
OR I G I N A L A R T I C L E

Basic Mechanisms in Allergic Disease

Allergic disease in 8-year-old children is preceded by delayed
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Summary

Background: We previously reported that exposure to a farming environment is

allergy-protective, while high proportions of neonatal immature/na€ıve CD5+ B cells

and putative regulatory T cells (Tregs) are risk factors for development of allergic

disease and sensitization up to 3 years of age.

Objective: To examine if B and T cell maturation are associated with allergic dis-

ease and farming environment over the first 8 years in life.

Methods: In the prospective FARMFLORA study, including both farming and non-

farming families, 48 of 65 children took part in the 8-year follow-up study. Various

B and T cell maturation variables were examined in blood samples obtained at sev-

eral occasions from birth to 8 years of age and related to doctors’ diagnosed allergic

disease and sensitization, and to farming environment.

Results: We found that the incidence of allergic disease was lower among farmers’

compared to non-farmers’ children during the 8-year follow-up period, and that

farmers’ children had higher proportions of memory B cells at 8 years of age. More-

over, a high proportion of neonatal CD5+ B cells was a risk factor for and may pre-

dict development of allergic disease at 8 years of age. A high proportion of Tregs

was not protective against development of these conditions.

Conclusion and Clinical Relevance: High proportions of neonatal na€ıve B cells

remained as a risk factor for allergic disease in school-aged children. Thus, the accel-

erated B cell maturation observed among farmers’ children may be crucial for the

allergy-protective effect of a farming environment.
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1 | INTRODUCTION

Allergic diseases, such as eczema, asthma, allergic rhinoconjunctivitis

(ARC) and food allergy, result from failure to develop immune toler-

ance to innocuous inhaled or ingested allergens. Instead, allergens

may trigger an adaptive immune response with production of aller-

gen-specific IgE antibodies, that is, sensitization. In some individuals,

these antibodies can trigger inflammation upon renewed exposure to

the allergen, giving rise to immune-mediated hypersensitivity, that is,

allergy. Although sensitization can occur without symptoms of
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allergic disease, sensitization in early childhood is a risk factor for

development of allergic disease.1 The cumulative incidence of allergic

disease is 29% and 27% among Swedish and Danish 5-year-old chil-

dren, respectively.2 The dramatic increase in the prevalence of aller-

gic diseases during the second half of the twentieth century points

to an essential role of environmental factors in development of these

conditions.3-6 Several studies show that a traditional dairy farming

lifestyle is associated with protection from allergic disease in school-

aged children.7-9 Still, the impact of a farming environment on adap-

tive immunity remains elusive.

Although B cells are the precursors of IgE-producing plasma cells,

and hence, key players in allergic disease, few studies have examined

postnatal B cell maturation in relation to development of allergic dis-

ease. In the rural prospective FARMFLORA birth-cohort study, we

have demonstrated that children with a high proportion of imma-

ture/na€ıve CD5+ B cells during early infancy had a higher risk of

developing allergic disease up to 3 years of age.10 In accordance,

adults with allergic asthma have higher proportions of immature/

transitional B cells (CD24hiCD38hi) compared to healthy subjects.11

We further showed that allergic disease is associated with lower

BAFF levels at birth,12 which is a pivotal cytokine for differentiation

of immature/transitional B cells into mature/na€ıve cells.13 Moreover,

we have also shown that children who developed sensitization in

the first 3 years of life had higher proportions of putative regulatory

T cells (Tregs) in early infancy.14 As Tregs have suppressive effects

on both T and B cell activation,15-19 a high proportion of these cells

early in life may impede adaptive immune maturation. However,

whether a delay in postnatal adaptive immune maturation is still rel-

evant for allergic disease and/or sensitization later in childhood is

not known.

To address these gaps in knowledge, we performed a detailed

immunological follow-up of the FARMFLORA study when the chil-

dren had reached school age. The incidence of allergic disease was

lower among farmers’ compared with non-farmers’ children during

the 8-year follow-up period, and farmers’ children had higher propor-

tions of memory B cells at 8 years of age. Further, a high proportion

of neonatal CD5+ B cells remained as a risk factor for development

of allergic disease in school-aged children, and high proportions of

Tregs were not protective against development of these conditions.

2 | MATERIALS AND METHODS

2.1 | Subjects and collection of blood samples

In the prospective FARMFLORA study, farming and non-farming fami-

lies from rural areas in the Skaraborg region in South-West Sweden

were enrolled at maternity care clinics. In this region, rural areas are

fairly similar with respect to population density and farming character-

istics. The inclusion criteria for the farming group were that the fami-

lies should live on small family-owned dairy farms with cows. Families

included in the non-faming group should live in the same rural geo-

graphical region, but not on a farm. Sixty-five infants (28 farmers’ and

37 non-farmers’ children) born at term were included in the study and

have been followed up in detail with respect to adaptive immune mat-

uration and development of allergic disease and sensitization up to

3 years of age.10,12,14 In the 8-year follow-up study, 48 children (74%;

median age; 8.3 years, range 6.5-9.4) and their parents agreed to par-

ticipate as shown in the participation flow diagram (Figure 1). The chil-

dren who were included in the 8-year follow-up were representative

of the whole cohort regarding demographic data (Table S1). All

Enrollmentat  birth (n = 65)

Clinical examina�on for 
allergy diagnoses (n = 27)

Farmers’ children (n = 28) Non-farmers’ children(n = 37)

Clinical examina�on for 
allergy diagnoses (n = 37)

Blood samples (n =27) Blood samples (n = 35)

Clinical examina�on for 
allergy diagnoses (n = 27)

Clinical examina�on for 
allergy diagnoses (n = 36)

18 mo

36 mo

8 years
follow-up

Blood samples (n = 22) Blood samples (n = 32)

Clinical examina�on for 
allergy diagnoses (n = 18)

Clinical examina�on for 
allergy diagnoses (n = 30)

Blood samples (n = 16) Blood samples (n = 27)
F IGURE 1 Participation flow diagram
from birth to 8 y of age in the
FARMFLORA birth cohort study.
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children and parents provided written informed consent and the study

protocol was approved by the Human Research Ethics Committee of

the Medical Faculty, University of Gothenburg, Sweden.

2.2 | Laboratory tests and clinical examination at
8 years of age

Venous blood was collected for measurement of specific IgE against

food (milk, egg, soy, fish, wheat and peanut; six-mix food test; Phadia/

Pharmacia Diagnostics, Uppsala, Sweden) and inhalant allergens (birch,

timothy grass, mugwort, cat, dog, horse and house dust mite; Phadiatop;

Phadia/Pharmacia Diagnostics). Positive samples were further analysed

for specific IgE against birch, timothy, grass, 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 ≥0.35 kU/L was considered positive. Skin prick tests were per-

formed in accordance with European guidelines using standard allergen

extracts (birch, grass, mugwort, cat, dog, horse, rabbit, Dermatophagoides

pteronyssinus, Dermatophagoides farinae and Cladosporium, (Soluprick

SQ; ALK Abello AS, Hørsholm, Denmark), allergen diluents as negative

control and histamine (10 mg/mL) as positive control. A wheal diameter

≥3 mm was considered positive. Sensitization was defined as a positive

Phadiatop test or a positive 6-food mix test (ImmunoCAP≥0.35 kU/L).

Eczema was diagnosed according to Williams’ criteria or based on at

least three major Hanifin and Rajka criteria.20 Asthma was defined as

wheeze or heavy breathing in the last year together with bronchial

obstruction reversible to b2-agonist (≥12%), bronchial hyperresponsive-

ness on methacholine challenge (PD20<0.6 mg) or ongoing preventive

asthma treatment with inhaled corticosteroids. The diagnosis of ARC

included symptoms from eyes and/or nose upon exposure to pollens or

animal dander, together with a positive allergen-specific IgE test or posi-

tive skin prick test directed against a corresponding allergen. Food

allergy was defined as an immediate or late-onset reaction after inges-

tion of the specific food, followed by a clear and prompt clinical

improvement once the food allergen was eliminated, together with a

positive six-mix food test. In case, a child was diagnosed with food

allergy it was verified by an open food challenge test. Allergic disease

was defined as one or more of the diagnoses above.

2.3 | Flow cytometry

The phenotypic characterization of B and T cells up to 36 months of

age has previously been described in detail.21,22 Briefly, immature/na€ıve

and memory B cells were identified by CD5 and CD27 expression,

respectively. Na€ıve and memory CD4+ T cells were identified by

CD45RA and CD45RO expression, respectively. Putative Tregs were

identified by CD25 in combination with FOXP3 or CTLA-4 expression.

At 8 years of age, additional markers were included as follows: CD24

and CD38 to distinguish immature/transitional (CD24hiCD38hi),

mature/na€ıve (CD24intCD38int), memory (CD24hiCD38lo/neg) B cells23

and CD127 to identify CD4+CD25+CD127lo/neg putative Tregs.24 We

also identified proportions of CD45RA+ and CD45RO+ putative Tregs.

All anti-human monoclonal antibodies are listed in Table S2. The

FOXP3-staining set was purchased from eBiosciences (San Diego, USA)

and the Cytofix/Cytoperm kit (BD Biosciences, Erembodegem, Belgium)

was used for detection of CTLA-4. To assess total B and T cell numbers,

the TruCOUNT assay was used (BD Biosciences). Up to 36 months,

samples were run in a FACSCalibur (BD Biosciences) equipped with

CellQuestPro software. At 8 years, samples were run in a FACSCanto II

(BD Biosciences) equipped with FACSDiva software (BD Biosciences).

All samples were analysed with FlowJo software (TreeStar, Ashland,

OR, USA).

2.4 | Quantifications of BAFF and immunoglobulins
in plasma

BAFF levels were determined using the human BAFF/BLyS/

TNFSF13B Quantikine ELISA Kit (R&D Systems, Minneapolis, MN,

USA). Total IgM, IgG and IgA levels were determined by ELISA as

previously described in detail.12 Total IgE levels were measured with

ImmunoCAP�250 (Phadia, Uppsala, Sweden).

2.5 | Statistical analysis

OPLS with discriminant analysis (DA) was used to obtain a maximum

separation of X-variables, that is, B and T cell maturation variables,

based on class information, for example, allergic disease (yes/no) and

farm (yes/no). OPLS analysis was implemented to investigate associa-

tions between a selected Y-variable and a set of X-variables (SIMCA

13.0; Umetrics, Ume�a, Sweden). The contribution of each X-variable

to the model, that is the VIP value, was calculated for models in Fig-

ures 2C, 4C and 6A. X-variables with a VIP-value below 0.97, 1.03

and 1.2, respectively, were discarded, and new models were gener-

ated based on the remaining variables. The scale presented on the

Y-axis of the OPLS plot is a dimensionless scale, the loading vector is

normalized to unit length. The quality of OPLS analyses is based on

R2, how well the variation of the variables is explained by the model,

and Q2, an estimate of the predictive ability of the model. To avoid

biased preselection and mass significance, two-tailed Mann-Whitney

U-test, Spearman’s rank test and Fischer’s exact test (GraphPad Soft-

ware; La Jolla, CA, USA) were performed exclusively on the X-vari-

ables that contributed most to the respective multivariate model.

Additional analyses include Kaplan-Meier survival analysis with log-

rank test, hazard ratios (HR) using Cox proportional hazard models,

receiver operating characteristics curves (ROC) and multiple linear

regression (SPSS version 19.0.0; Chicago, IL, USA, and GraphPad soft-

ware). A P-value of .05 or less was regarded as statistically significant.

Significant differences or correlations are indicated with asterisks

(added in retrospect) in OPLS-plots.

3 | RESULTS

3.1 | Allergic disease and sensitization at 8 years of
life

By the age of 8 years, 10 of 48 children (21%) were diagnosed with

allergic disease, five of whom had eczema, four asthma, three ARC
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and none of the children were diagnosed with food allergy (Table 1).

Blood samples were obtained from 43 children for detection of aller-

gen-specific IgE (Figure 1), and 11 of these children were sensitized

to one or more of the allergens included in the ImmunoCAP panel

(26%; Table 1). Among the sensitized children, four were also diag-

nosed with allergic disease. The prevalence of allergic disease and

(A) (C)

(B) (D)

F IGURE 2 Allergic and non-allergic children differ in postnatal B cell maturation. (A) B cell gating strategy at 8 y. (B) OPLS-DA-plot
displaying a separation between allergic and non-allergic children. (C) OPLS-plot depicting associations between allergy and B cell maturation
variables assessed. (D) Proportions of CD5+ B cells at 1 mo, 36 mo and 8 y in allergic and non-allergic children. Horizontal bars indicate the
median values. *P≤.05 (Mann-Whitney U-test).
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sensitization at 18 and 36 months of age in this cohort has been

published previously.10,14

3.2 | Delayed B cell maturation precedes allergic
disease in 8-year-old children

By multivariate analysis, we investigated whether postnatal B cell matu-

ration differed between children with and without allergic at 8 years of

age. The B cell gating strategy is presented in Figure 2A, which also

shows that the vast majority of the CD5+ B cells reside within the

CD24hi/intCD38hi/int immature/na€ıve gates, while the majority of CD27+

B cells are found in the CD24hiCD38lo/neg memory gate. OPLS-DA

demonstrated a separation between these two groups of children based

on the B cell maturation variables assessed (Figure 2B). Allergic disease

was associated with higher proportions of immature/na€ıve CD5+ B cells

from birth to 8 years of age (Figure 2C), also corroborated by univariate

analysis for several time points (Figure 2D). Conversely, allergic disease

associated with lower B cell counts as well as with lower BAFF and total

IgG levels during early childhood (Figure 2C). Higher proportions of

CD5+ B cells at 1 month was further positively associated and highly

correlated with higher proportions of CD5+ as well as with

CD24hiCD38hi (immature/transitional) B cells at 8 years (Figure S1A-C).

OPLS-analysis shows that sensitization was unrelated to B cell

maturation (Figure S2A). In all, allergic disease at 8 years of life is

associated with higher factions of immature/na€ıve CD5+ B cells

throughout childhood.

3.3 | High proportions of CD5+ B cells is a risk
factor for allergic disease

During the 8-year follow-up, there was a significantly higher incidence

of allergic disease among children with a proportion of CD5+ B cells

above the median at 1 month of age compared to children with CD5+ B

cells below the median (log-rank P=.007, unadjusted HR 3.6, 95% CI: 1.2

to 11.3, P=.026; Figure 3A). The analysis was restricted to 41 children

from whom data regarding the proportion of CD5+ B cells at 1 month

as well as clinical evaluation at all time points were available. Among

these children, 12 were diagnosed with allergic disease at 18 months, 7

at 36 months and 9 at 8 years of age. After adjustment for sex (female/

male) and being raised on a farm (yes/no), a higher proportion of these

cells remained as a risk factor for development of allergic disease at

8 years of age (adjusted HR 3.7, 95% CI: 1.2 to 11.7, P=.024). By ROC

analysis, we evaluated the diagnostic value of high proportions of CD5+

B cells for predicting development of allergic disease. The area under

the curve for the fraction of CD5+ B cells at 1 month of age was 0.74

(P=.03), while the corresponding value for the fraction of CD5+ B cells at

36 months was 0.76 (P=.02, Figure 3B). In conclusion, a high proportion

of immature/na€ıve CD5+ B cells in infancy is a risk factor for and may

predict allergic disease in school-aged children.

3.4 | Higher proportions of putative Tregs do not
protect against allergic disease

We have previously shown that a high proportion of putative Tregs in

infancy is related to sensitization up to 3 years of age.14 Here, we

examined if CD4+ Tcell maturation, including putative Tregs, was

related to sensitization and allergic disease at 8 years of age. The T cell

gating strategy is presented in Figure 4A. OPLS-DA demonstrated a

polarization between allergic and non-allergic children based on the T

cell variables included in the analysis (Figure 4B). Allergic disease at

8 years of age was associated with higher proportions of putative

Tregs, defined as CD25+ CD127low/neg, FOXP3+ CD25+ or CTLA-

4+ CD25+ within the CD4+ T cell population during infancy and child-

hood (Figure 4C). Indeed, children with allergic disease had

significantly higher proportions of FOXP3+ CD25+ and CD25+

CD127low/neg putative Tregs at 36 months and at 8 years of age, respec-

tively (Figure 4D and E). Further, allergic disease was associated with

higher proportions of na€ıve CD4+ CD45RA+ T cells and accordingly with

lower proportions of CD4+ CD45RO+ memory T cells in infancy. Sensiti-

zation was unrelated to the T cell maturation variables examined (Fig-

ure S2B). These results suggest that high proportions of circulating

putative Tregs are not protective against development of allergic disease

or sensitization during the first 8 years of life.

3.5 | Lower incidence of allergic disease among
farmers’ children

In the FARMFLORA study, we have previously shown an allergy-pro-

tective effect of farm at 18 and 36 months of age.10,14 Thus, we

next examined the incidence of allergic disease over the entire

8-year follow-up. As shown in Figure 5, the incidence was signifi-

cantly lower among farmers’ compared with non-farmers’ children

(log-rank P=.021), and the corresponding HR was borderline signifi-

cant (unadjusted HR 0.3, 95% CI: 0.08 to 1.0, P=.051). Delivery

mode could be a potential confounder, as there was a trend towards

a higher rate of caesarean section deliveries among children with

allergic disease at 8 years of age (Table 2). When adjusting for

TABLE 1 Clinical diagnosis of allergic disease and sensitization at
8 y of life

n=48

n %

Any allergya 10 21

Eczema 5 10

Asthma 4 8

Allergic rhinoconjunctivitis 3 6

Food allergy 0 0

Sensitizationb 11 26c

aOne or more of the following diagnoses: eczema, asthma, allergic

rhinoconjunctivitis or food allergy
bDefined as positive 6-mix food test or Phadiatop. Screening for aller-

gen-specific IgE, ie, 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, grass, dog, cat, horse and house dust mite
cn=43, blood samples not available for all 48 children
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delivery mode, the HR remained borderline significant (0.30, 95% CI:

0.09 to 1.0, P=.056). There were no differences in incidence of aller-

gic disease between children born by caesarean section or vaginally

(log-rank P=.206, unadjusted HR 1.8, 95% CI: 0.6-5.1, P=.266).

Despite that the prevalence of allergic disease did not differ

between farmers’ and non-farmers’ children at 8 years of age

(Table 2), a farming environment was associated with a lower inci-

dence of allergic disease during the first 8 years of life.

3.6 | Farmers’ children have higher proportions of
memory B cells at 8 years of age

We also examined the impact of a farming environment on adaptive

immune maturation assessed by flow cytometry over the first

8 years of age. OPLS-DA analysis demonstrate that a farming envi-

ronment was associated with higher proportions of memory B cells,

defined as CD24hiCD38lo/neg or CD27+ cells, at 8 years of age (Fig-

ure 6A). A non-farming environment was associated with higher pro-

portions of mature/na€ıve (CD24intCD38int) and immature/na€ıve

CD5+ B cells at 8 years of age, and with higher proportions of

FOXP3+ CD25+ putative Tregs at 36 months of age. Differences

between farmers’ and non-farmers’ children that were statistically

significant in univariate analyses are shown in Figure 6B-D. Despite

an overrepresentation of girls among farmers’ children, 67% com-

pared with 43% among non-farmers’ children (Table S1), farming

environment contributed independently to higher proportions of

CD24hiCD38lo/neg and CD27+ memory B cells in multiple regression

analysis (P=.03 and P=.01, respectively).

4 | DISCUSSION

Despite the hypothesis that delayed immune maturation is a risk fac-

tor for development of allergic disease in children, the relationship

between post-natal adaptive immune maturation and allergic disease

has not yet been established. For the first time, we here show that

high proportions of na€ıve CD5+ B cells in early infancy is a risk fac-

tor for development of allergic disease in school-age children and

that high proportions of putative Tregs do not protect against devel-

opment of these conditions. We also demonstrate accelerated B cell

maturation among farmers’ children, which may be crucial for the

allergy-protective effect of a farming environment.

We have previously demonstrated that children with high pro-

portions of immature/na€ıve CD5+ B cells in infancy have a higher

risk of developing allergic disease up to 3 years of age.10 In this fol-

low-up study, a high proportion of these cells early in life were con-

firmed as a risk factor for allergic disease also in school-aged

children. We further show that children with higher proportions of

CD5+ B cells as neonates have higher proportions of immature/na€ıve

B cells at 8 years of age, which suggests that a compromised infan-

tile adaptive immune maturation may have effects beyond the first

years in life. In line with our results, allergic adults have higher pro-

portions of immature/transitional B cells compared to non-allergic

subjects.11,25 There is also a strong association between higher pro-

portions of transitional B cells during pregnancy and allergy develop-

ment in the progeny at the age of 6 months.25 Moreover, it was

recently shown that the proportion of IgE-expressing transitional B

cells was higher in both young children and adults with atopic der-

matitis compared to healthy controls.26 Per definition transitional

Log-rank P value = 0.007
Unadjusted Hazard Ra�o 3.6 (95% CI 1.2-11.3) P = 0.026

CD5+ B cells abovemedian  at 1 m
CD5+ B cells belowmedian  at 1 m
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Abovemedian,  n =

21
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8
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(B) Predic�ng allergic disease

100 - Specificity (%)
0 20 40 60 80 100

0
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%CD5+ 1m, AUC = 0.74:P = 0.03

%CD5+ 36m, AUC = 0.76:P = 0.02

Sensitivity and specificity values for the proportion
of CD5+ B cells at the best cutoff

1 mo 36 mo

CD5+ B cells, %                68                    38.5

Specificity, %                    62.5                  58.1
Sensitivity, %                    77.8                  77.8

18 36
Months

960

F IGURE 3 High proportions of CD5+ B cells is a risk factor for
allergy. (A) Incidence of allergy over 8 y in children with a
proportion of CD5+ B cells above (dotted line) or below (solid line)
the median at 1 mo of age (Kaplan-Meier survival analysis with log-
rank test). (B) ROC analysis of proportions of CD5+ B cells at 1
(dashed line) and 36 (solid line) mo of age in predicting allergy at
8 y.
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cells are na€ıve, and IgE+ transitional cells could represent cells with

IgE bound to CD23, which is the low-affinity receptor for IgE. Inter-

estingly, however, a role for peripheral B cell maturity has been

reported as an intrinsic B cell property that affects the class switch

recombination choice of IgE vs IgG in mice. Splenic immature/transi-

tional B cells stimulated with anti-CD40 and IL-4 preferentially

switch directly to IgE, while most mature/na€ıve B cells instead

undergo sequential class switch to IgE, that is, from IgM via IgG to

IgE.27 Recently, it was further shown that lower levels of activation

signals favour early emergence of IgE-producing cells via direct

switching, while IgG-secreting cells appear at later stages along

with an amplification of the Th2 response.28 Thus, although imma-

ture/na€ıve B cells per se may not initiate development of allergic

disease, a high proportion of these cells may predispose allergic

disorders by their intrinsic propensity to directly switch to IgE

secretion.
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It is generally accepted that Tregs impede proliferation and cyto-

kine production of other T cells and have suppressive effects on B

cells.15-19 In children, substantial efforts have been made to explore

the role by Tregs in the development of sensitization and allergic

disease, but the results are inconsistent. It has been demonstrated

that lower number of Tregs in cord blood is associated with a higher

risk of developing eczema and sensitization at 1 year of age,29 but

there are also studies showing that the proportions of Tregs in cord

blood do not differ between children who develop sensitization or

allergic disease, and children who do not.30,31 We previously demon-

strated that children who became sensitized in the first 3 years of

life had higher proportions of putative Tregs as neonates compared

to non-sensitized children.14 In the same cohort, we now show that

allergic disease at 8 years of age is preceded by higher proportions

of putative Tregs and lower proportions of memory T cells. Our

observations are in accordance with results from another prospective

cohort, which demonstrate that sensitization and/or allergic disease

at 2 years of age are preceded by higher proportions of circulating

Tregs.32 The discrepancies in the results may in part be due to dif-

ferences in phenotypic characterization of Tregs, and proof of Treg

function by suppression assays are often an obstacle due to limiting

blood volume from young children. Still, high proportions of putative

Tregs in childhood do not seem to prevent the atopic march.

In the present study, we also found that children with current

allergic disease had higher proportions of total putative Tregs at

8 years of age, which could be due to expansion of Tregs as a pro-

tective mechanism induced by the allergic inflammatory

response.30,33 In adults with established allergic disease, a compre-

hensive characterization of antigen-specific Treg responses was

recently performed for the first time.34 They show that the fre-

quency of birch allergen-specific Tregs do not differ between allergic

and non-allergic individuals. Their findings also suggest that allergic

subjects have intact Treg responses to birch, but that the Th2 cells

escape the Treg control because of their divergent antigen specificity

compared to the Tregs.34

The traditional farming milieu is the most potent allergy-protec-

tive environmental factor known in affluent industrialized countries.

Numerous studies have shown a lower prevalence of allergic disease

among children who grow up on dairy farms than among non-farm-

ers’ children.7-9 In agreement, the incidence of allergic disease over

the first 8 years of life was lower among farmers’ compared with

non-farmers’ children in the present FARMFLORA study. This finding

adds further evidence to a specific allergy-protective effect of a

farming environment since our cohort is relatively small and farmers’

and non-farmers’ children lived in the same rural area.

Despite the known allergy-protective effect of growing up on

farms, the impact of farm exposure on adaptive immune maturation

remains unclear. For the first time, we demonstrate that farmers’

children present with significantly higher fractions of memory B cells,

defined as CD24hiCD38low/neg or CD27+ cells, and lower proportions

of na€ıve B cells at 8 years of age than non-farmers’ children. We

have previously shown that the proportions of CD5+ B cells do not

differ between these two groups of children up to 3 years of age.10

However, if CD24 and CD38 had been included in the flow cytome-

try panel when the study was initiated, B cells in different matura-

tional stages could have been distinguished,23,35 and possible

associations with the farming environment also before 8 years of

age might have been revealed. As impeded B cell maturation is

Log-rank P-value = 0.021
Unadjusted Hazard Ra�o 0.3 (95% CI 0.08-1.0) P = 0.051
Adjusted Hazard Ra�o 0.3 (95% CI 0.09-1.0) P = 0.056

18 36 96

Farm

No Farm

Farm: n = 18
No farm: n = 30

0

17
18

16
17

15
15

F IGURE 5 Lower incidence of allergic disease among farmers’
children. The incidence of allergic disease over the 8-y follow-up
among farmers’ (solid line) and non-farmers’ (dotted line) children
(Kaplan-Meier survival analysis with log-rank test, unadjusted and
adjusted for and caesarean section).

TABLE 2 Demographic data

All n=48
(%)

Allergic disease at 8 y

No n=38
(%)

Yes n=10
(%) P-value*

Girls 25 (52) 21 (55) 4 (40) .49

Parental history

of allergya
20 (42) 15 (39) 5 (50) .72

Caesarean

section

9 (19) 5 (13) 4 (40) .08

Elder sibling(s) 24 (50) 21 (55) 3 (30) .29

Farm 18 (38) 15 (39) 3 (30) .72

Cat at birthb 19 (40) 15 (39) 4 (44)b .74

Dog at birthc 13 (28) 12 (32) 1 (13)c .41

Birthweight,

kg (range)

3.6 (2.7-4.8) 3.6 (2.7-4.8) 3.3 (2.7-4.4) .28

aMaternal or paternal history of doctor-diagnosed asthma, allergic

rhinoconjunctivitis or eczema.
bMissing data from one child.
cMissing data from two children.

*Statistical difference between non-allergic and allergic children (Fisher’s
exact test or Mann-Whitney U-test).
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associated with subsequent development of allergic disease, this

may be counteracted in children who are exposed to a farming envi-

ronment during childhood.

A more accelerated B cell maturation among farmers’ children

could partly be explained by exposure to higher levels of microbial

compounds that trigger innate immunity, which, in turn, may pro-

mote maturation of the adaptive immune system. Indeed, higher

levels of endotoxins, mould b(1,3)-glucans and fungal extracellular

polysaccharides have been measured in house dust of farming fami-

lies.36,37 It is likely that the gut microbiota also provides important

stimuli for adaptive immune maturation. We have previously shown

that early gut colonization by Escherichia coli and bifidobacteria is

associated with higher numbers of memory CD27+ B cells up to

18 months of age.21 These bacteria are recognized as early gut colo-

nizers in classical studies of the infantile gut colonization pattern38

and, at least the acquisition of E. coli is often delayed in modern

western societies.39 A reduced diversity of the early gut microbiota

is also associated with an increased risk for allergic disease later in

childhood.40,41 Moreover, it was recently shown that children with

allergic disease up to 7 years of age had a lower bacterial load in

stool samples at 12 months of age compared with children who

remained non-allergic.42 The same study also demonstrates that

development of allergic disease was associated with a reduced pro-

portion of IgA bound to fecal bacteria at 12 months of age.42 How-

ever, how a farming environment impact the establishment of the

gut microbiota and maturation of the secretory IgA system during

infancy remains to be determined.

An advantage of this study is that it is prospective and that mul-

tivariate analyses were employed to investigate longitudinal associa-

tions between adaptive immune maturation and clinical outcome as

well as with dairy farm environment over the first 8 years of life.

This method enables discovery of patterns and trends and prevents

biased preselection of X-variables for univariate analysis. A limitation

is the small number of participants, which excluded the possibility to

analyse the immune maturation in relation to eczema, asthma, ARC

and food allergy separately. However, regardless of differences in

pathogenesis, a strong association was observed between delayed

adaptive immune maturation and allergic disease. The relatively low

number of children may also be reflected in the lack of significance

in some of the analyses.

This is, to the best of our knowledge, the first study where B cell

maturation and T cell maturation have been studied in detail

prospectively throughout childhood and related to allergic disease

and exposure to farming environment in school-aged children. Still,

additional prospective studies in larger birth-cohorts are required to

confirm that delayed adaptive immune maturation is a risk factor for

allergic disease in school-aged children. Moreover, whether delayed

adaptive immune maturation in childhood is a result of lifestyle and

environmental settings or genetic programming remains to be

resolved. A deeper understanding of relevant stimuli to boost

NO FARM (n = 30)

FARM (n = 18)

*
*

*

R2Y = 0.28 and Q2 = 0.24

%CD27+ B cells 8yrs

%CD27+ B cells 18m

%CD27+ B cells 36m

%CD5+ B cells 8yrs

(A) (B)

(D)

(C)

F IGURE 6 Farmers’ children have higher proportions of memory B cells at 8 y. (A) OPLS-plot depicting associations between adaptive
immune maturation during 8 y among farmer’ and non-farmers’ children. Associations up to 36 mo of age have been published previously.10,14

Proportions of (B) CD24hiCD38lo/neg, (C) CD27+ and (D) CD24intCD38int B cells in farmers’ and non-farmers’ children. Horizontal bars indicate
the median values. *P≤.05 (Mann-Whitney U-test).
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immune maturation in early childhood may ultimately result in devel-

opment of effective strategies to reduce the risk of allergic disease

in children.
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