longitudinally at 4.5 and 6 years in 111 children (56
farm and 55 reference children) from the PASTURE/EFRAIM birth cohort (flow
cytometry). Peripheral blood mononuclear cells were cultured unstimulated (U),
with phorbol 12-myristate 13-acetate/ionomycin (PI) or lipopolysaccharide (LPS),
and stained for Tregs (CD4"CD25ME"FOXP3"PPer20%) mRNA expression of
Treg/Th1/Th2/Th17-associated cell markers was measured ex vivo. Suppressive
capacity of Tregs on effector cells and cytokines was assessed. Detailed question-
naires assessing farm exposures and clinical phenotypes from birth until age
6 years were answered by the parents.

Results: Treg percentage before and after stimulation and FOXP3 mRNA expres-
sion ex vivo decreased from age 4.5 to 6 years (P(U,LPS) < 0.001; P(PI) = 0.051;
P(FOXP3) <0.001). High vs low farm-milk and animal-stable exposure was
associated with decreased LPS-stimulated Treg percentage at age 6 years (P
(LPS) = 0.045). Elevated LPS-stimulated-Treg percentage at age 6 was associated
with increased risk of asthma (aOR = 11.29, CI: 0.96-132.28, P = 0.053). Tregs

Abbreviations

A, asthmatics; aOR, adjusted odds ratio; BIC, Bayesian information criteria; Cl, confidence interval; FOXP3, forkhead box P3; GMR,
geometric mean ratio; LCA, latent class analysis; LPS, lipopolysaccharide; NA, nonasthmatics; N, number of subjects; PASTURE/EFRAIM,
Protection Against Allergy: Study in Rural Environments/Mechanisms of Early Protective Exposures on Allergy Development; PBMC,
peripheral blood mononuclear cells; Pl, PMA/ionomycin; PMA, phorbol 12-myristate 13-acetate; SIC, specific IgE class; Tregs, regulatory

T cells; U, unstimulated; Yrs, years.
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from asthmatics vs nonasthmatics suppressed IFN-y (P =0.015) and IL-9

(P =0.023) less efficiently. mRNA expression of Thl/Th2/Thl7-associated cell
markers decreased between 4.5 and 6 years (P < 0.001).

Conclusions: Tregs at the age of 6 years were decreased with farm exposure and
increased within asthmatics, opposite to age 4.5 years. This immunological switch
defines a critical ‘time window’ for Treg-mediated asthma protection via environ-
mental exposure before age 6 years.

Accumulating evidence of the asthma/allergy-protective farm
effect has been replicated in numerous studies (1). Children
living in microbe-rich environments, for example farms, have
a lower risk of developing asthma and allergies (2, 3). Regard-
ing the time window, prenatal and early-life exposure exhib-
ited the strongest ‘disease-protective’ effect (4, 5). In this
context, farm-milk consumption was identified as one critical
specific exposure accounting in part for the farm effect (4, 6,
7). On the search for relevant underlying mechanisms confer-
ring allergy and asthma protection via rural farm environ-
ments, cross-sectional studies implicated a role for innate
receptors such as Toll-like receptor 2 and CDI14 (5, 8). Both
were increased in farmer’s children (8), and TLR2/TLR4/
CDI14 were increased following prenatal animal-stable expo-
sure (5). Importantly adaptive cellular mechanisms, namely
regulatory T cells (Tregs), which are crucial for maintenance
of immune homoeostasis by controlling exuberant immune
responses (9), were higher and more suppressive in newborns
of farming compared to nonfarming mothers (10). Consis-
tently, a protective effect of farm-milk exposure on asthma,
partly mediated by Tregs, was shown in 4.5-year-old farm chil-
dren of the PASTURE/EFRAIM (Protection Against Allergy:
Study in Rural Environments/Mechanisms of Early Protective
Exposures on Allergy Development) birth cohort (11). From a
longitudinal perspective, farm-associated Treg modulation
observed early in life was still present with 4.5 yrs (10, 11).

Our recent study pointed towards a counterregulatory
effect of increased and functionally effective Tregs in allergic
asthmatics (12). Conversely, other studies on Tregs in asthma
showed inconsistent results with up- and downregulated
Tregs, however, partly for small sample sizes (13-16).

The objectives of this study were to investigate (i) whether
the observed protective effect of an early farm environment
on asthma mediated by Tregs at 4.5 yrs is tracking during
maturation until 6 yrs and (ii) whether a critical time window
for this environmental protection exists that potentially ends
before school age. Thus, we assessed Tregs on protein and
mRNA level and partly Treg function for the specific nature
of farm exposure and the outcome asthma.

Methods
Study characteristics

The PASTURE/EFRAIM Study is an international birth
cohort including 1133 children from rural areas of five Euro-
pean countries (Germany, Switzerland, Austria, Finland,
France) (17) with follow-up from the third trimester of

pregnancy until age 6 yrs, comprising children who live and
do not live on farms. These children and their families were
invited to participate in follow-ups that included question-
naires and/or blood sampling. Questionnaires were adminis-
tered at the end of pregnancy and when the children were
2 months and 1, 1.5, 2, 3, 4, 5 and 6 years old (Fig. S1). Fur-
thermore, blood samples were taken at the age of 4.5 and
6 yrs. Specific IgE was measured in all blood samples, and
mRNA expression was measured in all blood samples with
sufficient material left. In this study, children with measure-
ments of mRNA expression at both time points are included
in the ‘mRNA-population’. In all German children with blood
sampling at age 4.5 or 6 yrs, Treg expression was assessed. Of
note, children with measurements of Treg expression at both
time points are included in the ‘Treg-population’.

The study was approved by the local research ethics com-
mittee from each country, and written informed consent was
obtained from all parents.

Questionnaires and clinical definitions

Extensive questionnaires (4, 17, 18) were completed by the
parents at the respective follow-ups. The questionnaires
assessed information on general health, with a focus on doc-
tor’s diagnosis of atopic and respiratory diseases and on farm
exposures.

A child was considered a ‘farm child’ when parents
answered ‘yes’ to the question ‘Does your child live on a
farm? and whose family ran the farm. Specific farm expo-
sures were assessed longitudinally and included, among
others, consumption of farm-milk and regular stays in an
animal-stable, as well as farm characteristics comprising types
of animal breeding and cultivation (described in (11)). Other
factors such as socioeconomic status, family history of atopy
and maternal smoking were noted. Children not living on a
farm could be exposed also to farm animals if they live next
to or near to a farm.

Asthma was assessed at age 4 and 6 yrs when the clinical
phenotype of asthma is rather stable (19). Current asthma at
a given age was defined as a doctor’s diagnosis of asthma
ever plus current wheeze (in the last 12 months), both
assessed at the given age. To define a lifetime diagnosis of
asthma, we combined current asthma at either age 4 or 6 yrs.

Specific IgE

Sensitization to allergens was measured as previously
described (11) (details in Supporting Information).

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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mRNA expression of T-cell markers

mRNA expression was assessed in blood samples collected at
4.5 and 6 yrs of age and expressed as AACt values (details in
Supporting Information).

Cell isolation and stimulation

Peripheral blood mononuclear cells (PBMC) for flow cytome-
try were isolated within 24 h, kept unstimulated (U) and
stimulated for 24 h with PMA (5 ng/ml) and ionomycin
(1 pg/ml) (PI), or LPS (0.1 pg/ml; details in Supporting
Information). Based on cell availability, sample number var-
ied between stimulation conditions for the Treg-population
(Fig. S1).

Treg quantity and functional assessment

Quantitative Treg (defined as percentage of
CD4 " CD25"e"FOXP3 PP 2% i lymphocytes) and func-
tional Treg assessment was performed as previously described
in (11) and (12), respectively (details in Supporting Informa-
tion). Supernatants from functional Tregs assays were col-
lected for assessment of IFN-vy, IL-13, IL-5, IL-9, IL-10, IL-2
and IL-1B and by LUMINEX technology using the Human
Cytokine-Multiplex-Assay-Kit following the manufacturer’s
instructions (Bio-Rad, Munich, Germany; details in Support-
ing Information).

Statistical analysis

Differences between population characteristics were tested
with chi-square test. mRNA expression and Tregs (%) were
depicted as median values. Due to non-normality, differences
in mRNA expression and Tregs (%) between exposure
groups or phenotypes were assessed by nonparametric tests,
that is the Wilcoxon test, and differences between ages 4.5
and 6 yrs by paired Wilcoxon signed-rank test. The effect of
log-transformed Tregs (%) on asthma was assessed by farm-
adjusted logistic regression. Cytokine levels in Treg suppres-
sion assays were log-transformed, and comparison before vs
after adding Tregs was conducted separately for each expo-
sure and phenotype using a paired ¢-test. Comparison
between exposures or phenotypes was conducted using a
two-sample r-test. In case of non-normally distributed cyto-
kine data, a Wilcoxon signed-rank test or the Wilcoxon
rank-sum test was used (details in Supporting Information).
For plotting purposes, data shown in forest plots were
retransformed (antilog) to original units and presented as
geometric mean ratios (GMR) and confidence intervals.

To define a lifetime pattern for farm-milk and animal-
stable exposure, we performed latent class analyses (LCAs)
with a four-class solution — the solution with the highest
Bayesian information criteria (BIC) — based on all available
exposure data on farm-milk and animal-stable exposure (i.e.
pregnancy, 1, 1.5, 2, 3, 4, 5, 6 yrs). All participants of the
PASTURE/EFRAIM study with at least seven of eight avail-
able data points per exposure (farm-milk, animal-stable) were

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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included. Individuals were assigned to the class for which
they had the highest posterior probability of belonging.
Three separate LCAs were performed including farm-milk
exposure over time, animal-stable exposure over time and
both exposures together, as farm-milk and animal-stable are
highly correlated. The resulting four latent classes from the
latter LCA were labelled ‘high farm-milk and animal-stable
exposure’, ‘high farm-milk and low animal-stable exposure’,
‘low farm-milk and high animal-stable exposure’ and ‘low
farm-milk and animal-stable exposure’. Figure S2 shows the
prevalence of farm-milk and animal-stable exposure over
time within these four latent classes.

Because the study was based on previous knowledge and
the variables were highly correlated, corrections for multiple
testing were not performed (20). A P-value 0.05 or lower was
considered significant. Statistical analysis was performed
using SAS 9.3 software (SAS Institute, Inc., Cary, NC, USA)
and R.

Results
Population characteristics

Of the 1133 enrolled children in the PASTURE/EFRAIM
cohort, 920 children participated in both the 4- and 6-year
questionnaires (Fig. S1). Furthermore, 628 participated in
blood sampling at 4.5 and 6 yrs. Specific IgE was measured
in all of these available blood samples. The sample size for
mRNA measurements (N = 549, ‘mRNA-population’) was
reduced due to insufficient amounts of blood available. We
report Tregs (‘“Treg-population’) only in the German arm of
the study, comprising about one-fifth of the total study popu-
lation. Due to cell availability, only N = 111 were in the final
‘Treg-population’ (56 farmer’s children, 55 reference non-
farming children), and sample size differed between stimula-
tion conditions.

Characteristics of the PASTURE/EFRAIM birth cohort
and relevant subpopulations are given in Table 1. As
observed in other cohorts (21), repeated participation in
blood sampling was significantly higher for children with
parental atopy. Also, farm children were more willing to par-
ticipate in repeated blood sampling. However, the Treg-popu-
lation did not differ significantly from other subpopulations.

Tregs decreased during immune maturation from age 4.5 to
6 yrs

We assessed immune maturation of Tregs between 4.5 and
6 yrs in all children with available Treg data at both time
points. Overall, Tregs (%) significantly decreased from age 4.5
to 6 yrs (Fig. IA-C). In unstimulated and LPS-stimulated
cells, Tregs decreased significantly from a median of 0.20%
(4.5 yrs) to 0.13% (6 yrs, P <0.001) and 0.27% to 0.13%
(P < 0.001), respectively. In PMA /fionomycin-stimulated cells,
Tregs decreased from a median of 0.59% to 0.41%
(P = 0.051). Coherent with Treg flow cytometry data from
unstimulated cells, mRNA expression of Treg-associated
marker FOXP3 measured in cells ex vivo (unstimulated)



Tregs during immune maturation in farming

Table 1 Population characteristics

Schroder et al.

Questionnaire

population Blood sample pop- Treg-popu

(questionnaire ulation (blood sam mRNA-population lation (Treg at

Total population; at 4 and 6yrs); ple at 45 and (mRNAat4.5and6yrs); 45 and 6

N=1133 N =920 6 yrs); N =628 N = 549 yrs); N =111

n/N % n/N % n/N % n/N % n/N %
Parental atopy 591/1099 53.8 495/915 54.1 353/625 56.5%,** 316/646 57.9*% ** *** 56/110 50.9
Maternal atopy 371/1132  32.8 305/920 33.1 223/628 35.5%,** 200/549 36.4*,** 37/111 333
Paternal atopy 342/1082 31.6 290/910 31.9 211/620 34.0*,** 190/541 35.1*** 36/109 33.0
>2 older sibs 379/1133 33.4 310/920 33.7 216/628 34.4 189/549 34.4 31111 27.9
Females 530/1090 48.6 445/918 485 296/626 47.3 262/547 47.9 53/111  47.7
Maternal smoking in pregnancy 165/1126 13.8 112/914 12.2* 76/623 12.2 68/544 125 10/111 9.0
Living on a farm 530/1133 46.8 441/920 479  310/628 49.4* 280/549 51.0%,**,***  56/111 50.4

Farm-milk/animal-stable exposure (LCA)

High farm-milk, high animal-stable  358/938  38.2 340/897 37.9  242/611 39.6 210/532 39.5 46/110 41.8
High farm-milk, low animal-stable ~ 87/938 9.3  83/897 9.2 57/611 9.3 48/532 9.0 6/110 5.4
Low farm-milk, high animal-stable  121/938 129 118/897 13.1 73/611 119 70/532 132 16/110 145
Low farm-milk, low animal-stable ~ 372/938  39.7 356/897 39.7 239/611  39.1 204/532 38.3 42/110 38.2
Asthmat - 83/920 9.0 63/623 10.1 57/544 10.5 15/111  13.5
Seasonal sensitization (SIC 3)1 - - 96/628 15.3 86/5648 15.7 20/111  18.0
Any sensitization (SIC 3) - - 150/628 23.9 131/548 23.9 25/111 225

*P < 0.05 vs total population; **P < 0.05 vs questionnaire population; ***P < 0.05 vs blood sample population.

TAt age 4 and/or 6 yrs where questionnaires were available.

At age 4.5 and/or 6 yrs where questionnaires and blood samples were available.

LCA, latent class analysis; yrs, years.

decreased between age 4.5 and 6 yrs in the Treg-population
(median of 1.22 (4.5 yrs) to 0.62 (6 yrs), P < 0.001; Fig. 1D)
and mRNA-population (median of 1.39 (4.5 yrs) to 0.80
(6 yrs), P <0.001; Fig. 1E).

Immunological switch: only high, but not low, farm-milk
intake and animal-stable exposure was associated with
decreased LPS-stimulated Tregs at age 6 yrs

To define a lifetime pattern for farm-milk and animal-stable
exposure, we performed latent class analyses (LCAs) with a
four-class solution. Most children were classified as low
(n = 372; 39.7%) or high (n = 358; 38.2%) farm-milk/animal-
stable-exposed in the total PASTURE/EFRAIM population,
which did not differ significantly from the mRNA- and Treg-
population (Table 1).

We compared Treg percentages over time for both extreme
exposure classes from the four-class LCA solution, low vs
high farm-milk/animal-stable (Fig. 2), and both exposures
independently, low vs high farm-milk (Fig. S3) and animal-
stable exposure (Fig. S4). At 4.5 yrs, children with high
farm-milk/animal-stable exposure showed higher Tregs (%)
(in PMA/ionomycin- and LPS-stimulated conditions) com-
pared to low farm-milk/animal-stable-exposed (median
0.67% vs 0.51%, P =0.064 for PMA/ionomycin; median
0.38% vs 0.16%, P = 0.005 for LPS; Fig. 2B, C). At 6 yrs,
the opposite was found and LPS-stimulated Tregs (%) were
higher in low compared to high farm-milk/animal-stable-
exposed children (median 0.18% vs 0.14%, P = 0.045;

Fig. 2C). When analysed independently, similar effects were
found for animal-stable exposure (Fig. S4), but not farm-
milk (Fig. S3).

When Tregs (%) were considered longitudinally from 4.5
to 6 yrs, a significant decrease was found in high farm-milk/
animal-stable-exposed (median 0.67% vs 0.32%, P = 0.003
for PI; median 0.38% vs 0.14%, P < 0.001 for LPS), but not
in PMA/ionomycin- and LPS-stimulated low farm-milk/ani-
mal-stable-exposed children (Fig. 2B, C). Consistent with
unstimulated Treg flow cytometry data, ex vivo mRNA
expression of Treg-associated marker FOXP3 decreased from
4.5 to 6 yrs but was independent of farm-milk/animal-stable
exposure in the Treg- and mRNA-population (Fig. 2D, E).
A similar pattern was detected for farm-milk and animal-
stable exposure (Figs S3 and S4) on protein (flow cytometry)
and mRNA expression.

Asthmatic compared to nonasthmatic children exhibited
higher Treg percentage with 6 yrs

Previously, we showed an inverse association of LPS-stimu-
lated Tregs at age 4.5 yrs with asthma (aOR (farm-
adjusted) = 0.26, CI: 0.08-0.88, P =0.030) (11). Strikingly,
LPS-stimulated Tregs at age 6 yrs showed a strong positive
association with asthma (aOR (farm-adjusted) = 11.29, CI:
0.96-132.28, P =0.053). LPS-stimulated Tregs (%) at age
6 yrs were higher in asthmatic children (A) compared to
nonasthmatics (NA) (median 0.20% vs 0.11%, P = 0.011;
Fig. 30).

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 1 Decrease in Tregs (%) and FOXP3 mRNA expression
between 4.5- and 6-year-old children. U, unstimulated; Pl, PMA/
ionomycin; LPS, lipopolysaccharide; Panels A-C (flow cytometry):
percentage of U-, Pl- and LPS-stimulated Tregs where cells were
available at 4.5- and 6-year-old PASTURE/EFRAIM children.

Longitudinally, unstimulated and LPS-stimulated Tregs
(%) of nonasthmatics decreased from 4.5 to 6 yrs (median
0.19% vs 0.13, P =10.002, U; median 0.29% vs 0.11%,
P <0.001 LPS; Fig. 3A, C), while no changes were
observed within asthmatics. Consistent data within 4.5 or
6 yrs and longitudinally between 4.5 and 6 yrs were found
for mRNA expression of Treg-associated marker FOXP3
in the Treg- and mRNA-population (Fig. 3D, E), while
the longitudinal decrease for asthmatics in flow cytometry
data was not significant (0.21% vs 0.16%, P = 0.146,
Fig. 3A).

No differences were observed for stimulated or unstimu-
lated Tregs (%) in sensitized vs nonsensitized children (any
inhalant sensitization SIC 3) at 4.5 and 6 yrs (not shown).
Longitudinally, from 4.5 to 6 yrs, only nonsensitized children
presented decreased Tregs (U: median 0.22% vs 0.12%,
P <0.001; PMA/ionomycin: median 0.61% vs 0.34%,
P =0.022; LPS: median 0.31% vs 0.13%, P < 0.001), but not
sensitized children (SIC 3, U: median 0.15% vs 0.21%,
P =0.666; PMA/ionomycin: median 0.58% vs 0.51%,
P =0.832; LPS: median 0.17% vs 0.15%, P = 0.419; see also
Table S5).

Drinking farm-milk, animal-stable exposure and asthma
status influenced cytokine modulation through Tregs in
6-year-old children

Tregs from children with high vs low farm-milk/animal-stable
exposure did not differ in their suppressive capacity, but both

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

4.5 years

mRNA-Population
P < 0.001

6 years

Panels D and E (mRNA expression): Treg-associated marker
FOXP3 measured in the Treg-population (D) and mRNA-popula-
tion (E). n(A/B/C) = 95/80/100; n(D/E) = 102/544. Flow cytometry
and mRNA expression data for both ages are presented in med-
ian values.

could efficiently suppress effector cell division (n(high/
low) = 6/10; P = 0.03/0.001, not shown). However, Tregs
from children with high or low exposure to farm-milk/ani-
mal-stable were functionally different in their capacity to sup-
press cytokine secretion. While Tregs from children with high
and low exposure to farm-milk/animal-stable significantly
suppressed IFN-y and IL-13 (Fig. 4A; GMR before/follow-
ing Treg addition, high: P(IFN-y) = 0.035, P(IL-13) = 0.034;
low: P(IFN-y) = 0.049, P(IL-13) = 0.004), IL-5, IL-9 and IL-
10 were solely suppressed by Tregs from high-exposed
(Fig. 4A; P(IL-5) = 0.046, P(IL-9) = 0.026, P(IL-10) = 0.04)
and IL-2 by Tregs from low-exposed children (Fig. 4A;
P =0.029). IL-1B was not significantly changed in both
groups. No differences for any cytokine were found when
high- vs low-exposed children were compared. Similar effects
on cytokines were observed for farm-milk and animal-stable
exposure (not shown).

Tregs from children with asthma and without asthma did
not differ in their suppressive capacity (not shown). Addi-
tionally, Tregs of nonasthmatics suppressed cytokine secre-
tion of IFN-y, IL-13, IL-9, IL-10 and IL-2 (Fig. 4B; n
(asthma/nonasthma) = 4/13; GMR: before/following Treg
addition,  P(IFN-y) = 0.003,  P(IL-13) < 0.001,  P(IL-
9) = 0.008, P(IL-10) = 0.033, P(IL-2) = 0.030), and Tregs
from asthmatics significantly suppressed only IFN-y
(Fig. 4B; P(IFN-y) = 0.018). For IFN-y and IL-9, Treg-
mediated suppression was significantly different between
nonasthmatics and asthmatics (Fig. 4B; P(IFN-y) = 0.015, P
(IL-9) = 0.023).
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Figure 2 At age 6 yrs, LPS-stimulated Tregs (%) were lower when
children had high compared to low farm-milk/animal-stable expo-
sure. Tregs (%) and FOXP3 mRNA expression of 4.5- and 6-year-
old PASTURE/EFRAIM children stratified for farm-milk/animal-stable
exposure (low vs high) are shown. U, unstimulated; PI, PMA/iono-
mycin; LPS, lipopolysaccharide. Panels A-C (flow cytometry): per-
centage of U-, PI- and LPS-stimulated Tregs where cells were
available at 4.5- and 6-year-old children. Panels D and E (mRNA

Expression of Th2-, Th1- and Th17-associated markers
decreases during immune maturation independent of
exposure and asthma phenotype

To assess the influence of farm-milk/animal-stable exposure
and asthma phenotype on the behaviour of Th2-, Thl- and
Th17-associated markers during immune maturation, mRNA
expression of GATA3, STAT6 (A, B, C isoforms (22)), TBX21

4.5 years

6 years

expression): Treg-associated marker FOXP3 measured in the Treg-
population (D) and mRNA-population (E). n(A/B/C low farm-milk/ani-
mal-stable exposure) = 36/35/37; n(A/B/C high farm-milk/animal-
stable exposure) = 39/31/41; n(D/E low farm-milk/animal-stable
exposure) = 41/201; n(D/E  high farm-milk/animal-stable expo-
sure) = 39/209. Flow cytometry and mRNA expression data for
both ages are presented in median values.

and RORC was assessed in the mRNA-population ex vivo.
Overall, Th2 (GATA3, STAT6A, STAT6B, STAT6C)-, Thl
(TBX21)- and Thl7 (RORC)-associated markers decreased
from 4.5 to 6 yrs (P < 0.001; Fig. 5). This pattern remained
unchanged when stratified for farm-milk/animal-stable expo-
sure or asthma (Figs S5 and S6). However, the Thl-associated
marker TBX2] with 6 yrs was increased in nonasthmatics vs
asthmatics (P = 0.027; Fig. S6).

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Discussion

Protection against childhood asthma in a farming environ-
ment, partly mediated via Tregs, was demonstrated previ-
ously by our group (11). In this study, we now identified an
immunological switch during immune maturation occurring
between age 4.5 and 6 yrs: first, at age 6 yrs children with
high compared to low farm exposure exhibited lower Tregs,
while the opposite occurred at 4.5 yrs. Second, a previously
published inverse association of Tregs with asthma at 4.5 yrs
(11) switches into a strong positive association at 6 yrs. Tregs
at 6 yrs were higher in asthmatics compared to nonasthmat-
ics, contrary to what was occurring at 4.5 yrs (11). Thus,
asthma protection through farm exposure partly mediated by
Tregs present at 4.5 yrs (11) vanished at 6 yrs defining a criti-
cal time window in immune maturation between 4.5 and
6 yrs. Third, we identified a trajectory of significantly
decreasing Tregs in parallel with decreasing FOXP3 ex vivo
mRNA expression during immune maturation between 4.5
and 6 yrs in the PASTURE/EFRAIM birth cohort. This was
most prominent for children with high compared to low farm
exposure.

Several cross-sectional studies have demonstrated the pro-
tective effect of farming against development of atopic dis-
eases in childhood (4, 18, 23). The ALEX and PARSIFAL
studies reported a reduced risk for childhood atopic diseases
when farm-milk was consumed in the first year or ever in life
(4, 6, 7). Recently, our group showed an asthma-protective
effect via farm-milk exposure partly mediated by Tregs at
age 4.5 yrs (11). The present study now enhances the
‘asthma-protective’ role of Tregs before age 6 yrs via farm
exposure identifying an immunological switch of Tregs (%)
between 4.5 and 6 yrs. Different to age 4.5 yrs where Tregs
were increased in high vs low farm-exposed children, at age
6 yrs Tregs were lower in high farm- vs low farm-exposed
children. The fact that farm-milk- and animal-stable-exposed
children expressed similar high levels of LPS-stimulated Tregs
at age 4.5 yrs compared to low-exposed children points
towards a Treg induction, potentially to ensure healthy
immune balance. This is no longer the case with 6 yrs defin-
ing a so-called window of opportunity, a critical time period
for immune regulation. Different to age 4.5 yrs (11), at the
age of 6 yrs Tregs from children with asthma were increased
compared to healthy children, which is strongly supported by
our own study on school-age asthma with increased Tregs in
asthmatics compared to healthy children (12). These findings
potentially indicate a counterregulatory mechanism in which
Tregs from asthmatic compared to nonasthmatic children get
increased during maturation to counterbalance exuberant
allergic responses.

Our findings in the large epidemiological PASTURE/
EFRAIM cohort of Tregs decreasing between 4.5 and 6 yrs
are in accordance with previous reports showing a decline
in Tregs during the first 36 months of life (24). While in
cord blood compared to adults higher proportions of Tregs
were found (25, 26), studies are inconsistent reporting either
a minor change on circulating Tregs throughout ageing (27)
or increases in thymic Tregs with age in atopic and

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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nonatopic children (age 1 week to 14 yrs) who underwent
cardiopulmonary bypass (28). Our previous data of
increased Tregs in asthmatic children in another cohort are
supporting the fact that the switch here between age 4.5
and 6 yrs is still present at the median age of 9.5 yrs in the
CLARA study (12). Tregs of farm-exposed children or of
children without asthma decreased over time; thus, only
‘protected children” were affected by a decrease in Tregs
upon stimulation over time. Similarly, Tregs (%) did not
change in sensitized children between 4.5 and 6 yrs, whereas
Tregs from nonsensitized children decreased from 4.5 to
6 yrs. Several explanations are possible: with efficient induc-
tion of Tregs and healthy immune regulation, a further
increase may not be required in healthy children. In case of
allergic inflammation as in asthma and inefficient immune
balance, it may actually be critical to induce Tregs for
potentially controlling ongoing allergic inflammation. How-
ever, increased numbers may not be sufficient; thus, Treg-
mediated cytokine suppression may be impaired. From a
longitudinal perspective, these results may indicate no
requirement for increased Tregs in the absence of asthma or
allergic sensitization during maturation. During an early
period in life, the immune system may be more susceptible
to modulation through farm exposure, while during further
maturation a ‘tolerance phenomenon’, induced by continu-
ous stimulation, may occur.

Importantly, the decrease in Tregs (unstimulated), assessed
by flow cytometry, was supported by decreased ex vivo
mRNA expression of Treg-associated marker FOXP3 in the
larger mRNA-population, underpinning the robustness of
our results. Additionally, LPS stimulation seems crucial to
detect differences with 6 yrs in Tregs between high- and low-
exposed children to farm-milk/animal-stable and animal-
stable only and between nonasthmatics and asthmatics. Thl-,
Th2- and Thl7-associated cell markers TBX2I, GATA3,
STAT6A, STAT6B, STAT6C and RORC decreased over
time following the same pattern as the Treg-associated mar-
ker FOXP3 and Tregs. Increase in Thl-associated marker
TBX2] in nonasthmatics may potentially indicate a shift
towards Thl. Further experiments are required for proving
changes associated with cell-specific regulation. Overall and
apart from STAT6C in the German population, a centre
effect for mRNA expression of Treg-, Thl-, Th2- or Th17-
associated cell markers via stratified analyses was not found
(Table S1).

In this study, Treg suppressive activity per se was not dif-
ferent between high- and low-exposed farm-milk/animal-
stable children, nor between children with and without
asthma. Although functional examination was only feasible
in a limited number of children in this study, our recent
cross-sectional asthma study supports similar functional Treg
suppression in asthmatics vs nonasthmatics (12). Yet, Treg
functional capacity to suppress cytokines was significantly
suppressed in children with high but not low exposure to
farm-milk/animal-stable and in nonasthmatics but not in
asthmatics for IL-9, a cytokine being preferentially secreted
by Th9 cells. Suppression of IFN-y (Thl) by Tregs in asth-
matics was significantly lower than in nonasthmatics.
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Figure 3 Tregs (%) at age 6 yrs were increased in asthmatic but
not in nonasthmatic children. Tregs (%) and FOXP3 mRNA expres-
sion of 4.5- and 6-year-old PASTURE/EFRAIM children stratified for
asthma (A) vs no asthma (NA). U, unstimulated; PI, PMA/iono-
mycin; LPS, lipopolysaccharide. Panels A-C (flow cytometry): per-
centage of U-, PI- and LPS-stimulated Tregs where cells were
available at 4.5- and 6-year-old children. Panels D and E (mRNA

Therefore, IFN-y levels in asthmatics vs nonasthmatics were
higher, being in accordance with increased IFN-y in BAL
cells in asthmatic subjects (29) and increased levels of IFN-vy-
producing CD8 " T cells in asthmatics (30).

A few important aspects of the study require considera-
tion. Tregs were defined as CD4 ' CD25"ehFOXPp3 T upper20%
which presented a FOXP3 demethylation status of 99.0% on
the Treg-specific demethylated region and is most specific for
humans as reported (9, 11). Tregs were assessed in PBMC as
in many epidemiological studies in human childhood, thus

4.5 years

6 years

expression): Treg-associated marker FOXP3 measured in the Treg-
population (D) and mRNA-population (E). n(A/B/C of no
asthma) = 82/68/385; n(A/B/C of asthma) = 13/12/15; n(D/E of no
asthma) = 88/483; n(D/E of asthma) = 14/56. Flow cytometry and
mRNA expression data for both ages are presented in median val-
ues.

not directly investigating local tissues. Due to the limited
number of asthma cases or low cell availability, more
detailed analysis, for example further subgroup analysis of
phenotypes, identification of the origin of the cytokine-secret-
ing subpopulations of effector T cells in Treg suppression
assays or comparison for Treg function between age 4.5 and
6 yrs, was not feasible.

The main strength of this study from PASTURE/
EFRAIM is the comprehensive assessment of farm-related
exposures and disease development until 6 yrs in a large

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 4 Cytokine modulation through Tregs is influenced by farm-
milk/animal-stable exposure and asthma at the age of 6 yrs. Forest
plot for cytokine levels of Treg suppression assays in (A) low/high
farm-milk/animal-stable-exposed children and (B) children with
asthma (A) and without asthma (NA). n(high/low/A/NA) = 6/9/4/13;
Geometric mean ratio (following Treg addition/no Treg addition).
The dots and horizontal line show the geometric mean ratio (GMR)

group of well-characterized children in relation to quantita-
tive and qualitative assessment of Tregs in children at two
time points, namely 4.5 and 6 yrs using the current most
specific Treg marker CD4 " CD25"MENFOXP3 " uPPer20%  peing
examined identically over time in the same laboratory.

Taken together, our data suggest that farm exposure, and
in particular the combination of farm-milk and animal-stable
exposure shape immune maturation of Tregs early during
childhood. The asthma-protective ‘window of opportunity’
occurring in the farming environment is partially modulated
via Tregs at least until 4.5 yrs, while with 6 yrs the effect has
vanished and switches to the opposite direction. Childhood
asthma was associated with increased Tregs with 6 yrs.
Future follow-up studies until later childhood are underway
to follow additional atopic phenotypes during later school
age. Future studies are required to replicate functional Treg
capacity in a large number of children to disentangle the role
of environmental exposure and asthma development during
further childhood immune maturation.
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Figure S3. At age 6 years, Tregs (%) did not change when
children were exposed to high or low farm-milk.

Figure S4. At age 6 years, LPS-stimulated Tregs (%) were
lower when children were exposed to high compared to low
animal-stable.

Figure S5. Th2-, Thl- and Thl7-associated cell markers
decreased between age 4.5 and 6 years in high and low farm-
milk/animal-stable-exposed children.

Figure S6. Th2-, Thl- and Thl7-associated cell markers
decreased between age 4.5 and 6 years in asthmatic and
nonasthmatic children.

Table S1. Stratification by centre of mRNA expression
data for Treg-, Thl-, Th2- and Thl7-associated cell markers.
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Table S2. Median, IQR (Q1/Q3), for Fig. 1 for relevant
differences between 4.5 and 6 years of age in the respective
stimulation conditions.

Table S3. Median, IQR (Q1/Q3), for Fig. 2 for relevant
differences between 4.5 and 6 years of age in the respective
stimulation conditions.

Table S4. Median, IQR (Q1/Q3), for Fig. 3 for relevant
differences between 4.5 and 6 years of age in the respective
stimulation conditions.

Table S5. Median; IQR (Q1/Q3), for sensitization for rele-
vant differences between 4.5 and 6 years of age in the respec-
tive stimulation conditions.
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