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Results At 2 years, but not at 5 years of age, we observed 
a presumed lower incidence (p < 0.1) for IgE-associated 
eczema manifestation in C-section-born infants who were 
fed breast milk containing FUT2-dependent oligosaccha-
rides. By logistic regression, we observed a similar relation 
(p < 0.1) between presence of FUT2-dependent breast milk 
oligosaccharides and IgE-associated disease and IgE-asso-
ciated eczema in C-section-born infants only. When testing 
with the levels of breast milk oligosaccharide 2′-fucosyl-
lactose as proxy for FUT2 activity, we observed significant 
(p < 0.05) associations in the C-section-born infants with 
‘any allergic disease,’ IgE-associated disease, eczema and 
IgE-associated eczema.
Conclusion  The data indicate that infants born by C-sec-
tion and having a high hereditary risk for allergies might 
have a lower risk to manifest IgE-associated eczema at 
2 years, but not 5 years of age, when fed breast milk with 
FUT2-dependent milk oligosaccharides. Further studies 
with larger cohorts and especially randomized controlled 
intervention trials are required to build on these preliminary 
observations.

Keywords Human milk oligosaccharides · Breast-
feeding · Allergy · Mode of delivery

Introduction

Allergies are at the rise in the developed world, and besides 
genetic predisposition, environmental factors such as 
microbes are discussed to be key determinants for allergy 
onset [1]. At birth, the infant transits from a highly pro-
tected and regulated maternal, basically microbiota-free 
environment, to the colonization with microbiota from 
the surrounding. With vaginal birth the microbiota comes 

Abstract 
Purpose  Manifestation of allergic disease depends on 
genetic predisposition, diet and commensal microbiota. 
Genetic polymorphism of mothers determines their breast 
milk glycan composition. One major determinant is the 
fucosyltransferase 2 (FUT2, secretor gene) that was shown 
to be linked to commensal microbiota establishment. We 
studied whether FUT2-dependent breast milk oligosac-
charides are associated with allergic disease in breast-fed 
infants later in life.
Methods We analyzed FUT2-dependent oligosaccha-
rides in breast milk samples of mothers (n = 266) from 
the placebo group of a randomized placebo-controlled trial 
of prebiotics and probiotics as preventive against allergic 
disease in infants with high allergy risk (trial registry num-
ber: NCT00298337). Using logistic regression models, we 
studied associations between FUT2-dependent breast milk 
oligosaccharides and incidence of allergic disease at 2 and 
5 years of age.

 * Norbert Sprenger 
 Norbert.Sprenger@rdls.nestle.com

 * Clemens Kunz 
 Clemens.Kunz@uni-giessen.de

1 Nestlé Research Center, Nestec S.A., Vers-Chez-Les-Blanc, 
1000 Lausanne 26, Switzerland

2 Institute of Nutritional Sciences, University of Giessen, 
Wilhelmstr. 20, 35392 Giessen, Germany

3 Skin and Allergy Hospital, Helsinki University Central 
Hospital, 00029 Helsinki, Finland

4 Children’s Hospital, University of Helsinki and Helsinki 
University Central Hospital, 00029 Helsinki, Finland

5 Present Address: Nestle Health Sciences, Biopole, 
1066 Epalinges, Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-016-1180-6&domain=pdf


1294 Eur J Nutr (2017) 56:1293–1301

1 3

mainly from the mother’s intestine, vagina and skin, while 
with C-section birth the first colonizing microbes are pri-
marily from the hospital environment and the mother’s 
skin [2, 3]. Besides the primary microbial colonizers, the 
infant’s diet is one of the major variables orchestrating the 
newly acquired microbiota establishment [4, 5]. This pro-
cess plays an important role in infant health, providing 
resistance to pathogens, immune stimulation and further 
developmental cues that likely go beyond the gut mucosa 
[3, 6]. Milk, the natural and evolutionary adapted early feed 
of mammalian newborns, provides not only nutrients, pro-
tective compounds and growth and development factors, 
but also microbe orchestrating prebiotics, such as lactose-
based oligosaccharides [7, 8].

These generally non-digestible oligosaccharides are 
extensions of the milk sugar lactose brought about by the 
action of glycosyltransferases such as those transferring 
N-acetyl-glucosamine, galactose, sialic acid or fucose. For 
the latter, two fucosyltransferases FUT2 (secretor gene) and 
FUT3 (Lewis gene) are implicated. Both are polymorphic 
with different alleles being responsible for the nonsecretor 
(FUT2−/−) and Lewis negative (FUT3−/−) glyco-types. The 
consequent varying enzyme activities manifest in measur-
able variation of specific human milk oligosaccharides and 
profiles [9, 10].

As a consequence of the genetic polymorphism of moth-
ers, infants naturally receive milk containing different levels 
and types of oligosaccharides. Nonsecretor mothers, lack-
ing a functional FUT2 enzyme, represent approximately 
15–25 % of mothers depending on their ethnic background 
[11, 12], and their milk is essentially devoid of alpha-2 
linked fucose epitopes on oligosaccharides. Recently, 
Lewis et al. [13] studied the impact of the absence or pres-
ence of FUT2-dependent milk oligosaccharides on the 
establishment of gut microbiota in breast-fed infants and 
found the establishment of a bifidobacteria-loaded micro-
biota to be associated with the presence of FUT2-depend-
ent oligosaccharides in milk. Another study did not identify 
mothers that completely miss FUT2-dependent oligosac-
charides; however, levels of FUT2-dependent oligosaccha-
rides, namely 2′-fucosyllactose, were associated with infec-
tious gastroenteritis [14, 15]. Deduced from preclinical 
studies, FUT2-dependent oligosaccharides are thought (1) 
to act as decoy affecting pathogens directly and (2) to alter 
specific commensal bifidobacteria and their metabolism 
[16–18], thereby altering gut functions. Further, the FUT2-
dependent oligosaccharide 2′-fucosyllactose was recently 
shown to reduce hypothermia and diarrhea in a mouse 
model on food allergy [19].

Commensal gut microbiota composition and diversity 
were proposed to be associated with allergic manifesta-
tions [20–22]. Possibly, gut commensal microbiota impacts 
the onset of allergic and other immune system-related 

manifestations through its metabolic activity and metabo-
lites [6, 23] that can be modulated by specific oligosaccha-
rides such as the FUT2-dependent oligosaccharides [13].

With the above in mind, we set out to explore whether 
FUT2-dependent breast milk oligosaccharides are asso-
ciated with the onset of allergic diseases in infants with a 
high hereditary risk for allergies. To this end, we did a ret-
rospective analysis of a part of the placebo group of a rand-
omized placebo-controlled trial of prebiotics and probiotics 
as preventive against allergic disease in infants with heredi-
tary allergy risk (trial registry number: NCT00298337) [24] 
for which milk samples were available for oligosaccharide 
analysis. The study findings contribute to better understand 
biological roles of FUT2-dependent milk oligosaccharides 
for the breast-fed infant and will guide the formulation of 
novel working hypotheses to be tested in future prospective 
studies.

Materials and methods

Clinical data and breast milk samples

Pregnant mothers carrying infants with hereditary risk for 
allergy [i.e., one or both parents with physician-diagnosed 
allergic disease (allergic rhinitis, eczema, asthma)] were 
recruited in the Helsinki suburban area from November 
2000 to March 2003 and invited to participate in a large ran-
domized, double-blind, placebo-controlled study [24]. Pre-
term infants (≤37 weeks of gestation), infants with major 
malformations and infants from multiple birth (except the 
first born) were not eligible for the study. The study cohort 
analyzed here was part of the control (placebo) group for 
which milk samples were available for milk oligosaccha-
ride analysis. Of the original 464 infants from the placebo 
group that were followed for at least 2 years, we could ana-
lyze 266 mother infant pairs. According to protocol, both 
mothers and their infants of the placebo group received a 
daily capsule of microcrystalline cellulose and the infants 
received additionally 20 drops of sugar syrup (22 % glu-
cose, 20 % fructose, 27 % sucrose).

Diagnostic criteria of allergic diseases were previously 
described [24, 25]. Briefly, measures of the exploratory 
analysis presented here included medical doctor-diagnosed 
parameters, such as (1) any allergic disease, (2) IgE-asso-
ciated disease (i.e., any allergic disease and sensitization), 
(3) eczema (i.e., itchy skin condition and at least 3 of the 
following: familial history of atopic disease, dry skin dur-
ing the last year, history of eczema, visible eczema involv-
ing typical sites), (4) IgE-associated eczema (i.e., eczema 
and sensitization). Sensitization was defined as any posi-
tive skin prick test or serum antigen-specific IgE at a level 
>0.7 kU/L.
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The ethics committee of Children’s Hospital at Helsinki 
University Central Hospital approved the study, and parents 
gave their written informed consent.

Oligosaccharide analysis of breast milk samples

Milk samples available for analysis were from mean post-
partum day 2.6 (95 % CI of mean 2.34–2.73). The samples 
were immediately frozen upon collection at the hospital 
and kept at −70 °C until analysis. Samples were thawed 
and centrifuged at 10,000×g 3 times for 15 min each, the 
fat layer was discarded, and the supernatant without debris 
served for analyses. Skimmed milk samples were stored 
at −70 °C for over 10 years before analysis, which might 
have led to water loss of the samples and overestimation of 
the exact oligosaccharide concentration. However, the like-
lihood for water loss is minimal, and as all samples were 
stored in the same conditions, the comparison of the oli-
gosaccharide concentrations among all samples is consid-
ered reliable. On the other hand, the analysis of presence or 
absence of FUT2-dependent oligosaccharides is most relia-
ble and also representative over the whole lactation period. 
Assignment of milk samples to a group (1) with FUT2-
dependent milk oligosaccharides (FUT2 positive) and (2) 
without FUT2-dependent milk oligosaccharides (FUT2 
negative) was done using two independent methods. First, 
using MALDI–TOF–MS (matrix-assisted laser desorp-
tion/ionization–time of flight–mass spectrometry) profiling 
and second, using liquid chromatography to measure addi-
tional specific milk oligosaccharides such as 2′-fucosyllac-
tose, the simplest and most abundant representative of the 
FUT2-dependent milk oligosaccharides. 2′-Fucosyllactose 
absence or presence was used to confirm grouping of milk 
samples. Levels of 2′-fucosyllactose in milk were used as a 
proxy for FUT2 activity presumed to be valid throughout 
lactation.

The employed MALDI–TOF–MS approach was 
described in detail by Blank et al. [26]. Briefly, a 0.05-mL 
aliquot of milk was diluted 10× and centrifuged for 20 min 
at 14,000×g. The supernatant was then subjected to solid-
phase extraction on porous graphitic carbon cartridges 
(25 mg, Thermo Scientific, Bellefonte PA, USA). Eluted 
samples were dried in a vacuum centrifuge and suspended 
in MilliQ water. MALDI–TOF–MS spectra were recorded 
with an Ultraflex I instrument (Bruker Daltonics, Bremen, 
Germany), equipped with a nitrogen laser that emits at 
337 nm.

For analysis by liquid chromatography, milk sam-
ples were defrosted, mixed and centrifuged for 5 min at 
10,000×g. An aliquot of the skimmed milk was diluted 10 
times and then again 10 times with MilliQ water. All sam-
ples were analyzed thereafter by high-performance anion 

exchange chromatography (HPAEC) coupled to a pulsed 
amperometry detector (ICS3000, Thermo Fischer Dionex, 
Sunnyvale, USA) in duplicate and at least at 100× dilution. 
Some samples were further diluted to allow for quantifica-
tion. Briefly, samples were loaded onto a CarboPac PA1 
analytical column (4 × 250 mm; Thermo Fischer Dionex) 
without guard column at room temperature and a flow rate 
of 1 mL/min. Milk oligosaccharide separation and elution 
were achieved using the following gradient: For 17 min 
gradient from 50 mM NaOH to 120 mM NaOH followed 
by a 4-min wash step with 150 mM NaOH and 250 mM 
sodium acetate and a 10-min equilibration step at 50 mM 
NaOH. For identification and quantification, standard 
curves with authentic external 2′-fucosyllactose stand-
ards were employed at concentrations of 10, 25, 50 and 
100 mg/L. 2′-Fucosyllactose standards were purchased 
from Dextra Laboratories (UK). Eluents were prepared 
from 50 % NaOH (J.T. Baker, UK) and sodium acetate 
(Fluka, CH). To control the HPAEC and to quantify the oli-
gosaccharides, the Chromeleon software package 6.8 was 
employed.

Statistical analysis

Descriptive statistics were done to describe the baseline 
variables and the incidence of allergic disease at 2 years 
and 5 years of age. Odds ratio with 95 % confidence inter-
val (95 % CI) and two-tailed Fisher exact probability test 
were calculated for the FUT2-negative phenotype.

Logistic regression analysis was performed to compare 
the incidence of allergic diseases (response: any allergic 
disease, IgE-associated disease, eczema, IgE-associated 
eczema) at the end of the 2-year follow-up period in infants 
who were breast-fed with milk containing FUT2-dependent 
oligosaccharides compared to infants fed milk contain-
ing no FUT2-dependent oligosaccharides. The following 
covariates were included in the statistical model: siblings, 
mode of delivery, gender, both parents allergic, gestational 
age. Additionally, the statistical model included also the 
interactions between the milk FUT2 glycan status and the 
mode of delivery or the presence of siblings.

Further logistic regression models were used to study 
possible associations between milk 2′-fucosyllactose lev-
els as proxy for FUT2 activity and allergic manifestations 
at 2 years of age. As before, the following covariates were 
included in the model: siblings, mode of delivery, gender, 
both parents allergic, gestational age, and also the inter-
actions between the milk 2′-fucosyllactose levels and the 
mode of delivery or the presence of siblings.

Statistical models were done using the software pack-
age R (http://www.r-project.org/). Figures were drawn with 
GraphPad Prism 6 (GraphPad Software, CA, USA).

http://www.r-project.org/
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Results

Participant characteristics

From the original study population, as previously pub-
lished [24, 25], 266 breast milk samples from the placebo 
control group were available for the analysis of this asso-
ciation study. Of these 266 milk samples, 233 samples con-
tained FUT2-dependent oligosaccharides (e.g., 2′-fucosyl-
lactose, lacto-N-fucopentaose I, and di-fucosyllactose) and 
were dubbed ‘FUT2-positive milk.’ The remaining 33 milk 
samples did not show any of the FUT2-dependent oligo-
saccharides listed above and were dubbed ‘FUT2-negative 
milk.’ The baseline characteristics for this infant cohort 
are depicted in Table 1. These characteristics are well dis-
tributed between those who received milk without FUT2-
dependent glycans (FUT2 negative) and those who received 
milk with FUT2-dependent glycans (FUT2 positive). 
In both groups, about 20 % were born by C-section and 
about 45 % had siblings at birth. Exclusive breast-feeding 
was about 2.5 months, and total duration of breast-feeding 
8.6 months. About 77 % of the mothers were allergic in both 
groups, and both parents were allergic in 36 % of infants 
who received FUT2-positive milk, while both parents were 
allergic for 27 % of infants who received FUT2-negative 
milk. For infants who received FUT2-negative milk, 33 % 
of the parents smoked and 30 % of infants had pets in the 
household, while for infants who received FUT2-positive 
milk 22 % of parents smoked and 20 % had pets in the 
household.

Presence and absence of breast milk FUT2‑dependent 
oligosaccharides and allergies

The incidence proportion of vaginal-born infants who devel-
oped any allergic disease was about 33 % at 2 years and 

about 52 % at 5 years of age independent of breast milk 
FUT2 oligosaccharide status. At 2 years, it seemed that 
already 57 % of infants manifested any allergic disease, 
when born by C-section and fed breast milk deficient in 
FUT2-dependent oligosaccharides (Table 2). For IgE-asso-
ciated eczema, a statistically nonsignificant p < 0.1 by two-
tailed Fisher exact probability test was obtained with an odds 
ratio for FUT2-negative milk of 4.75 (95 % CI 0.84–26.71, 
p = 0.095). At 5 years, all infants, vaginal born and C-sec-
tion born, had a similar and high allergic disease incidence, 
and no association was observed between the consumption 
of breast milk with or without FUT2-dependent milk oligo-
saccharides and allergic diseases and eczema (Table 3). 

To corroborate this first observation, regression models 
were employed to assess possible associations between 
allergic diseases at 2 years of age and FUT2-dependent 
milk oligosaccharides. The model included as covariates: 
siblings at birth, mode of delivery, gender, both parents 
allergic, gestational age and also tested for the interaction 
between the milk FUT2-dependent oligosaccharides status 
and the mode of delivery or the presence of siblings at birth 
(Table 4).

The regression model revealed no statistically significant 
relation (p < 0.1) when testing for the interaction between 
C-section birth and FUT2-dependent milk oligosaccharide 
status for IgE-associated disease (p = 0.097) and IgE-asso-
ciated eczema (p = 0.083). Figure 1 depicts the odds ratios 
from the regression model with upper and lower levels for 
infants who were fed breast milk with FUT2-dependent oli-
gosaccharides in all and the C-section-born infants.

Independent of the milk FUT2-dependent milk oligo-
saccharide status, we studied by logistic regression possi-
ble associations of both parents allergic with any allergic 
disease (p = 0.0644) and eczema (p = 0.0466) and of the 
mode of delivery with IgE-associated disease (p = 0.0833) 
and IgE-associated eczema (p = 0.0830).

Table 1  Baseline variables 
by milk FUT2-dependent 
oligosaccharide status

a Mean ± SD
b By Fisher exact Chi-squared probability test

FUT2 positive FUT2 negative p (two-tailed)b

n % n %

Female sex 115/233 49 21/33 64 0.139

Delivery by C-section 44/233 19 7/33 21 0.813

Siblings at birth 103/233 44 15/33 45 1

Exclusively breast-fed (months)a 2.64 ± 1.95 2.75 ± 2.08

Breast-fed duration (months)a 8.78 ± 5.12 8.46 ± 3.79 

Mother allergic 182/233 78 25/33 76 0.823

Both parents allergic 84/233 36 9/33 27 0.339

Parents smoking (0–2 years) 51/233 22 11/33 33 0.185

Pets in household (0–2 years) 46/233 20 10/33 30 0.174
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Levels of breast milk 2′‑fucosyllactose as proxy 
for FUT2 activity and allergies

Using logistic regression, we also investigated possible 
associations of 2′-fucosyllactose levels in early milk, as 
a proxy for FUT2 activity, with any allergic disease, IgE-
associated disease, eczema and IgE-associated eczema at 
the age of 2 years (Table 4). The regression model showed 
significant associations of 2′-fucosyllactose levels in milk in 
the interaction with C-section birth for any allergic disease 
(p = 0.016), IgE-associated disease (p = 0.009), eczema 
(p = 0.005) and IgE-associated eczema (p = 0.003). The 
higher 2′-fucosyllactose levels seen in early milk consumed 
by C-section-born infants who did not develop IgE-associ-
ated allergic disease or IgE-associated eczema (Fig. 2) indi-
cate the direction of the observed association, with higher 
2′-fucosyllactose levels showing a lower risk.

In all infants, a significant association was observed 
between 2′-fucosyllactose levels and eczema (p = 0.044), 
which might be explained by the covariates such as delivery 

by C-section, both parents allergic or siblings at birth as 
seen in the regression model (Table 4).

Discussion

The onset of allergic manifestations depends on genetic 
and environmental factors including diet and micro-
biota. The data presented here indicate, for the first time, 
that the onset of IgE-associated allergic manifestations, 
namely eczema, in infants with a high hereditary risk for 
allergies and born by C-section might be associated with 
FUT2-dependent oligosaccharides in breast milk that the 
infants consumed. First, comparing incidence ratios with 
respective odds ratios, we observed a presumed lower 
risk, although not statistically significant, to manifest IgE-
associated eczema when C-section-born infants received 
breast milk containing FUT2-dependent milk oligosac-
charides. Second, by logistic regression we made a similar 
observation, indicating that consumption of FUT2-positive 

Table 2  Allergies at 2 years by FUT2-dependent milk oligosaccharide status and mode of delivery

Vaginal born C-section born

FUT2 positive FUT2 negative OR (95 % CI) p value FUT2 positive FUT2 negative OR (95 % CI) p value

n % n % n % n %

Any allergic disease 61/189 7/26 1.3 0.658 13/44 4/7 0.32 0.203

32 % 27 % (0.52–3.24) 30 % 5 % (0.06–1.6)

IgE-associated allergic  
disease

38/189 2/26 3.0 0.179 7/44 3/7 0.25 0.126

20 % 8 % (0.67–10.2) 16 % 43 % (0.05–1.38)

Eczema 59/189 7/26 1.23 0.821 12/44 4/7 0.28 0.186

31 % 27 % (0.49–3.1) 27 % 57 % (0.06–1.44)

IgE-associated eczema 36/189 2/26 2.8 0.182 6/44 3/7 0.21 0.095

19 % 8 % (0.64–12.5) 14 % 43 % (0.04–1.18)

Table 3  Allergies at 5 years by milk FUT2-dependent oligosaccharide status and mode of delivery

Vaginal born C-section born

FUT2 positive FUT2 negative OR (95 % CI) p value FUT2 positive FUT2 negative OR (95 % CI) p value

n % n % n % n %

Any allergic disease 96/185 11/26 1.47 0.406 25/44 4/7 0.98 1.0

52 % 42 % (0.64–3.37) 57 % 57 % (0.20–4.94)

IgE-associated allergic  
disease

59/184 4/26 2.6 0.109 17/41 3/7 0.94 1.0

32 % 15 % (0.86–7.87) 39 % 43 % (0.19–4.78)

Eczema 74/184 10/26 1.07 1.0 18/44 4/7 0.52 0.684

40 % 39 % (0.46–2.50) 41 % 57 % (.10–2.61)

IgE-associated eczema 46/184 3/26 2.72 0.182 11/41 3/7 0.44 0.656

25 % 12 % (0.78–9.47) 25 % 43 % (0.09–2.30)
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milk might be associated with lower risk to manifest IgE-
associated allergic disease and IgE-associated eczema in 
the C-section-born infants only. Third, we corroborated 
these observations using 2′-fucosyllactose levels as a proxy 
for FUT2 activity in a logistic regression model that high-
lighted significant interactions between IgE-associated 
allergic disease and IgE-associated eczema with higher 
2′-fucosyllactose levels in breast milk consumed by C-sec-
tion-born infants who were not allergic at 2 years. Collec-
tively, although based on weak associations, these observa-
tions indicate that FUT2-dependent milk oligosaccharides 
like 2′-fucosyllactose might be involved in the onset of 
IgE-associated eczema in C-section-born infants at 2 years 
of age, while at 5 years of age no indication for any asso-
ciation was found.

Using FUT2-positive versus FUT2-negative milk in 
the logistic regression model, we observed a weak and 
not statistically significant association between the con-
sumption of FUT2-dependent milk oligosaccharides and 

Table 4  Logistic regression outcomes with allergic manifestations at 2 years by milk FUT2-dependent oligosaccharide status (FUT2 positive) 
and proxy for FUT2 activity level (2′FL levels)

a Trend p = 0.05–0.1
b Significant p < 0.05

Any allergic disease IgE-associated allergic  
disease

Eczema IgE-associated eczema

Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value

FUT2 positive 0.25 0.70 0.72 0.09 0.93 0.92 0.174 0.71 0.81 0.013 0.94 0.98

Siblings at birth 0.46 0.84 0.58 −0.76 1.29 0.55 0.466 0.84 0.58 −0.75 1.29 0.56

Delivery by C-section 1.50 0.97 0.12 1.95 1.13 0.08a 1.501 0.97 0.12 1.96 1.31 0.083a

Gender 0.07 0.27 0.79 −0.048 0.33 0.88 0.076 0.27 0.78 0.02 0.34 0.95

Both parents allergic 0.51 0.28 0.064a 0.367 0.33 0.27 0.55 0.27 0.046b 0.50 0.34 0.14

Gestational age −0.003 0.01 0.71 −0.004 0.03 0.87 −0.003 0.01 0.73 −0.005 0.05 0.90

FUT2 positive × sib-
lings at birth

−0.019 0.89 0.98 1.89 1.33 0.16 −0.027 0.89 0.98 1.86 1.34 0.17

FUT2 posi-
tive × C-section  
birth

−1.49 1.04 0.15 −2.021 1.22 0.097a −1.533 1.04 0.14 −2.14 1.23 0.083a

2′FL levels 0.00014 0.0001 0.12 0.00015 0.00012 0.25 0.00019 0.0001 0.044b 0.00018 0.00012 0.14

Siblings at birth 0.899 0.61 0.14 1.28 0.76 0.09a 1.167 0.631 0.064a 1.503 0.79 0.06a

Delivery by C-section 1.86 0.74 0.011b 2.34 0.85 0.006b 2.197 0.759 0.004b 2.698 0.88 0.002b

Gender 0.00785 0.275 0.98 −0.040 0.33 0.90 −0.00240 0.280 0.99 0.025 0.35 0.94

Both parents allergic 0.585 0.282 0.038b 0.459 0.340 0.18 0.642 0.287 0.025a 0.615 0.35 0.08a

Gestational age −0.00257 0.008 0.75 −0.003 0.016 0.86 −0.00253 0.0088 0.77 −0.0023 0.017 0.89

2′FL × siblings at  
birth

−0.00009 0.0001 0.40 −0.00006 0.0001 0.68 −0.00015 0.00011 0.20 −0.00010 0.00014 0.46

2′FL × C-section  
birth

−0.00041 0.0002 0.016b −0.00054 0.0002 0.009b −0.00050 0.00018 0.005b −0.00067 0.00023 0.003b

Fig. 1  Risk to show IgE-associated allergic disease and IgE-asso-
ciated eczema in C-section-born infants at 2 years of age who con-
sumed FUT2-positive breast milk. Odds ratio with 95 % confidence 
interval (95 % CI) in all infants and C-section infants at 2 years, to 
manifest IgE-associated allergic disease and IgE-associated eczema 
when they consumed FUT2-positive breast milk. Odds ratio and 95 % 
CI were calculated from estimates of the logistic regression analysis 
presented in Table 4
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IgE-associated eczema at 2 years in the C-section-born 
infants. The number of C-section-born infants who con-
sumed milk without FUT2-dependent milk oligosaccha-
rides was relatively low (n = 7). The small sample size 
could have resulted in a reduced power of this study to 
detect the magnitude of the association. To validate our ini-
tial observation, we also used regression analysis to study 
the association of 2′-fucosyllactose levels (the major FUT2-
dependent milk oligosaccharide) determined in very early 
milk with allergic diseases diagnosed at 2 years of age. In 
this case, we assumed (1) that the highly variable levels of 
2′-fucosyllactose in milk are due to genetic polymorphisms 
in the FUT2 gene and consequent activity levels, as pre-
viously proposed [27], and (2) that the single time point 
measured low or high amounts are representative also for 
relative lower or higher levels throughout lactation.

Interestingly, these presumed associations of IgE-asso-
ciated eczema and consumption of FUT2-dependent milk 
oligosaccharides were observed only in infants born by 
C-section, a delivery mode that is considered a risk factor 
for atopic disease at least up to 2 years through its effect 

on early gut microbiota establishment [28, 29]. In the same 
cohort of children, we demonstrated previously a delayed 
colonization of bifidobacteria in infants born by C-section, 
which was corrected by supplementation with a mixture of 
galacto-oligosaccharides and probiotic mixture containing 
two lactobacilli, a bifidobacteria and a propionibacteria 
[25]. Equally in this study, an extension of allergy preven-
tive effects until 5 years was shown in C-section-born chil-
dren but not in vaginally delivered children. Of note, a clear 
allergy preventive effect by the intervention was shown 
in the whole cohort at age 2 years [24]. Recently, FUT2-
dependent milk oligosaccharides were associated with the 
establishment of a bifidobacteria-dominated microbiota in 
breast-fed infants [13]. Further, milk oligosaccharide like 
2′-fucosyllactose stimulate specific bifidobacteria like Bifi-
dobacterium longum ssp infantis [17, 18] known for its gut 
barrier promoting and anti-inflammatory properties [30–
32]. In a preclinical food allergy mouse model, 2′-fucosyl-
lactose feeding reduced allergic diarrhea scores and hypo-
thermia [33]. The authors discussed that one likely route 
was through the stimulation of bifidobacteria.

Individuals with a null mutation in the FUT2 gene (non-
secretors) show higher susceptibility for a number of inflam-
matory and infectious diseases and on the other hand show 
protection from other infective agents and increased vitamin 
B12 uptake [34]. Hence, the FUT2 polymorphism repre-
sents an evolutionary trade-off, to which also the breast milk 
FUT2-dependent oligosaccharides contribute in the early 
neonatal development. In the study presented here, we do 
not know the FUT2 genotype of the infants and, therefore, 
cannot fully dissect FUT2 genetic background effects in the 
infant from dietary FUT2-dependent maternal effectors.

In conclusion, we observed a possible association 
between the onsets of IgE-associated allergic disease, pri-
marily eczema, in C-section-born infants with a high 
hereditary risk for allergies with FUT2-dependent oligosac-
charides in the breast milk they consumed. This presumed 
association was seen at 2 years, but not anymore at 5 years 
of age. We speculate that the FUT2-dependent breast milk 
oligosaccharides transiently modulated mucosal immunity, 
possibly through the early microbiota establishment, which 
appeared to delay the IgE-associated eczema manifestation. 
Future association studies in larger cohorts and more impor-
tantly randomized controlled intervention trials are required 
to further build on our preliminary observation, taking into 
account also further environmental cues and genetic predis-
position, such as infant FUT2 status, to fully dissect effects 
of FUT2-dependent breast milk oligosaccharides on the 
onset of allergic manifestations and tolerance induction.
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