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Associations of maternal and infant
metabolomes with immune
maturation and allergy
development at 12 months
in the Swedish NICE‑cohort
Olle Hartvigsson1*, Malin Barman1,2, Hardis Rabe3, Anna Sandin4, Agnes E. Wold3,
Carl Brunius1 & Ann‑Sofie Sandberg1
Allergic diseases are the most common chronic diseases in childrenin the Western world, but little
is know about what factors influence immune maturation and allergy development. We therefore
aimed to associate infant and maternal metabolomes to T- and B-cell subpopulations and allergy
diagnosis. We performed liquid chromatography-mass spectrometry based untargeted metabolomics
on blood plasma from mothers (third trimester, n = 605; delivery, n = 558) and from the umbilical
cord (n = 366). The measured metabolomes were associated to T- and B-cell subpopulations up to
4 months after delivery and to doctor´s diagnosed eczema, food allergy and asthma at one year of
age using random forest analysis. Maternal and cord plasma at delivery could predict the number of
CD24+CD38low memory B-cells (p = 0.033, n = 26 and p = 0.009, n = 22), but future allergy status could
not be distinguished from any of the three measured metabolomes. Replication of previous literature
findings showed hypoxanthine to be upregulated in the umbilical cord of children with subsequent
asthma. This exploratory study suggests foetal immune programming occuring during pregnancy as
the metabolomic profiles of mothers and infants at delivery related to infants’ B-cell maturation.
Allergic diseases such as atopic eczema, allergic rhinitis,asthma and food allergies are the most common chronic
diseases among children in the Western world. Allergic diseases are caused by a dysregulated immune system
and the development of allergies depends on a complex interaction between genetic and environmental factors1.
IgE-mediated allergy involves a faulty activation of the adaptive immune system, resulting in allergen-specific
helper T- and B-cells, production of IgE antibodies and generation of symptoms upon renewed encounter with
the allergen2. The immune system starts to develop in utero and rapid changes can be observed during this period
and during the first months of life3. Functional T-cells4 are produced in the thymus as early as ten weeks gestation5
and start to circulate in the fetus late in the first trimester4,6. The thymus is maximally active during infancy and
early childhood7. Little antigen stimulation occurs in utero, and a majority of the circulating T-cell at birth will
be of a naïve CD45RA+ phenotype, but this fraction declines with age8 as they encounter environmental antigens
and naïve T-cells are activated into effector cells, and later into memory T-cells. B-cell precursors are produced in
the fetal l iver9 where they are found as early as seven weeks g estation10. During the second and third trimesters
of pregnancy, foetal B-cell production settles in the bone marrow9 and then continues throughout life to release
transitional immature B-cells into the circulation11,12. These immature B-cells mature into naïve B-cells in the
spleen11. Encounters with specific antigens and activation of naïve B-cells lead to the differentiation into either
plasma cells that produce antibodies or memory B-cells that express the surface markers CD27 and CD24, but low
or no C
 D3813,14. At birth, most B-cells in the circulation are naïve or immature C
 D5+ B-cells, while approximately
1% are of a CD27+ memory B-cell phenotype15. Higher proportions of immature CD5+ B-cells at birth have
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All participants
n = 507

Allergic cases
n = 82

Non-allergic controls
n = 425

p-value

Birth weight (g)

3570 (3260–3970)

3565 (3275–3995)

3575 (3260–3955)

0.808
0.710

Gestational length (days)

281 (275–288)

281 (275–288)

282 (275–288)

Parity (> 0)b

266 (53%)

46 (57%)

220 (52%)

0.504

Caesarean section

68 (13%)

13 (16%)

55 (13%)

0.595

Maternal age (years)a

30 (27–34)

31 (27–34)

30 (27–34)

0.865

Maternal BMI (kg/m2)a

24 (22–28)

24 (22–29)

24 (22–28)

0.640

Allergy within the family
Mother

198 (39%)

42 (51%)

156 (37%)

0.019

Father

226 (45%)

35 (43%)

191 (45%)

0.798

Siblings

97 (33%)

19 (37%)

78 (31%)

0.4972

Table 1.  Background characteristics for the study participants divided according to allergic diagnosis (healthy
or allergic) at 12-month follow-up. a Maternal age and BMI were assessed at admission to maternity clinics in
the first trimester. b Defined as either nulliparous or parous. Results presented as median (25th–75th percentile)
or n (%). P values were obtained with Mann–Whitney tests for continuous data and with Pearson’s chi-squared
test for categorical data.

been associated with an increased risk of food allergy, atopic dermatitis and asthma16,17. However, what factors
influence the maturation of immature B-cells and the activation of naïve B- or T-cells in utero are still uncertain.
Heredity is an important risk factor for the development of a llergy18,19, while environmental factors such as
older siblings20,21, growing up in a farming environment22,23 and pet o
 wnership19,24 have been shown to be protective. According to the hygiene h
 ypothesis21, exposure to microorganisms in early life stimulates the immune
system in a manner that facilitates the development of tolerance to harmless foreign p
 roteins21. Dietary factors
also influence the risk of allergy development, consumption of fish25 and milk products26 by the pregnant mother
being protective, and margarine appearing to increase the risk of allergy in the offspring23,27. Many diet-associated
compounds rapidly appear in circulation after absorption in the intestine28,29. Epidemiological studies suggest
maternal asthma to have a stronger influence on childhood asthma than paternal19,30,31, indicating that not only
genetics are involved, but also other interactions in the mother–child interface, possibly including imprinting of
the fetal immune system by metabolites in the maternal circulation. As several factors seem to relate to a maternal
influence on the childs’ future allergies, we hypothesize that some of the risk of developing future allergic diseases
could be associated with metabolites transferred from the mother to the child.
Metabolomics aims to provide comprehensive coverage of the metabolome (metabolic profile), i.e., the smallmolecule metabolites (< 2000 Da) in a biological specimen (e.g., plasma or urine). Metabolomics lies furthest
down in the ‘omics’-chain following genomics, transcriptomics, and proteomics. It gives a snapshot pictures
of what reactions have occurred in the body and what compounds have been absorbed into the circulation.
Metabolomics thus represents the omics discipline closest to the phenotype level32. Liquid chromatographyMass spectrometry (LC–MS) provides the most comprehensive coverage of the metabolome and can reflect
changes in several different metabolic pathways and can also be used to assess different lifestyle factors (e.g.,
diet, exercise or pollutants)33.
Previous studies have highlighted the potential to associate the metabolome with the occurrence of allergic
symptoms and their severity in individuals with manifest allergies, such as asthma, atopic dermatitis and food
allergy34–44. While such studies can be useful for diagnosis and selection of treatment for the alleviation of
symptoms, they can neither predict allergic diseases, nor give any indications regarding their etiology. Focusing
on predictive biomarkers could help to identify individuals at risk before the onset of symptoms as well as to
help identify targets for preventive strategies. In a previous pilot study in a smaller cohort, we have prospectively
predicted allergy development from the umbilical cord plasma GC–MS/MS m
 etabolome45. To extend this, we
here investigate the cord blood metabolome as well as the maternal metabolome in a larger cohort. To the best of
our knowledge, no other previous study has attempted to predict allergy development from the mothers’ plasma
metabolome at or before delivery.
The aim of this study was to determine if there are relationships of the plasma metabolomes from mothers
taken in the early third trimester and at delivery, and from infant umbilical cords at delivery with subsets of
infant immune cells up to 4 months after delivery. Furthermore, the study also aimed to investigate the capacity
of the metabolomes to predict allergic outcomes (atopic eczema, food allergy and asthma) in the infant, and
examine if biomarkers found in our pilot study45 could be replicated. In addition, the study investigated whether
previously reported biomarker candidates of manifest disease could be observed in the metabolic profiles of the
present study and prospectively associated with allergy.

Results

Characteristics of the study population. Background characteristics for the study participants are
shown in Table 1. There were no differences between allergic and non-allergic infants regarding maternal age,
maternal Body Mass Index (BMI), birth weight, gestational length, parity, caesarean section or paternal heredity.
Children with allergic mothers were overrepresented in the allergic group (p = 0.019).
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Outcome

Number of samples

Q2

p-valuea

Cell population outcomes vs. maternal metabolome during pregnancy (week 28)
CD27+ memory B-cell count at 4 m

24

0.20

0.023

0.21

0.033

Cell population outcomes vs. maternal metabolome at delivery
CD24+CD38low memory B-cell count at 4 m

26

Cell population outcomes vs. umbilical cord metabolome
CD24+CD38low memory B-cell count at 4 m

22

0.24

0.009

CD5+ B-cell count at 4 m

22

0.23

0.037

Table 2.  Associations of T- and B-cell phenotypes with the plasma metabolomes from the mothers (at third
trimester and at delivery) and infants (umbilical cord). a p-value from permutation test (n = 100).

Feature (mz@rt)

Annotation

Method

Pearson r

MSI level

Maternal pregnancy plasma in relation to CD27+ memory B-cell counts at 4 months
‘RP377.74198@479.325

Unidentified Phosphatidylserine

HMDB (MS1)

-0.751***

3

RP589.49395@574.6313

Diglyceride (32:1)

HMDB + Sirius (MS2)

0.657***

3

RP212.171317@346.555

Unidentified carnitine

HMDB (MS1)

RP730.11357@437.645

Unknown

0.647***

3

-0.515*

4

Maternal delivery plasma in relation to counts of CD24+CD38low memory B-cells at 4 months
RP265.1185@178.6629

Unknown

RN263.10382@178.73063

Phenylacetylglutamine

HMDB + CSI:FingerID (MS2)

RP446.37427@441.2178

Triglyceride (45:7)

HMDB (MS1)

RN843.53007@506.17202

Unknown

-0.698***

4

-0.635***

2

-0.617***

3

-0.438*

4

Umbilical cord plasma in relation to counts of CD24+CD38low Memory B-cells at 4 months
RP312.161740@369.1786

Unknown

0.713***

4

RN286.14498@351.3176

Unknown

0.730***

4

RN263.10382@178.73063

Phenylacetylglutamine

-0.579**

2

HMDB + CSI:FingerID (MS2)

Umbilical cord plasma in relation to counts of CD5+ B-cells at 4 months
RP1180.82198@513.2628

Unknown

0.771***

4

RN398.208237@370.4420

Unknown

-0.673***

4

RN397.205563@371.37

Unknown

-0.666***

4

RP445.125473@419.18997

Unknown

0.431*

4

Table 3.  Putative annotations of metabolites selected in relation to immune maturation parameters and
their correlation with associated immune cell population. HMDB Human Metabolome DataBase, MSI
Metabolomics Standard Initiative, mz mass over charge ratio, rt retention time, RP Reverse phase Positive, RN
Reverse phase Negative. *p < 0.05, **p < 0.01, ***p < 0.001.

Maternal and infant metabolic profiles in relation to subsets of T‑ and B‑cells in the infants dur‑
ing the first year of life. Subsets of T- and B-cells were measured by flow cytometry in fresh blood samples

drawn from the infants at four time points from birth to four months of age, i.e., at birth, at 48 h, one month and
four months of age. Associations for the 23 subsets of cells, measured at four time points, with the three metabolomes are summarised in Suppl. Table S5. Associations were observed between maternal and child metabolomes
and B-cell subsets in the child, that matched our a priori criteria of Q2 > 0.2 (Table 2). In contrast, no associations were found between the metabolomes and T-cell subsets. Specifically, the memory B-cell counts at four
months of age were associated with the maternal metabolome during pregnancy and delivery. Memory B-cells
were identified in two ways, either by expressing the CD27 surface marker or by the C
 D24+CD38low phenotype.
Memory B-cells expressing the CD27 surface marker were associated with the maternal pregnancy metabolome.
Memory cells of the C
 D24+CD38low phenotype were associated both with the maternal metabolome at delivery
and the infant cord blood metabolome (Table 2). CD5+ B-cells, which represent an immature form of B-cells that
we have previously noted to be more numerous in infants who subsequently developed a llergy17, were associated
with the infant metabolome at delivery (Table 2).
Associations between B-cell populations and metabolome did not appear to be heavily influenced by single
outliers (Suppl. Fig. S1).

Metabolites associated with immune cell maturation. Metabolite features of interest selected by the
MUVR algorithm relating to immune cell maturation (Table 2) are reported in Table 3, together with putative
annotation and univariate correlation with its respective associated immune cell population. Correlations of
features in each model available in Suppl. Fig. S2.
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Maternal pregnancy
metabolome
Asthma

Maternal metabolome at
delivery

Umbilical cord blood
metabolome

n

Classification rate (%)

n

Classification rate (%)

n

Classification rate (%)

34

32

30

33

38

42

Food allergy

33

58

31

56

48

40

Eczema

33

36

32

59

42

36

Any allergy

54

39

51

61

44

32

Table 4.  Associations of allergic outcomes with the mothers’ plasma metabolomes during the third trimester
and delivery and from the umbilical cord at birth for matched case/control pairs. Results presented as the
proportion of correctly classified samples as healthy or allergic using random forest multilevel modelling based
on matched case–control pairs.

Paired t-test

Generalized
linear model

FCb

p-value

FCb

p-value

Cord plasma m
 etabolitea

Association in literature

Association in present study

Histidine

Lower in asthma patients
18–63 years old34

Higher in subsequent food allergy

1.91

0.029

1.17

0.045

Hypoxanthine

Higher in asthma patients
9–19 years old41

Higher in subsequent asthma

5.13

0.053

1.54

0.030

Hydroxybutyric acid

Higher in atopic dermatitis
patients 6–10 months old39

Lower in subsequent atopic
dermatitis

0.93

0.092

0.77

0.025

Tyrosine

Higher in children with asthma
6–14 years old48

Lower in subsequent atopic
dermatitis

0.94

0.090

0.80

0.005

Proline betaine

Correlated with asthma severity in Higher in subsequent atopic
children 6–14 years43
dermatitis

31.78

0.017

1.64

0.083

Table 5.  Associations of prospective allergy diagnosis with metabolites previously related to manifest allergy.
a
All metabolite associations reported for cord plasma. No associations were observed with the maternal plasma
metabolites. b Data presented as fold change (FC), with FC > 1 indicating a positive association with allergy.

Only 6 of the 15 selected features of interest could be fully or partially identified: CD27+ memory B-cells
correlated negatively with an unidentified phosphatidylserine and positively with an unidentified diglyceride (32
carbons, one unsaturation) in maternal pregnancy plasma. C
 D24+CD38low memory B-cells correlated negatively
with a triglyceride (45 carbon atoms, seven unsaturations) in maternal delivery plasma. Notably, CD24+CD38low
memory B-cell counts were correlated negatively with phenylacetylglutamine concentrations in both maternal
and infant delivery plasma.

Maternal and infant metabolic profiles in relation to allergy in the infants during first year of
life. Allergic and non-allergic infants were matched in pairs. Classification rates (i.e., number of individuals

classified in the correct group based only on the metabolic profiles) for the three metabolomes in relation to the
allergy outcomes are shown in Table 4. The classification rates for infant allergies related to the maternal pregnancy metabolome ranged from 32% up to a modest 58%, i.e., at maximum 58% of the infants were classified
correctly as cases or controls. The classification rate for models based on the maternal metabolome at delivery
ranged between 33 and 61% and based on umbilical cord plasma metabolome from 32 to 42%. The best classification rate was achieved for any allergic diagnosis (i.e., eczema and/or food allergy) in relation to maternal
metabolome, however still under our a priori limit of 66% for permutation testing (a classification rate of 50%
corresponding to random guessing).

Metabolites previously associated with manifest allergy.

We selected metabolites for targeted analyses from 13 previously published studies 34–37,39–43,45–48 where associations between metabolites and allergic
outcomes were found, 151 metabolites based on analysis of plasma, 20 on urine and 11 on exhaled breath. Of
all the 182 metabolites that were associated with manifest allergy in these studies, we found five of them in cord
plasma to be associated with future allergy in our study. We did not find any of these metabolites in the maternal
plasma to be associated with allergy (Table 5). The only metabolite where an association was found to be in the
same direction and for the same allergic disease as in the literature was hypoxanthine. The other four were found
in relation to other allergic diseases or associated in the opposite direction to what was previously reported in
the literature.

Discussion

The aim of the present study was to investigate whether T- and B-cell immune maturation during infancy and
early allergy development were related to maternal and fetal metabolomes. Plasma was obtained from maternal
blood obtained at week 28 of pregnancy and at delivery and from umbilical cord blood. We found associations
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between B-cell maturation and maternal as well as fetal metabolomes. The C
 D24+CD38low B-cell count in four
months old infants was moderately associated with maternal and infant metabolomes at delivery. Further, the
maternal pregnancy metabolome was associated with the concentration of CD27+ B-cells in 4 months old infants.
Both the C
 D24+CD38lowand the CD27+ phenotypes are markers of memory B-cells.
The multivariate MUVR models selected 15 metabolites that were related to immune maturation in any of the
three metabolomes. Only one of these could be completely identified; phenylacetylglutamine (PAG) whose levels
in both maternal and infant plasma at delivery negatively correlated with circulating memory CD24+CD38low
B-cell counts in the infant at four months of age. PAG is a gut-microbial metabolite formed in the colon49,50 but
can also be produced by mitochondria in the human liver and kidney c ells51–53. It is formed by decarboxylation
of phenylalanine into phenylacetic acid followed by conjugation with glutamine into PAG. In mice, PAG has
shown anti-inflammatory properties54,55 reducing the production of the cytokines TNFα and interleukin-6 (IL6), the latter being an important stimulant and maturation factor for B-cells. This might explain why a higher
concentration of PAG in both maternal and umbilical cord blood associated with lower memory B-cell count
in the infant. We could not identify any specific metabolite responsible for the association between pregnancy
metabolome and C
 D27+ memory cells in the infant at four months of age.
We also identified an association between the infant cord blood metabolome and CD5+ B-cells at four months
of age. These cells are primarily found among so called "translational" B-cells, which are immature B-cells recently
produced in the bone marrow (or fetal liver). Higher levels of C
 D5+ B-cells have previously been shown to
16,17
lead to higher allergy i ncidence
and are a sign of an immature immune system. Unfortunately, none of the
metabolites related to this association could be identified.
We further investigated whether allergic disease during the first year of life could be predicted by metabolomic
profiles, measured in the mother during pregnancy and at delivery and in the infants’ umbilical cord blood. We
could not observe any prospective associations between any of the assessed metabolomic profiles with any of the
allergic diseases diagnosed at 12 months of age; food allergy, eczema or asthma. Allergic diseases tend to appear
in succession during childhood, with eczema and food allergy being early manifestions, followed by asthma
that usually appears around school age and hay fever often presents in adolescence, a phenomenon termed the
"atopic march"56. At 12 months, the full spectrum of allergic diseases have not manifested in many individuals
and it might thus be too early for establishing a reliable diagnosis of other allergic manifestations than food
allergy and eczema. Furthermore, some early atopic manifestations may be transient and disappear later during
childhood. The infants examined here will be offered a second clinical examination at four and six years of age
as well. Possibly, associations between cord and pregnancy metabolomics and allergy at an older age might be
revealed, which will be the focus of future studies.
Our results could be influenced by maternal heredity being more frequent in the allergic group, potentially
contributing to confounding. It was, however, not feasible to stratify analyses according to maternal allergy due
to the low number of allergy cases. Moreover, we did not find any associations between allergy and metabolome.
Consequently, the null findings are likely not affected by potential differences in recruitment between general
and high-risk populations.
Several studies have identified associations between metabolome and manifest allergic diseases such as asthma
and eczema. The metabolites identified in these studies might also have potential as early (prediagnostic) predictors of allergic disease. To complement the exploratory random forest-based approach, we thus performed
a targeted analysis of 182 metabolites previously related to allergy development, asking whether some of them
were also prospectively associated with disease. Among all investigated associations, only hypoxanthine was
regulated in the same direction in our study as in the literature: We found that higher levels of hypoxanthine
in cord blood plasma associated with asthma at 12 months of age. It was previously reported to be higher in
9–19 years old children/adolescents with asthma compared with non-allergic controls41. Four other metabolites
associated with manifest allergic disease in previous studies, were either not associated with the same allergic
disease in our study, or associated in the opposite direction. It should be noted that these associations represent
exploratory analyses not adjusted for multiple comparisons and these results should be interpreted with caution.
Previous studies have found metabolic profiles to be associated with manifest allergic disease, including
asthma34,42 and atopic d
 ermatitis35,39 in adults and food a llergy40, asthma 37,38,40,41,46–48 and atopic d
 ermatitis36 in
children. Still, to the best of our knowledge, our study is the first to prospectively analyse the metabolome before
the onset of disease. The discrepancy between the results from our study and previous studies may be due to
several reasons. Previous studies have been cross-sectional with metabolic profiles measured in samples collected
after onset of the disease. Therefore it is uncertain whether potential metabolite biomarkers from those studies
are related to the cause, mechanisms or symptoms of disease, or even from medication or reverse causation from
lifestyle interventions. However, our study employed a prospective design, where symptoms or medication likely
should not interfere to an appreciable extent. Further, previous studies have mainly been performed on adults
and children older than eight years. In contrast, we have focused on immune maturation and allergy development before and during delivery and in early life. In addition, previous studies have investigated the metabolome
predominantly in urine, both in relation to childhood a sthma47,48 and atopic dermatitis in i nfancy39. Other studies
have used less common biospecimen that reflects the phenotype of the specific allergic disease in question, such
as exhaled breath condensate for a sthma37,38,57 and non-lesioned skin for atopic d
 ermatitis58. However, we have
investigated the metabolomes in plasma as we expected this to best reflect what is being transferred to the fetus
in utero as well as during birth. These differences in biospecimens may also contribute to the lack of replication
for a majority of the reported metabolite markers from the literature.
A major strength of this study is that allergy diagnosis was performed through consistent, well-documented
procedures by the same allergology specialist, thus improving accuracy compared to self-reported questionnaires.
However, although the occurrence of allergic diseases during the first year of life is well documented in our study,
the infants continue to develop allergies later in life and the control group may in fact contain pre-allergic infants.
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In combination with the low proportion of allergic cases, this imposes limitations for discerning prospective
associations between immune maturation, allergy development and the maternal and cord plasma metabolomes.
Another strength of this study is that we used robust statistical methods to reduce the likelihood of false-positive
discoveries in our main, machine learning-based analyses.
An important limitation of the current study is the long sample storage at 4 °C until centrifugation for samples
collected from deliveries occurring during weekends, which may induce undesired, variability in the measured
metabolome. We addressed this aspect by performing sensitivity analyses, excluding samples stored for longer
than 24 h. These analyses showed similar results, suggesting that pre-analytical management was not a main
contributor to the null findings in our main analyses. In addition, associations may have been diluted from variability inherent to untargeted LC–MS metabolomics. However, data sanity checks (regression on BMI for the
two maternal metabolomes and gestational length for the umbilical cord metabolome; Q2 > 0.2) indicated that
the data was structurally sound.
Another limitation is the potential overfitting from the low number of samples for the cell count results as
well as the multiple testing of outcome variables. However, the distribution in relation to the cell count variables
indicate that overfitting was at least not due to a few outliers. As this is an explorative study, we only report
nominal p values and results should be interpreted with appropriate caution.
Furthermore, the present study utilized reverse phase chromatography only, limiting the discovery of relevant
metabolic features more easily observable from hydrophilic interaction liquid chromatography or lipidomic
platforms. Still, the reverse phase has overlap with those complementary techniques, indicating that the null
findings are likely robust for prediagnostic allergy development at one year of age.
It is important to note that the NICE birth cohort is not population-based. Due to extensive sampling of
biological samples and questionnaire data, we were only able to include around 10% of the women that delivered
at the Sunderby hospital during the inclusion period. This reduced both the power and the potential generalizability of results to the entire population.

Conclusion

In this study, we found significant but modest associations between infant B-cell maturation and the plasma
metabolic profiles from mothers during pregnancy and at delivery, as well as infants at delivery suggesting foetal
immune programming in utero. However, since B-cell population measurements were only available in a smaller
subset of the samples, our results should be interpreted with caution and need to be replicated in larger studies. We found no associations between the full metabolomes and allergy development up to 12 months of age;
longer follow-up should provide further evidence regarding the potential to discover prospective biomarkers
of allergy development.

Materials and method

Study population. The birth-cohort NICE (Nutritional impact on the Immunological maturation during

Childhood in relation to the Environment) recruited pregnant women during 2015–2018 with planned birth
at Sunderby Hospital, in northern Sweden. The study protocol has been described in detail before59. The study
was approved by the Regional Ethical Review Board in Umeå (2013-18-31 M, 2016-232-32); written informed
consent was obtained from the prospective parents. All methods were performed in accordance with the ethical
approval and in accordance with the declaration of Helsinki.
According to predefined protocols, allergy was diagnosed by a pediatric allergologist (author AS) at 12 months
of age: Food allergy was defined as an immediate or delayed reaction to intake of a specific food with improvement once the food was excluded from the diet. Except when the first reaction was acute and severe, the diagnosis
was confirmed by a provocation causing similar symptoms. Sensitization or specific IgE antibodies against the
particular food supported diagnosis but was not mandatory. Atopic dermatitis was diagnosed according to Williams’ criteria60–62. Asthma was defined as any of the following: wheezing between infections, persistent wheeze
for ≥ four weeks, wheezing during infection combined with concomitant allergic disease, or three episodes of
wheezing during an infection, without concomitant allergic disease. In total, 539 children participated in the
12-month follow-up, 43 of whom were diagnosed with food allergy, 36 with atopic eczema and 35 with asthma26.

Collection of blood samples. Blood was sampled in EDTA tubes (Becton Dickinson, New Jersey, USA)

in gestation week 28, (participants were encouraged to fast for 8 h prior to this sampling), and from mothers
and infants (cord blood) at delivery. In gestational week 28, samples were taken by midwives at maternity wards.
The samples were left at room temperature for 30 min before centrifugation. Centrifuged tubes were stored at
4 °C until transportation to the research laboratory at the hospital the same day or for some samples the following workday. Upon arrival at the research laboratory, the plasma was aliquoted and frozen in − 80 °C. At
delivery, venous blood was collected from the mothers. The umbilical cord was clamped and severed and blood
was squeezed out into EDTA tubes. Samples were stored at 4 °C at the delivery ward, without centrifugation,
until transportation to the research laboratory at the hospital. At weekends, transportation occurred the first
following workday. At the research laboratory, the delivery samples were centrifuged and plasma was collected,
aliquoted and stored at − 80 °C. The time elapsed from sampling until freezing for individual samples is shown
in Suppl. Figs. S1–S3
In total, 605 samples from pregnancy, 558 maternal samples from delivery and 366 umbilical cord samples
were available (Fig. 1).
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Figure 1.  Overview of the number of cases and controls used in analyses. (+) indicating that three more
children are added to the study due to twins being born.

Metabolomics analysis. Prior to analyses, samples were randomly assigned into 20 batches. For quality
control (QC) samples, 50 µl each of the 71 samples from the first batch were mixed and vortexed for 2 min.
Aliquots (30 µl) were stored at – 80 °C.
The day before analysis, samples and QC were transferred to -20 °C. Samples were thawed at room temperature (RT) for 30 min, kept at 4 °C for 2 h and vortexed for 10 s. Aliquots (30 µl) were mixed with acetonitrile
(200 µL, 4 °C) in 96-well plates that were sealed and put on an orbital shaker (1000 rpm, 3 min) and centrifuged
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(500×g, 4 °C, 20 min). After filtration (Captiva ND plates; Agilent P/N A5969045) using water vacuum for 5 min,
45 µl was retrieved and kept at 4 °C.
Untargeted LC–MS metabolomics was performed on an Agilent Infinity 1290 UHPLC with an Agilent 6520
QTOF mass spectrometer. Centroided MS data were acquired with Mass Hunter B.08.00. LC and MS settings
are reported in Suppl. Table S1. Five QCs were injected before the first sample for each batch, and one QC after
every 12 samples.

Data preprocessing. Raw .d data files were converted to .mzML using Proteowizard (v 3.0.18345)63. All
further computations were performed in R v 3.6.064 at the Swedish National Infrastructure for Computing
resource for sensitive data (SNIC-SENS). Data were processed using xcms v3.6.065. Preprocessing parameters
were obtained from manual and IPO-assisted optimization66 (Suppl. Table S2). Values missing after hard filling
with fillChromPeaks (2.5% in positive and 13% in negative ionization) were imputed using an in-house PLSbased algorithm (mvImpWrap() function; https://gitlab.com/CarlBrunius/StatTools). Correction for intensity
drift was performed using batchCorr v0.2.467. Isotopes, adducts and fragments were aggregated using RAMClust
v1.0.668, resulting in 3296 features in positive and 789 features in negative mode (Suppl. Table S3) referred to by
a unique combination of mass to charge ratio (mz) and retention time (rt). Scripts for parameter optimization
and preprocessing are available from the authors upon request.
Flow cytometry.

Flow cytometry was performed on blood samples collected from infants at birth (cord
blood) (n = 123), 48 h (n = 70), one (n = 93) and 4 months (n = 99) of age. Samples were stored dark in RT directly
after collection and staining was performed within 48 h of sampling.
Whole blood (50 µl) was added to TruCount™ tubes (BD Bioscience, Erembodegem, Belgium), together
with 20 µl antibody cocktail containing anti-CD4, anti-CD8, anti-CD20 and anti-CD45 (Suppl. Table S4) and
incubated dark at RT for 15 min. BD Lysing Solution was added and allowed to act for 15 min. Samples were
analyzed within 1 h of staining in an Accuri C6 (BD Bioscience). For each sample, 5000 beads were collected
in the flow cytometer.
For B- and T-cell phenotype, 900 µl blood was lysed with RCB lysis buffer (eBioscience) (15 min, RT) and
stopped with FACS buffer, before centrifugation (5 min, 300×g). The supernatant was discarded and the pellet
resuspended with 1 ml FACS-buffer. Cell suspensions (50 µl) were stained with 30 µl antibody cocktail (Table S4)
in 96 V-bottom plates for (20 min, 4 °C, dark), washed with 300 µl FACS-buffer and centrifuged (3 min, 300×g).
The supernatant was discarded and the cells were resuspended in 300 µl buffer (Foxp3 Fixation/Perm. Kit, eBioscience) and incubated at RT for 15 min. Cells were then centrifuged (3 min, 500×g), washed with Foxp3 buffer,
again centrifuged (3 min, 500×g), resuspended in FACS-buffer and stored in the dark (4 °C) until analysis in the
Accuri C6 flow cytometer. Flow cytometry data were analysed using Flow Jo v10 (TreeStar, Ashland Oregon).
Gating strategy for the FACS analyses are shown in Supplementary Fig. S4.

Data collection.

Maternal characteristics, such as age, educational level, parity and BMI, were collected
from hospital records and data on heredity to allergic diseases, pet ownership and residence were collected by
the study paediatrician at the 12-month follow-up.

Data analysis. Multivariate Random Forest analysis (RF) with repeated double cross-validation and unbi-

ased variable selection, MUVR package v0.0.97169, was used to associate metabolome data matrices with T- and
B-cell subpopulation counts measured at birth, 48 h, one month and four months of age (further information on
which subpopulations in Suppl. Table S5, and MUVR parameters in Suppl. Table S6). Significance was assessed
using permutation tests (n = 100) on models with potentially relevant performance, defined a priori as classification rates > 66% or regressions with Q2 > 0.2, set to reflect meaningful predictions. As points of reference,
Q2 = 0 and classification rate = 50% would represent null associations (random conditions). (Definition of Q2
and classification rates available in Supplementary Methods). Sensitivity analyses were performed by excluding
samples stored for > 24 h (n = 130, 159 and 118 pregnancy, delivery and umbilical cord samples, respectively)
before centrifugation.
The three metabolic matrices, i.e., maternal pregnancy and maternal and infant at delivery, were associated
to asthma, atopic eczema and food allergy using RF classification. Allergic cases (Fig. 1) were matched to nonallergic and non-sensitized controls (1:1) based on gestational length (± 10 days), parity (previous children or
not), mother’s age (± 5 years), sex and maternal BMI (± 5). Matching for caesarean section could not be achieved.
Matching criteria had to be relaxed for BMI (± 11, n = 4 cases) and gestational length (± 61 days, n = 7).

Metabolite identification. Features of interest from the statistical modelling (still not annotated, but
referred to by m/z and retention time) were selected for masspectrometric fragmentation (MSMS) analysis.
Samples with high levels of these features were reanalysed using the same procedure as described above while
specifically targeting these features for fragmentation. Annotation of features was performed using MSMS
matching to the Human Metabolome DataBase (HMDB) and using CSI:FingerID70 and CANOPUS71,72. For
features where MSMS data was unavailable, MS1 matching was attempted using HMDB.
Metabolites previously associated with manifest allergy.

W allergic disease could be e investigated
whether previously reported possible metabolite biomarker candidates of manifest prospectively associated with
allergy development in our study.
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Figure 2.  Timeline of sampling and analytical flow chart of data analysis.
The biomarker candidates were identified first from a literature search, complemented by metabolomics studies in plasma and serum reported by Schjødt et al.44 (a complete list of investigated metabolites in Suppl. Table S7).
We then matched all qualified features from our untargeted metabolomics experiment to plausible molecular
masses obtained from the biomarker candidates (i.e., neutral monoisotopic masses, combined with the adducts
[M + H] +, [M + Na] +, [M + K] +, [M + NH4] +, [M + CH3OH + H] +, [M + ACN + H] + and [M + 2H]2+ in positive
mode and [M–H]–, [M–H2O–H]–, [M + Na–2H]–, [M + K–2H]–, [M + Cl]–, [M + FA–H]–, [M + HAc–H]– and
[M–2H]2– in negative mode) within a mass tolerance of 10 ppm. Associations between allergic disease and
metabolomic features matched to biomarker candidates were assessed using two approaches: first, paired t-tests
were performed between matched case/control pairs. Second, since matching criteria might not have been sufficiently strict in order to fully match controls to cases, generalized linear models were performed with allergy
as independent factor and metabolomic feature as dependent variable, further adjusted for gender, gestational
length, cesarean section, age of mother, parity and BMI of the mother. Features, nominally significant in either
of these two models, were further filtered out if not matching the suggested metabolite biomarker candidates,
first by MS (if, e.g., matching to an isotope instead of the main fragment) and later by MSMS by comparing
fragmentation patterns to the Human metabolome database hits of the suggested biomarker candidates.
A general overview of sampling and analytical work flow are shown in Fig. 2.
The datasets generated during and/oranalysed during the current study are available from the corresponding
author on reasonable request and fulfilment of ethical requirements.
Received: 24 March 2021; Accepted: 7 June 2021

References

1. Agache, I. & Akdis, C. A. Precision medicine and phenotypes, endotypes, genotypes, regiotypes, and theratypes of allergic diseases.
J. Clin. Investig. 129, 1–12 (2019).
2. Larché, M., Akdis, C. A. & Valenta, R. Immunological mechanisms of allergen-specific immunotherapy. Nat. Rev. Immunol. 6,
761–771 (2006).
3. Billingham, R. E., Brent, L. & Medawar, P. B. ‘Actively acquired tolerance’of foreign cells. Nature 172, 603–606 (1953).
4. Rackaityte, E. & Halkias, J. Mechanisms of fetal T cell tolerance and immune regulation. Front. Immunol. 11, 588 (2020).
5. Lobach, D. F. & Haynes, B. F. Ontogeny of the human thymus during fetal development. J. Clin. Immunol. 7, 81–97 (1987).
6. Montecino-Rodriguez, E. & Dorshkind, K. B-1 B cell development in the fetus and adult. Immunity 36, 13–21 (2012).
7. Haynes, B. F., Markert, M. L., Sempowski, G. D., Patel, D. D. & Hale, L. P. The role of the thymus in immune reconstitution in
aging, bone marrow transplantation, and HIV-1 infection. Annu. Rev. Immunol. 18, 529–560 (2000).
8. Rabe, H. et al. Higher proportions of circulating FOXP3+ and CTLA-4+ regulatory T cells are associated with lower fractions of
memory CD4+ T cells in infants. J. Leukoc. Biol. 90, 1133–1140 (2011).
9. Asma, G., van den Bergh, R. L. & Vossen, J. Development of pre-B and B lymphocytes in the human fetus. Clin. Exp. Immunol. 56,
407 (1984).
10. Gathings, W., Lawton, A. R. & Cooper, M. Immunofluorescent studies of the development of pre-B cells, B lymphocytes and
immunoglobulin isotype diversity in humans. Eur. J. Immunol. 7, 804–810 (1977).

Scientific Reports |

(2021) 11:12706 |

https://doi.org/10.1038/s41598-021-92239-3

9
Vol.:(0123456789)

www.nature.com/scientificreports/
11. Bemark, M., Holmqvist, J., Abrahamsson, J. & Mellgren, K. Translational mini-review series on B cell subsets in disease: Reconstitution after haematopoietic stem cell transplantation–revelation of B cell developmental pathways and lineage phenotypes. Clin.
Exp. Immunol. 167, 15–25 (2012).
12. Nuñez, C. et al. B cells are generated throughout life in humans. J. Immunol. 156, 866–872 (1996).
13. Klein, U., Rajewsky, K. & Küppers, R. Human immunoglobulin (Ig) M+ IgD+ peripheral blood B cells expressing the CD27 cell
surface antigen carry somatically mutated variable region genes: CD27 as a general marker for somatically mutated (memory) B
cells. J. Exp. Med. 188, 1679–1689 (1998).
14. Carsetti, R., Rosado, M. M. & Wardmann, H. Peripheral development of B cells in mouse and man. Immunol. Rev. 197, 179–191
(2004).
15. Lundell, A.-C. et al. Infant B cell memory differentiation and early gut bacterial colonization. J. Immunol. 188, 4315–4322 (2012).
16. Strömbeck, A. et al. Allergic disease in 8-year-old children is preceded by delayed B cell maturation. Clin. Exp. Allergy 47, 918–928
(2017).
17. Lundell, A.-C. et al. High proportion of CD5+ B cells in infants predicts development of allergic disease. J. Immunol. 193, 510–518
(2014).
18. Dold, S., Wjst, M., Von Mutius, E., Reitmeir, P. & Stiepel, E. Genetic risk for asthma, allergic rhinitis, and atopic dermatitis. Arch.
Dis. Child. 67, 1018–1022 (1992).
19. Al-Tamprouri, C., Malin, B., Bill, H., Lennart, B. & Anna, S. Cat and dog ownership during/after the first year of life and risk for
sensitization and reported allergy symptoms at age 13. Immun. Inflamm. Dis. 7, 250–257 (2019).
20. McKeever, T. et al. Siblings, multiple births, and the incidence of allergic disease: A birth cohort study using the West Midlands
general practice research database. Thorax 56, 758–762 (2001).
21. Strachan, D. P. Hay fever, hygiene, and household size. Br. Med. J. 299, 1259 (1989).
22. Loss, G. et al. The protective effect of farm milk consumption on childhood asthma and atopy: the GABRIELA study. J. Allergy
Clin. Immunol. 128, 766–773 (2011).
23. Jonsson, K. et al. Fat intake and breast milk fatty acid composition in farming and nonfarming women and allergy development
in the offspring. Pediatr. Res. 79, 114–123 (2016).
24. Hesselmar, B. et al. Pet-keeping in early life reduces the risk of allergy in a dose-dependent fashion. PLoS ONE 13, e208459 (2018).
25. Calvani, M. et al. Consumption of fish, butter and margarine during pregnancy and development of allergic sensitizations in the
offspring: Role of maternal atopy. Pediatr. Allergy Immunol. 17, 94–102 (2006).
26. Stråvik, M. et al. Maternal intake of cow’s milk during lactation is associated with lower prevalence of food allergy in offspring.
Nutrients 12, 3680 (2020).
27. Sausenthaler, S. et al. Margarine and butter consumption, eczema and allergic sensitization in children: The LISA birth cohort
study. Pediatr. Allergy Immunol. 17, 85–93 (2006).
28. Ross, A. B. et al. Plasma alkylresorcinols as a biomarker of whole-grain food consumption in a large population: Results from the
WHOLEheart Intervention Study. Am. J. Clin. Nutr. 95, 204–211 (2012).
29. Jansen, M. C. et al. Plasma carotenoid levels in Dutch men and women, and the relation with vegetable and fruit consumption.
Eur. J. Clin. Nutr. 58, 1386–1395 (2004).
30. Litonjua, A. A., Carey, V. J., Burge, H. A., Weiss, S. T. & Gold, D. R. Parental history and the risk for childhood asthma: Does mother
confer more risk than father?. Am. J. Respir. Crit. Care Med. 158, 176–181 (1998).
31. Wright, A. L., Holberg, C., Taussig, L. & Martinez, F. Factors influencing the relation of infant feeding to asthma and recurrent
wheeze in childhood. Thorax 56, 192–197 (2001).
32. Patti, G. J., Yanes, O. & Siuzdak, G. Metabolomics: The apogee of the omics trilogy. Nat. Rev. Mol. Cell Biol. 13, 263–269 (2012).
33. Ulaszewska, M. M. et al. Nutrimetabolomics: An integrative action for metabolomic analyses in human nutritional studies. Mol.
Nutr. Food Res. 63, 1800384 (2019).
34. Jung, J. et al. Serum metabolomics reveals pathways and biomarkers associated with asthma pathogenesis. Clin. Exp. Allergy 43,
425–433 (2013).
35. Ottas, A. et al. Blood serum metabolome of atopic dermatitis: Altered energy cycle and the markers of systemic inflammation.
PLoS ONE 12, e0188153 (2017).
36. Huang, Y. et al. Serum metabolomics study and eicosanoid analysis of childhood atopic dermatitis based on liquid chromatography–mass spectrometry. J. Proteome Res. 13, 5715–5723 (2014).
37. Carraro, S. et al. Asthma severity in childhood and metabolomic profiling of breath condensate. Allergy 68, 110–117 (2013).
38. Carraro, S. et al. Metabolomics applied to exhaled breath condensate in childhood asthma. Am. J. Respir. Crit. Care Med. 175,
986–990 (2007).
39. Assfalg, M. et al. An exploratory 1H-nuclear magnetic resonance metabolomics study reveals altered urine spectral profiles in
infants with atopic dermatitis. Br. J. Dermatol. 166, 1123–1125 (2012).
40. Crestani, E. et al. Untargeted metabolomic profiling identifies disease-specific signatures in food allergy and asthma. J. Allergy
Clin. Immunol. 2, e185630 (2019).
41. Checkley, W. et al. Identifying biomarkers for asthma diagnosis using targeted metabolomics approaches. Respir. Med. 121, 59–66
(2016).
42. McGeachie, M. J. et al. The metabolomics of asthma control: A promising link between genetics and disease. Immun. Inflamm.
Dis. 3, 224–238 (2015).
43. Kelly, R. S. et al. Metabolomic profiling of lung function in Costa-Rican children with asthma. Biochim. Biophys. Acta 1863,
1590–1595 (2017).
44. Schjødt, M. S., Gürdeniz, G. & Chawes, B. The metabolomics of childhood atopic diseases: A comprehensive pathway-specific
review. Metabolites 10, 511 (2020).
45. Ross, A. B. et al. Umbilical cord blood metabolome differs in relation to delivery mode, birth order and sex, maternal diet and
possibly future allergy development in rural children. PLoS ONE 16, e0242978 (2021).
46. Kelly, R. S. et al. Plasma metabolite profiles in children with current asthma. Clin. Exp. Allergy 48, 1297–1304 (2018).
47. Mattarucchi, E., Baraldi, E. & Guillou, C. Metabolomics applied to urine samples in childhood asthma; differentiation between
asthma phenotypes and identification of relevant metabolites. Biomed. Chromatogr. 26, 89–94 (2012).
48. Saude, E. J. et al. Metabolomic profiling of asthma: Diagnostic utility of urine nuclear magnetic resonance spectroscopy. J. Allergy
Clin. Immunol. 127, 757–764 (2011).
49. Aronov, P. A. et al. Colonic contribution to uremic solutes. J. Am. Soc. Nephrol. 22, 1769–1776 (2011).
50. Seakins, J. The determination of urinary phenylacetylglutamine as phenylacetic acid: Studies on its origin in normal subjects and
children with cystic fibrosis. Clin. Chim. Acta 35, 121–131 (1971).
51. Karoum, F., Chuang, L.-W., Mosnaim, A. D., Staub, R. A. & Wyatt, R. J. Plasma and cerebrospinal fluid concentration of phenylacetic
acid in humans and monkeys. J. Chromatogr. Sci. 21, 546–550 (1983).
52. Webster, L., Siddiqui, U., Lucas, S., Strong, J. & Mieyal, J. Identification of separate acyl-CoA: glycine and acyl-CoA: L-glutamine
N-acyltransferase activities in mitochondrial fractions from liver of rhesus monkey and man. J. Biol. Chem. 251, 3352–3358 (1976).
53. Moldave, K. & Meister, A. Synthesis of phenylacetylglutamine by human tissue. J. Biol. Chem. 229, 463–476 (1957).
54. Hazekawa, M., Ono, K., Nishinakagawa, T., Kawakubo-Yasukochi, T. & Nakashima, M. In vitro anti-inflammatory effects of the
phenylbutyric acid metabolite phenylacetyl glutamine. Biol. Pharm. Bull. 17, 00799 (2018).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:12706 |

https://doi.org/10.1038/s41598-021-92239-3

10

www.nature.com/scientificreports/
55. Wang, X. et al. CDA-2, a urinary preparation, inhibits lung cancer development through the suppression of NF-kappaB activation
in myeloid cell. PLoS ONE 7, e52117 (2012).
56. Dharmage, S. C. et al. Atopic dermatitis and the atopic march revisited. Allergy 69, 17–27 (2014).
57. Ibrahim, B. et al. Breath metabolomic profiling by nuclear magnetic resonance spectroscopy in asthma. Allergy 68, 1050–1056
(2013).
58. Janssens, M. et al. Increase in short-chain ceramides correlates with an altered lipid organization and decreased barrier function
in atopic eczema patients. J. Lipid Res. 53, 2755–2766 (2012).
59. Barman, M. et al. Nutritional impact on Immunological maturation during Childhood in relation to the Environment (NICE): A
prospective birth cohort in northern Sweden. BMJ Open 8, e022013 (2018).
60. Williams, H. et al. The UK Working Party’s Diagnostic Criteria for Atopic Dermatitis. I. Derivation of a minimum set of discriminators for atopic dermatitis. Br. J. Dermatol. 131, 383–396 (1994).
61. Williams, H., Jburney, P., Strachan, D. & Hay, R. The UK Working Party’s Diagnostic Criteria for Atopic Dermatitis. II. Observer
variation of clinical diagnosis and signs of atopic dermatitis. Br. J. Dermatol. 131, 397–405 (1994).
62. Williams, H., Jburney, P., Pembroke, A. & Hay, R. The UK Working Party’s diagnostic criteria for atopic dermatitis III Independent
hospital validation. Br. J. Dermatol. 131, 406–416 (1994).
63. Chambers, M. C. et al. A cross-platform toolkit for mass spectrometry and proteomics. Nat. Biotechnol. 30, 918 (2012).
64. R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2019).
65. Smith, C. A., Want, E. J., O’Maille, G., Abagyan, R. & Siuzdak, G. XCMS: Processing mass spectrometry data for metabolite profiling using nonlinear peak alignment, matching, and identification. Anal. Chem. 78, 779–787 (2006).
66. Libiseller, G. et al. IPO: A tool for automated optimization of XCMS parameters. BMC Bioinform. 16, 118 (2015).
67. Brunius, C., Shi, L. & Landberg, R. Large-scale untargeted LC-MS metabolomics data correction using between-batch feature
alignment and cluster-based within-batch signal intensity drift correction. Metabolomics 12, 173 (2016).
68. Broeckling, C. D., Afsar, F., Neumann, S., Ben-Hur, A. & Prenni, J. RAMClust: A novel feature clustering method enables spectralmatching-based annotation for metabolomics data. Anal. Chem. 86, 6812–6817 (2014).
69. Shi, L., Westerhuis, J. A., Rosén, J., Landberg, R. & Brunius, C. Variable selection and validation in multivariate modelling. Bioinformatics 35, 972–980 (2018).
70. Dührkop, K., Shen, H., Meusel, M., Rousu, J. & Böcker, S. Searching molecular structure databases with tandem mass spectra using
CSI: FingerID. Proc. Natl. Acad. Sci. 112, 12580–12585 (2015).
71. Feunang, Y. D. et al. ClassyFire: Automated chemical classification with a comprehensive, computable taxonomy. J. Cheminform.
8, 61 (2016).
72. Dührkop, K. et al. Systematic classification of unknown metabolites using high-resolution fragmentation mass spectra. Nat.
Biotechnol. 1, 1–10 (2020).

Acknowledgements

Study nurses Marjut Larsson and Ulrika Börlin and the delivery ward at Sunderby Hospital. Bill Hesselmar och
Robert Saalman for advice regarding allergy diagnoses. Fiona Murray for coordinating the study. Robert Lundqvist for extracting data from medical records. Linda Englund-Ögge and Bo Jacobsson for reviewing pregnancy
and birth characteristics from the medical records. The computations were enabled by resources provided by the
Swedish National Infrastructure for Computing (SNIC) at UPPMAX partially funded by the Swedish Research
Council through Grant Agreement No. 2018-05973.

Author contributions

O.H. performed metabolomics lab work, preprocessing of data, statistical analysis and wrote the first draft of
the manuscript; M.B. was involved in the study design, interpretation of data and manuscript writing; H.R.
designed FACS protocol, drafted sections on immunology, processed all FACS data and manuscript writing; A.S.
performed allergy diagnoses, was involved in the study design and revised the manuscript; A.E.W. was involved
in the study design, interpretation of data and manuscript writing; C.B. supervised the statistical calculations
and was involved in the study design, interpretation of data and manuscript writing; A.-S.S. was involved in the
study design, interpretation of data and manuscript writing.

Funding

Open access funding provided by Chalmers University of Technology. The study was supported by Research
and Innovation Unit at Region Norrbotten and Swedish Research Council for Health, Working Life and Welfare
(FORTE) (Grant No. 2018-00485), Swedish Research Council (Grant No. 521-2013-3154 and Grant No 20190137), Swedish Research Council Formas (Grant No. 2018-02275), Västra Götaland Region (RUN) (Grant No.
612-0618-15) and Jane och Dan Olssons stiftelse (Grant No. 2020-23).

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-92239-3.
Correspondence and requests for materials should be addressed to O.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:12706 |

https://doi.org/10.1038/s41598-021-92239-3

11
Vol.:(0123456789)

www.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |
Vol:.(1234567890)

(2021) 11:12706 |

https://doi.org/10.1038/s41598-021-92239-3

12

