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High proportions of FOXP3+CD25high T cells in neonates are positively
associated with allergic sensitization later in childhood
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Summary
Background The role of FOXP3+ regulatory T cells in the prevention against sensitization
and allergy development is controversial.
Objective We followed 65 newborn Swedish children from farming and non-farming fam-
ilies from birth to 3 years of age and investigated the relation between CD4+ T cell subsets
in blood samples and development of sensitization and allergic disease.
Methods The proportions of FOXP3+CD25high, CTLA-4+CD25+, CD45RO+, HLA-DR+, CCR4+

or a4b7+ within the CD4+ T cell population were examined by flow cytometry of blood
samples at several time-points. Mononuclear cells were isolated from blood and stimulated
with birch allergen, ovalbumin or the mitogen PHA, and the levels of IL-1b, IL-6, TNF,
IFN-c, IL-5 and IL-13 were measured. A clinical evaluation regarding the presence of
allergen-specific IgE and allergy was performed at 18 and 36 months of age.
Results Multivariate discriminant analysis revealed that children who were sensitized at
18 or 36 months of age had higher proportions of FOXP3+CD25high T cells at birth and at
3 days of life than children who remained non-sensitized, whereas allergy was unrelated
to the neonatal proportions of these cells. The proportions of CTLA-4+CD25+ T cells were
unrelated to both sensitization and allergy. The association between higher proportions of
FOXP3+CD25high T cells and sensitization persisted after exclusion of farmer’s children.
Finally, a farming environment was associated with lower proportions of FOXP3+CD25high

T cells in early infancy and to a more prominent T cell memory conversion and cytokine
production.
Conclusion & Clinical Relevance Our results indicate that high proportions of FOXP3+

CD25high T cells in neonates are not protective against later sensitization or development
of allergy.
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Introduction

Production of IgE antibodies to allergens is termed sen-
sitization [1]. In some individuals, allergen-specific IgE
antibodies can trigger inflammation upon renewed
exposure to allergens, giving rise to immune-mediated
hypersensitivity, that is, allergy. Th2 cells produce
cytokines such as IL-4, IL-5 and IL-13 that support the
production of allergen-specific IgE and recruitment of
eosinophils [2]. Although sensitization can occur with-
out symptoms of allergic diseases, children who are

sensitized to any allergen at 18 months of age without
allergic symptoms are more likely than others to
develop symptoms of wheezing, asthma and rhinitis at
5 years of age [3].

Regulatory T cells (Tregs) play a central role in the
maintenance of self-tolerance and immune homoeosta-
sis [4]. Human Tregs from peripheral blood and thymus
suppress proliferation and cytokine production of other
T cells in response to both self-antigens and allergens
[5–7]. Tregs are found within the CD4+ T cell popula-
tion and express CD25 and the transcription factor



FOXP3 [8]. Mutations in the FOXP3 gene lead to a
deficiency in Tregs and to the syndrome X-linked
autoimmunity-allergic dysregulation, characterized by
organ-specific autoimmunity, enterocolitis with food
allergy and severe dermatitis [9, 10]. The fraction of
FOXP3+ cells is higher within the CD25high (approxi-
mately the top 2%) compared with the total CD25+ T cell
subset [11]. As not only Tregs but also newly activated
CD4+ T cells express CD25 and FOXP3 [12], analysis of
the FOXP3+CD25high T cell subset results in a lower
contamination of activated non-regulatory T cells [13].

Significant efforts have been made to identify the roles
played by Tregs and immunomodulatory cytokines in the
development of allergy. However, the majority of studies
demonstrating altered or impaired immunomodulatory T
cell phenotypes in allergic individuals have focused on
adults or on children with established allergy. Some stud-
ies have correlated the proportion of Tregs at birth and in
infants with subsequent onset of sensitization and/or
allergic disease later in childhood, but with inconsistent
results. Thus, certain studies demonstrate lower numbers
[14] or poor function [15] of putative Tregs at birth in
children who later become sensitized and/or allergic.
Other studies show that the proportions of FOXP3+ Tregs
at birth do not differ significantly between children with
subsequent sensitization or allergic disease [16, 17].
However, in one of the latter studies, established sensiti-
zation and/or allergic disease were associated with higher
proportions of FOXP3+ T cells [16]. Thus, it still remains
unclear whether alterations in the proportions of Tregs or
in their regulatory capacity precede development of sen-
sitization and allergic disease.

Epidemiological studies strongly suggest that reduced
microbial exposure early in life leads to the develop-
ment of allergy later in childhood [18–20]. Growing up
on a farm exerts a strong protective effect against
development of both sensitization and, even more
strongly, allergic disease [20, 21]. However, whether the
post-natal development of the adaptive immune system
differs between farmers’ and non-farmers’ children is
currently unknown.

In the FARMFLORA study, we have prospectively
followed 65 Swedish children from birth to 3 years of
age, half of whom lived on small family-owned dairy
farms and half in the same rural area, but not on farms.
We examined the proportions of FOXP3- or CTLA-4-
expressing T cells as well as T cell activation, memory
conversion and homing markers, and whether the pattern
of T cell subsets and activity status was related to the
development of sensitization and allergic disease later in
childhood. By the use of multivariate discriminant analy-
sis, we found a positive association between high propor-
tions of FOXP3+CD25high T cells in cord blood and in
early infancy and sensitization at both 18 and 36 months
of age. We also found that higher proportions of these

cells early in infancy were associated with a non-farming
environment. Although the prevalence of allergy was
significantly lower among children who grew up on small
dairy farms, the farming environment was not a con-
founding factor for the associations between higher pro-
portions of FOXP3+ T cells and sensitization in this study.

Materials and methods

Subjects and collection of blood samples

In total, 65 healthy Swedish infants born at term (≥ 38
gestational weeks) in rural areas in south-west of Swe-
den were included in the prospective FARMFLORA
study. Twenty-eight of the children were raised on
small dairy farms, while 37 lived on the countryside,
but not on a farm. Blood samples were obtained from
the umbilical cord at birth and peripheral blood was
sampled at 3–5 days, at 1, 4, 18 and 36 months of age.
Informed consent was obtained from the parents, and
the study protocol was approved by the Human
Research Ethics Committee of the Medical Faculty,
University of Gothenburg, Sweden (reference number
363-05).

Clinical and laboratory examinations for allergy
diagnoses

The children were examined by a paediatrician at 18 and
36 months of age, and between follow-ups if they devel-
oped symptoms suggestive of allergic disease. Venous
blood was collected for total IgE and the presence of spe-
cific IgE against food (milk, egg, soy, fish, wheat and
peanut, Phadia/Pharmacia Diagnostics, Uppsala, Sweden)
and inhalant allergens (birch, timothy grass, mugwort,
cat, dog, horse, and house dust mite Phadia/Pharmacia).
Positive samples were further analysed for specific IgE
against birch, timothy, mugwort, dog, cat, horse, house
dust mite, cow’s milk, hen’s egg, fish, wheat, soy and
peanut (Immunocap�; Phadia/Pharmacia Diagnostics).
An allergen-specific IgE level of ≥ 0.35 kU/L was con-
sidered positive. In the evaluation of children who were
referred to the study paediatrician before 18 months of
age because of symptoms, allergen-specific IgE-tests
(Immunocap) or skin prick tests were performed guided
by symptoms. Skin prick tests were performed in accor-
dance with European guidelines using standard allergen
extracts (Soluprick SQ; ALK-Abello AS, Hørsholm, Den-
mark), allergen diluents as the negative control and his-
tamine (10 mg/mL) as positive control.

Diagnostic groups

Based on clinical examination by the paediatrician
and the results of the laboratory tests, the following
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diagnostic groups were defined: Eczema, diagnosed
according to Williams’ criteria [22]. Eczema at 18 months
denoted diagnosis at any time before or at 18 months,
while eczema at 36 months required symptoms to be
present after 24 months of age; Asthma, persistent
wheezing for ≥ 4 weeks or ≥ 3 episodes of wheezing in
the first 18 months of life in combination with other
manifestations of allergy (eczema, rhinoconjunctivitis or
food allergy) or with wheeze/breathing problems in
between colds. For asthma at 36 months, ≥ 1 wheezing
episode should have occurred after 24 months of age,
and response to inhaled glucocorticoids or leukotriene
antagonists was included among the minor criteria;
Food allergy, an immediate- or late-onset reaction after
ingestion of the specific food, followed by a clear and
prompt clinical improvement once the food allergen
was eliminated. The diagnosis was supported by open
food challenge tests, and/or a positive specific allergy
test (specific IgE ≥ 0.35 kU/L or skin prick test weal
≥ 3 mm), and/or eosinophilic inflammation in mucosal
gastrointestinal biopsies, and/or multi-organ reactions;
Allergic rhinoconjunctivitis, symptoms in the eyes and/or
nose upon exposure to pollens or animal dander,
together with a positive allergen-specific IgE test direc-
ted against a corresponding allergen.

Flow cytometry

Phenotypic characterization of CD4+ T lymphocytes was
performed as described in detail elsewhere [23]. The fol-
lowing anti-human monoclonal antibodies were used
on whole blood: APC-conjugated anti-CD25 (clone
2A3; BD Biosciences, Erembodegem, Belgium) and
HLA-DR (clone G46-6, BD Bioscience); FITC-conjugated
anti-CD49d (clone 44H6; Serotec, UK); PerCP-conjugated
anti-CD4 (clone SK3; BD Biosciences); and PE-
conjugated anti-CD45RO (clone UCHL-1; BD Bioscienc-
es), anti-b7-integrin (clone FIB504; BD Biosciences) and
anti-CCR4 (clone IG1; BD Biosciences). For intracellular
FOXP3 staining, the PE anti-human FOXP3 staining set
was used (clone PCH101; eBioscience, San Diego, CA,
USA), whereas the Cytofix/Cytoperm kit (BD Bioscienc-
es) was used for biotin-conjugated CTLA-4 (clone BNI3;
BD PharMingen, San Diego, CA, USA), followed by PE-
conjugated streptavidin (BD Biosciences). This staining
method allows detection of both intra- and extracellular
CTLA-4. All isotype controls were purchased from BD
Biosciences, except for the isotype control for FOXP3,
which was purchased from eBioscience. The gates for
expression of FOXP3 or CTLA-4 were set based on the
expression of these respective markers within the
CD25high and CD25+ cell subsets, and the lack of expres-
sion in within the CD25� subset [11]. The proportion of
FOXP3+CD25high cells within the CD4+ T cell population
was calculated by multiplying the proportion of CD25high

cells within the CD4+ T cell population (~2%) with the
percentage of FOXP3+ of CD25high cells. FOXP3, CTLA-4
and CD45RO were analysed in blood obtained at birth, 3–
5 days, 1, 4, 18 and 36 months, whereas HLA-DR, a4b7
and CCR4 were analysed at birth and 4, 18 and
36 months of age. Samples were run in a FACSCalibur
(BD Biosciences) equipped with CellQuest Pro software or
in a FACSCanto II (BD Bioscience) equipped with FACS-
Diva software and analysed with FlowJo software (Tree
Star, Ashland, OR, USA).

Cell culture and cytokine determinations

Mononuclear cells isolated from blood samples obtained
at 4, 18 and 36 months of age were stimulated with
5 lg/mL phytohaemagglutinin (PHA) (Roche, Basel,
Switzerland) for 24 hours. Cells obtained at 36 months
of age were stimulated with 100 lg/mL birch aller-
gen extract (ALK ABELL�O, Hørsholm, Denmark) or 200
lg/mL ovalbumin (OVA) (Sigma Aldrich, St Louis, MO,
USA) for 6 days. Cells were cultured at 1x106 cells/mL in
AIM-V media (Gibco, Life technologies, Paisley, UK),
supplemented with 40 lM mercaptoethanol (Merck Mil-
lipore, Darmstadt, Germany) in U-bottomed 96-well
plates and kept in 5% CO2 at 37°C. Concentrations of
IL-1b, IL-6, TNF, IFN-c, IL-5 and IL-13 were measured in
the supernatant by FlowCytomix (eBioscience, Vienna,
Austria), and the levels of IFN-c and IL-13 were con-
firmed by ELISA, as described in detail previously [24].
All cytokine concentrations are shown in Table S1.
IL-1b, IFN-c and IL-5 at 4 months of age were excluded
due to high number of non-responders.

Statistical analysis

The associations between the proportions of FOXP3+

CD25high, CTLA-4+CD25+, CD45RO+, HLA-DR+, CCR4+ or
a4b7+ cells within the CD4+ T cell population, and cyto-
kine production (X-variables), and clinical diagnosis of
allergy or sensitization (Y-variables) were investigated in
multivariate factor analyses (SIMCA software, version
13.0; Umetrics, Ume�a, Sweden). Orthogonal projections
to latent structures discriminant analyses (OPLS-DA)
were implemented to examine whether classes of obser-
vations, that is, sensitized compared with non-sensitized
children, allergic compared with non-allergic children
and farmers’ compared with non-farmers’ children, could
be discriminated based on the totality of X-variables.
The quality of the analyses was based on the parameters
R2, that is, how well the variation of the variables is
explained by the model, and Q2, that is, how well a
variable can be predicted by the model. In the OPLS-
DA loadings column plots, the importance of each X-
variable to Y is represented by column bars. The larger
the bar and smaller the error bar, the stronger and more

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 940–952

942 A. Str€ombeck et al



certain is the contribution to the model. The final OPLS-
DA loadings column plots in the result section are mod-
els based on X-variables with variable influence of pro-
jection (VIP values) values ≥ 0.8, ≥ 0.9 or ≥ 1.0
(described in the figure legends). VIP values can be used
to discriminate between important and unimportant pre-
dictors for the overall model. To avoid mass significance,
univariate analyses were performed exclusively on the
X-variables that contributed most to the respective mod-
els. Univariate data analyses were performed with
Mann–Whitney U-test or chi-square test (GraphPad
Prism; GraphPad Software, San Diego, CA, USA) as
described in the figure legends. A P-value ≤ 0.05 was
considered significant (*P ≤ 0.05; ** P ≤ 0.01; and
***P ≤ 0.001).

Results

Allergy and sensitization

By the age of 18 and 36 months, 23% and 17% of the
children, respectively, were diagnosed as being allergic
(Table 1). Sensitization occurred in 15% and 25% of the
children at these time-points, respectively (Table 1). For
further analyses, we compared those who were allergic
at 18 months of age (n = 15) with those who were not
(n = 49). Children who were allergic at 36 months of
age (n = 11) were compared with those who were not
allergic at either 18 or 36 months of age (n = 44). For
this analysis, eight children who were allergic at 18 but
not at 36 months of age were excluded, as we consid-
ered that they could be included neither in the allergic
nor in the non-allergic group. One child who did not
undergo clinical examination at 18 months of age was,

hence, excluded from both the 18 and 36 month analy-
ses. Sensitized and non-sensitized children were com-
pared in the same fashion. Sensitization at both 18 and
36 months of age was more prevalent among allergic
relative to non-allergic children at 36 months (P = 0.03
and P = 0.05, respectively). Total IgE levels did not dif-
fer between allergic and non-allergic children either at
18 (32 kU/L vs. 19 kU/L, P = 0.68) or 36 (130 kU/L vs.
20 kU/L, P = 0.07) months of age. A double parental
history of allergy was more common among children
diagnosed with allergy at 18 months of age than
among non-allergic children (Table 2). Furthermore,
boys were overrepresented among those children who
were allergic by 36 months of age.

High proportions of neonatal FOXP3+CD25high T cells
are positively associated with sensitization later in
childhood

Using multivariate discriminant analysis by OPLS
(orthogonal projections to latent structures), we investi-
gated sensitization at 18 or 36 months of age in relation
to proportions of CD4+ T cell subsets (FOXP3+CD25high,
CTLA-4+CD25+, CD45RO+, HLA-DR+, CCR4+ and a4b7+)
at birth, 3–5 days of age and at 1, 4, 18 and 36 months
of age, as well as cytokine production (IL-1b, TNF, IL-6,
IFN-c, IL-5 and IL-13) by peripheral blood mononuclear
cells after stimulation with PHA (at 4, 18 and
36 months of age), birch allergen extract or ovalbumin
(at 36 months of age). For sensitization at 18 months of
age, immune parameters measured at 36 months were
not included in the analysis. The OPLS-DA scatter plots,
in Figs 1a and b, indicated that children who were sen-
sitized (filled circles) and non-sensitized (open circles) at
18 or 36 months of age, respectively, could be separated
based on the T cell variables described above.

The T cell variables that displayed the strongest asso-
ciation, positive or negative, with sensitization at 18 or
36 months of age are identified in the OPLS-DA
loadings column plots shown in Figs 1c and d. T cell
variables positioned in the same direction as the bar
representing sensitization are positively associated,
whereas parameters represented by a bar in the opposite
direction are inversely related to sensitization. The lar-
ger the bar and smaller the error bar, the stronger and
more certain is the contribution to the model. The final
OPLS-DA loadings column plots are based on parame-
ters with VIP values ≥ 0.8 in Fig. 1c and ≥ 0.9 in
Fig. 1d. The full VIP plots are shown in Figs S1a and b.
As shown in Figs 1c and d, allergic sensitization at 18
or 36 months of age was positively associated with
higher proportions of FOXP3+CD25high T cells at both
birth and at 3 days of life. In contrast, sensitiza-
tion was related to lower levels of PHA-induced cyto-
kine production by mononuclear cells (sensitization at

Table 1. Clinical diagnosis of allergic sensitization and allergic disease

of children at 18 and 36 months of age

18 months

(n = 64)

36 months

(n = 63)

n % n %

Any allergy* 15 23 11 17

Food allergy 2 3 2 3

Eczema 13 20 7 11

Allergic rhinoconjunctivitis 1 2 1 2

Asthma 5 8 4 6

Sensitization† 9 15‡ 14 25§

*One or more of the following diagnoses: eczema, asthma, food

allergy or allergic rhinoconjunctivitis.
†Screening for allergen-specific IgE, that is, 6-mix food test and

Phadiatop, followed by analysis for specific IgE against cow’s milk,

hen’s egg, fish, wheat, soy, peanut, birch, timothy, mugwort, dog, cat,

horse and house dust mite.
‡n = 62 (blood samples not available for all 64 children).
§n = 56 (blood samples not available for all 63 children).
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18 months: TNF, IL-1b, IL-6 and IFN-c; sensitization at
36 months: IFN-c and TNF). Taken together, these
results imply that sensitization in the first 3 years of
life is related to higher proportions of neonatal putative
Tregs and a lower cytokine-producing capacity by
mononuclear cells later in childhood.

Sensitized children have significantly higher proportions
of FOXP3+CD25high T cells at birth and in early infancy
than non-sensitized children

Univariate analyses demonstrate that children who were
sensitized at 18 or 36 months of age had significantly
higher proportions of FOXP3+CD25high cells within the
CD4+ T cell population at birth and at 3 days of life
than non-sensitized children (Figs 2a and b). Despite
the fact that Tregs are considered to express the immu-
noregulatory molecule CTLA-4 [25, 26], the proportions
of CTLA-4+CD25+ T cells were unrelated to sensitization
in both multivariate (Figs 1c and d) and univariate
analyses (Figs 2c and d). The gating strategies
for FOXP3+CD25high and CTLA-4+CD25+ expression
within the CD4+ T cell population are demonstrated in
Fig. 2e.

The association between sensitization and lower
PHA-induced cytokine production observed in multi-
variate analyses (Figs 1c and d) was not supported by
univariate analyses. However, there was a trend that
children who were sensitized at 18 months of age pro-
duced lower levels of IL-1b at 18 months (P = 0.07),
whereas children who were sensitized at 36 months of
age tended to produce lower levels of and IFN-c at
18 months (P = 0.06). Taken together, these results
show that children who were sensitized at 18 or
36 months of age had significantly higher propor-
tions of FOXP3+CD25high cells within the CD4+ T cell

population at birth and at 3 days of life than children
who remained non-sensitized.

Furthermore, as others have used the FOXP3+CD25+

phenotype to define Tregs, we also performed corre-
sponding analyses with the use of this cell subset. These
multivariate analyses displayed a similar association
pattern with subsequent development of allergic sensiti-
zation as in Figs. 1a and b (Figure S2A and B). How-
ever, in contrast to FOXP3+CD25high T cells (Fig. 2),
univariate analyses showed that the proportions of
FOXP3+CD25+ were significantly higher only at birth,
and not at 3 days of life, among children with allergic
sensitization at 18, but not 36 months of age compared
with non-sensitized children (Figures S2c and d). As
the proportions of neonatal FOXP3+CD25high but not
FOXP3+CD25+ differed significantly between children
who later developed allergic sensitization, this may
indicate that the latter cell subset could be contami-
nated by activated non-regulatory T cells.

Allergy in relation to T cell maturation progress

Although allergy is linked to sensitization, children
may be allergic but not sensitized, as well as sensitized
but not allergic (Table 1). Hence, we examined how the
T cell variables described above were related to allergic
disease at 18 and 36 months of age. The OPLS-DA
loadings column plot in Fig. 3a is based on parameters
with VIP values ≥ 0.9. Being allergic at 36 months of
age was associated with mononuclear cells with a
higher capacity to produce the Th2-related cytokines
IL-5 and IL-13 at both 18 and 36 months of life. How-
ever, no T cell variables were inversely related to aller-
gic disease. Univariate analyses confirmed that allergic
children produced significantly higher levels of IL-5
upon PHA stimulation at 36, but not at 18 months of

Table 2. Demographic data

Number of children (%)

Sensitized children Allergic children

At 18 months At 36 months At 18 months At 36 months

All

n = 65

No

n = 53

Yes

n = 9

P-

value*

No

n = 39

Yes

n = 14

P-

value*

No

n = 49

Yes

n = 15

P-

value*

No

n = 44

Yes

n = 11

P-

value*

Boys 33 (51) 27 (51) 5 (56) 1.0 21 (54) 9 (64) 0.55 24 (49) 9 (60) 0.56 22 (50) 9 (82) 0.03

Single parental history of

allergy†
22 (34) 18 (34) 2 (22) 0.71 14 (36) 5 (36) 1.0 17 (35) 4 (27) 0.76 14 (32) 5 (45) 0.48

Double parental history of

allergy†
5 (8) 5 (9) 0 (0) 1.0 4 (10) 1 (7) 1.0 1 (2) 4 (27) 0.01 1 (2) 2 (18) 0.1

Sibling(s) 35 (54) 30 (57) 4 (44) 0.72 22 (56) 7 (50) 0.76 28 (57) 7 (47) 0.56 23 (52) 6 (55) 1.0

Caesarean section 10 (15) 7 (13) 3 (33) 0.15 5 (13) 5 (36) 0.11 6 (12) 4 (27) 0.23 5 (11) 4 (36) 0.07

*Statistical difference between non-sensitized and sensitized children or between non-allergic and allergic children (Fisher’s exact test or Mann–

Whitney U-test). Bold: P ≤ 0.05 was regarded as significant (*P ≤ 0.05 and **P ≤ 0.01).
†Maternal or paternal history of doctor-diagnosed asthma, allergic rhinoconjunctivitis or eczema.
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age (Fig. 3b). A clinical diagnosis of allergy at 18 months
of age did not display any specific association patterns
with the T cell variables (data not shown). These results
suggest that, in contrast to sensitization, a clinical diag-
nosis of allergy is not associated with higher propor-
tions of neonatal FOXP3+CD25high putative Tregs within
the CD4+ T cell population. Moreover, as one could
expect, being allergic is related to a higher capacity to
produce the Th2-related cytokine IL-5.

Interestingly, corresponding analyses of the propor-
tions of FOXP3+CD25+ cells displayed that a clinical
diagnosis of allergy at 36 months of age was positively
associated with high proportions of FOXP3+CD25+ cells

within the CD4+ T cell population at both 18 and
36 months of age as well as at birth (Fig. 3c). Univari-
ate analyses showed that children with a clinical diag-
nosis of allergy at 36 months of age had significantly
higher proportions of FOXP3+CD25+ cells within the
CD4+ T cell population at 18 months of age, but not at
any other time-point, compared with non-allergic
children (Fig. 3d). The association between high
proportions of FOXP3+CD25+ cells and allergy just
before the onset of or during disease suggests that the
FOXP3+CD25+ cell subset might contain activated non-
regulatory T cells as a consequence of the allergic
inflammation.

R2Y (cumulative) = 0.45

Q2 (cumulative) = –0.06

OPLS-DA
Sensitized vs. non-sensitized children

at 18 months of age

Sensitized children
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Fig. 1. (a and b) OPLS discriminant analysis (OPLS-DA) score scatter plot displaying the separation of sensitized, that is, specific IgE to food and/or

inhalant allergens, (filled circles) and non-sensitized (open circles) children at (a) 18 and (b) 36 months of age based on X-variables, including CD4+

T cells that are FOXP3+CD25high, CTLA-4+CD25+, CD45RO+, HLA-DR+, CCR4+ or a4b7+ at birth, 3–5 days, and at 1, 4, 18, 36, months of age. Mea-

surements of PHA-induced cytokine production by mononuclear cells at 4, 18 and 36 months and OVA- and birch allergen extract-induced cytokine

production at 36 months of age were also included in the analyses. For sensitization at 18 months, immune parameters measured at 36 months were

not included. R2Y indicates how well the variation of Y is explained, while Q2 indicates how well Y can be predicted. (c and d) OPLS-DA loadings

column plots depicting the associations between the X-variables described above and sensitization at (c) 18 and (d) 36 months of age. X-variables

with bars projected in the same direction as sensitization are positively associated, whereas bars in the opposite direction are inversely related to

sensitization at the respective ages. The larger the bar and smaller the error bar, the stronger and more certain is the contribution to the model. The

OPLS loadings column plots are based on X-variables with VIP values (c) ≥ 0.8 and (d) ≥ 0.9. R2Y: (c) = 0.28, (d) = 0.37. Q2: (c) = 0.23, (d) = 0.24.
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The dairy farm environment is not a confounding factor
for the associations between high proportions of
neonatal FOXP3+CD25high cells and sensitization later
in childhood

Several independent studies have shown that the preva-
lence of allergy is significantly lower among children

raised in a farming environment [19, 27]. In the present
cohort, we found a significantly lower prevalence of
allergic disease among children growing up on dairy
farms (7% at 18 months, 4% at 36 months) than among
the children growing up on the countryside in the same
area, but not on farms (35% at 18 months, P = 0.02;
32% at 36 months, P = 0.02). However, there was no
difference regarding the prevalence of sensitization
between these two groups (11% vs. 17% at 18 months,
P = 0.7; 27% vs. 26% at 36 months, P = 1.0). Thus,
farming environment was not likely to be a confound-
ing factor for the positive associations observed
between high proportions of FOXP3+CD25high cells
within the CD4+ T cell population at birth and at 3 days
of life and subsequent sensitization. Hence, after
exclusion of farmers’ children from the univariate
analyses shown in Figs 2a and b, the same patterns
were observed regarding higher proportions of FOXP3+

CD25high T cells at birth as well as at 3 days of life and
sensitization later in childhood (Fig. 4a and b). Indeed,
children who were sensitized at 18 months of age had
significantly higher proportions of FOXP3+CD25high T
cells at birth and at 3 days of life than children who
did not become sensitized (Fig. 4a). Although not statis-
tically significant, this pattern was also observed for
children sensitized at 36 months of age (Fig. 4b). Fur-
ther, exclusion of farmers’ children from the analysis
did not alter the outcome that children with allergic
disease at 36 months of age produced significantly
higher levels of PHA-induced IL-5 at 36 months of age
than non-allergic children (Fig. 4c). Taken together,
these results indicate that farming environment per
se is not likely to be a confounding factor for the
associations observed between high proportions of
FOXP3+CD25high T cells at birth and at 3 days of life
and sensitization later in childhood.

Farming environment is related to lower proportions of
FOXP3+CD25high T cells in early infancy

As we found a significant difference regarding the inci-
dence of allergic disease between children who lived on
dairy farms and children who lived on the countryside
but not on dairy farms, we next examined whether
there were differences between these two groups of
children regarding the various T cell variables during
the first 3 years of life. The OPLS-DA score scatter plot
in Fig. 5a displays a clear distinction between farmers’
children (filled circled) and non-farmers’ children (open
circles), with respect to the T cell variables described
above.

As seen in Fig. 5b, high proportions of FOXP3+

CD25high T cells at 3 days as well as at 36 months of
age were positively associated with growing up in a
non-farming environment. Univariate analyses showed
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that children from farming and non-farming families
had comparable proportions of FOXP3+CD25high cells
within the CD4+ T cell population in cord blood
(Fig. 5c). However, at 3 days as well as at 36 months of
age, non-farmers’ children had significantly higher pro-
portions of these cells in their circulation compared
with children from farming families (Fig. 5c). Moreover,
multivariate analysis showed that a farming environ-
ment was associated with higher proportions of CD4+ T
cells that express HLA-DR, CCR4 and CD45RO as well

as with a higher PHA-induced production of IFN-c and
IL-1b by mononuclear cells (Fig. 5b). The OPLS-DA
loadings column plot in Fig. 5b is based on parameters
with VIP values ≥ 0.9. A similar association pattern was
observed when all allergic children were excluded from
the analysis, which indicates that allergy per se is not a
confounding factor for these results (data not shown).
When corresponding analyses including all children
were performed for FOXP3+CD25+ cells within the CD4+

T cell population, similar multivariate association pat-
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terns were found as shown in Fig. 5 (data not shown).
However, non-farmers’ children had significantly higher
proportions of FOXP3+CD25+ cells than farmers’ chil-
dren at 1 month of age (P = 0.03), but not at any other
time-point. Taken together, these results suggest that a
farming environment is related to lower proportions of
FOXP3+CD25high putative Tregs within the CD4+ T cell
population in early infancy and also later in childhood.

Discussion

The relationship between the proportions of regulatory
T cells early in life and development of sensitization
and/or allergic disease later in childhood has not yet
been resolved. The present birth cohort study demon-

strates that children who were sensitized at 18 or
36 months of age had a higher proportion of FOXP3+

CD25high T cells within the CD4+ T cell population at
birth and at 3 days of life than children who remained
non-sensitized. We also show that exposure to a dairy
farm environment was associated with lower propor-
tions of FOXP3+CD25high T cells in early infancy. Thus,
our results demonstrate that a high proportion of
FOXP3+CD25high T cells within the CD4+ T cell popula-
tion at birth and in early infancy do not prevent
the atopic march. On the contrary, a high proportion of
FOXP3+CD25high T cells this early in life may prevent
activation and necessary maturation of the immune
system, thereby favouring faulty programming that
may lead to sensitization in children.

FOXP3+ Tregs are important for the maintenance of
immunological tolerance as children with mutations in
FOXP3 develop autoimmunity, severe food allergy and
hyper-IgE levels in blood [4, 28]. Based on these find-
ings, it has been suggested that FOXP3+ Tregs are
instrumental in the prevention of sensitization and
allergic diseases [29]. Interestingly, we here demonstrate
for the first time that children who were sensitized at
18 or 36 months of age had higher proportions of
FOXP3+CD25high T cells within the CD4+ T cell popula-
tion at birth and early infancy than non-sensitized
children. These associations were also true for the pro-
portions of neonatal FOXP3+CD25+ T cells. These results
are in discordance with a recent study in which the
fraction of FOXP3+CD25+ T cells at birth was unrelated
to sensitization at both 1 and 2 years of age [16]. One
explanation for this discrepancy may be that we have
examined the proportions of FOXP3+CD25high and
FOXP3+CD25+ cells within the CD4+ T cell population,
while McLoughlin et al. studied the fraction of CD4+

CD25+FOXP3+ within the CD3+ T cell population, which
includes both CD4+ and CD8+ T cells. Another putative
source of difference is that McLoughlin et al. examined
inner city children with a parental history of allergic
disease or asthma, whereas we investigated children
from rural areas of whom only one-third had allergic
parents.

Contrary to sensitization, a clinical diagnosis of
allergy did not show any significant association
with high proportions of either FOXP3+CD25high or
FOXP3+CD25+ T cells at birth. In accordance with this,
others have shown that the fraction of FOXP3+CD25+

cells within the CD3+ or CD4+ T cell population, respec-
tively, at birth did not differ between children who
developed eczema at either 1 or 2 years of age and
children who did not [16, 17]. Further, the proportion
of Tregs defined as CD25+CD127low/neg cells at birth
was unrelated to doctors’ diagnosed egg allergy at
1 year of age [15]. It should be noted that allergic
sensitization at 18 months has been shown to be a pre-
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dictor for wheeze, asthma and rhinitis, but not eczema,
at 5 years of age [3]. Eczema was the dominating
symptom of allergic children in the present cohort, as
often the case in young children. Thus, a relation
between high proportions of neonatal FOXP3+CD25high

T cells and allergic disease in children older than
3 years, when the prevalence of eczema is lower [30],
should not be ruled out.

Multivariate analysis also demonstrated that a clinical
diagnosis of allergy at 36 months was associated with
higher proportions of FOXP3+CD25+ cells but not with
FOXP3+CD25high cells within the CD4+ T cell population
at both 18 and 36 months of age. These findings are in
agreement with a previously observed expansion of the
circulating fraction of CD4+CD25+FOXP3+ cells within
the CD3+ T cell population in children presenting with
eczema at 2 years of age compared with non-allergic
controls [16]. Thus, higher proportions of FOXP3+

CD25+, but not FOXP3+CD25high, T cells within the
CD4+ T cell population just before or during established
allergic disease suggest an expansion of activated cells
within the FOXP3+CD25+ T cell subset in response to
the allergic inflammation.

In the present study, children in the farming group
had a lower incidence of allergy, while there was no
significant effect of farming on sensitization. This is in
accordance with previous studies showing that farming
is protective against sensitization but has a more dra-
matic protective effect against clinical allergy [19].
Given the small size of our study, it is not surprising
that a modest protective effect of farming on sensitiza-
tion was not evident. Nevertheless, although exposure
to a farming environment had an allergy-protective
effect, this was not a confounding factor for the associ-
ations between higher proportions of FOXP3+CD25high

T cells at birth and early in infancy and subsequent
sensitization in the present study.

To our knowledge, it is not known whether the post-
natal T cell activation progress differs between farmers’
and non-farmers’ children. Here, we demonstrate that
farmers’ children had significantly lower proportions of
FOXP3+CD25high cells early in infancy as well as later in
childhood compared with non-farmers’ children, while
the proportions of FOXP3+CD25+ cells within the CD4+

T cell population solely differed at 1 month of age. In
contrast, it was recently shown that farmers’ children
had significantly higher proportions of CD4+CD25high

CD127low/� cells within the total lymphocyte population
at 4.5 years of age than non-farmers’ children [31].
However, they also found that the proportions of
CD4+CD25+FOXP3+ cells within the total lymphocyte
population did not differ between these two groups of
children at this age. Interestingly, upon stimulation with
PMA/ionomycin or LPS in vitro, they found that the
proportions of CD4+CD25+FOXP3+ cells, but not

CD4+CD25highCD127low/� cells, within the total lympho-
cyte population increased significantly among farmers’
compared with non-farmers’ children [31]. In conclu-
sion, their results indicate that the CD25+ T cell subset
may also include activated cells. This is in line with our
speculations that the FOXP3+CD25+ cell subset in our
study may include activated non-regulatory T cells.

Here, we also found that a farming environment was
related to a more pronounced T cell memory conversion
and cytokine production. Therefore, we hypothesize that
a low proportion of neonatal FOXP3+CD25high cells
within the CD4+ T cell population in farmers’ children
may permit a more efficient post-natal T cell activation
process, which could be an early sign of healthy
immune maturation. However, a high proportion of
FOXP3+CD25high T cells and low T cell reactivity among
children in a non-faming milieu could, as discussed
above, be a sign of reaction to faulty immune regula-
tion and immune immaturity.

Of interest, newborn children from Austria and
Australia, representing environments with low microbial
exposure, have significantly higher proportions of
putative Tregs defined as CD4+CD25high and CD25+

FOXP3+CD127low, respectively, than newborns from Ga-
bon and Papua New Guinea, representing high microbial
exposure environments [32, 33]. As the differences were
found already at birth, these results suggest that prena-
tal exposure to environmental antigens may influence
the proportions of Tregs. However, a farming environ-
ment did not seem to affect the fetal fraction of
FOXP3+CD25high T cells, as no difference regarding the
proportions of these cells at birth was found between
farmers’ and non-farmers’ children in our study. To
affect prenatal proportions of FOXP3+CD25high T cells,
environmental microbial load might have to reach a
considerable magnitude, which may not occur at a
Swedish dairy farm.

One limitation of the present study is the relatively
low number of study subjects. However, the small size
of this study permitted a detailed prospective follow-up
with immunological analyses and careful diagnosis of
sensitization and allergy by study physicians, and the
study was still large enough to generate statistically
significant results. Another limitation is that CD127 was
not included in the flow cytometry panel as a comple-
ment to identify putative Tregs, as this marker was not
discovered when the present study was initiated [34].
Further, the regulatory capacity of the FOXP3+ putative
Tregs could not be examined as staining for this marker
requires permeabilization, and isolated Tregs would thus
not be viable. All the flow cytometry analyses were per-
formed before we obtained the data regarding clinical
status of the children or whether they lived on a dairy
farm or not. A further strength of this study is the use
of multivariate factor analysis to find patterns and
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trends in the large data set, before proceeding with uni-
variate analyses of the X-variables that contributed
most to the respective models.

Further studies are required to confirm that high pro-
portions of putative Tregs at birth and early in infancy
precede sensitization and that high proportions of these
cells early in life may impede the post-natal T cell mat-
uration process. The potential difference in the regula-
tory capacity/activity of these cells during the first
months of life also needs to be examined. It also
remains to be elucidated whether higher proportions of
FOXP3+CD25high cells within the CD4+ T cell population
in cord blood are a consequence of the environment in
utero, genetic factors or a combination of both.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Variable influence on projection (VIP)
plots. The VIP plots display the VIP values as a column
plot sorted in descending order with confidence inter-
vals derived from jack knifing. VIP summarizing the
importance of the X-variables that contribute most
(positively or negatively) to sensitization, i.e. specific
IgE to food and/or inhalant allergens, at (a) 18 and (b)
36 months of age.

Figure S2. (A and B) OPLS-DA loadings column plot
depicting the associations between sensitization, that
is, specific IgE to food and/or inhalant allergens, at (A)
18 and (B) 36 months of age and X-variables, includ-
ing CD4+ T cells that are FOXP3+CD25+, CTLA-
4+CD25+, CD45RO+, HLA-DR+, CCR4+ or a4b7+ at birth,
3–5 days, and 1, 4, 18 and 36 months of age. Measure-
ments of PHA-induced cytokine production by mono-
nuclear cells at 4, 18 and 36 months and OVA- and
birch allergen-extract induced cytokine production at
36 months of age were also included in the analyses.
For allergy at 18 months, immune parameters mea-

sured at 36 months were not included. X-variables
with bars projected in the same direction as allergy are
positively associated, whereas parameters in the oppo-
site direction are inversely related to allergy at this
age. The larger the bar and smaller the error bar, the
stronger and more certain is the contribution to the
model. The OPLS-DA loadings column plots are based
on X-variables with VIP values ≥ (A) 0.8, (B) 1.0 R2Y
indicates how well the variation of Y is explained,
while Q2 indicates how well Y can be predicted. R2Y:
(A) = 0.22, (B) = 0.43. Q2: (A) = 0.17, (B) = 0.29. (C–D)
The proportion of FOXP3+CD25+ cells within the CD4+

T cell population among children who are sensitized
or not at (C) 18 or (D) 36 months of age. Each dot
represents an individual, and horizontal bars indicate
median value. Statistical differences between the
groups were calculated using two-tailed Mann–
Whitney U -test. P ≤ 0.05 was regarded as significant
(***P ≤ 0.001).

Table S1. Cytokine production by mononuclear cells
upon in vitro stimulation with PHA, birch allergen
extract or ovalbumin at 4, 18 or 36 months of age.
Data represent the median value and the range is shown
in brackets.
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