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Diet and dietary biomarkers during pregnancy and lactation in relation to offspring
allergy development

MIA STRAVIK

Department of Life Sciences
Chalmers University of Technology
Gothenburg, Sweden

ABSTRACT

Allergy causes a large burden on society and reduces the quality of life for the individual. The increased
allergy incidence over the last decades cannot be explained by genetics. Research has indicated that diet,
which is a modifiable factor, might influence the risk of developing allergy. Traditional dietary assessment
methods are, however, prone to large measurement errors. Objective biomarkers may be complementary
but have typically not been applied in cohorts with pregnant women and in the early life context.

The objective of this thesis was to investigate if the diet during pregnancy and lactation is related to
offspring allergy development (i.e., atopic eczema, food allergy, and asthma) diagnosed by an allergologist
at twelve months of age. The thesis is based on data from the birth cohort Nutritional impact on
Immunological maturation during Childhood in relation to the Environment (NICE). Dietary data were
collected using a repeated web-based semi-quantitative food frequency questionnaire sent out in
gestational week 34, one month postpartum, and four months postpartum. Dietary intakes were quantified
based on pictures of portion sizes and reported intake frequency. Maternal and infant blood, urine, and
breast milk samples were collected, and nutrients, trace elements, and metabolomics-based food intake
biomarkers were related to the self-reported food intake and to allergy diagnosis.

The results show that maternal intake of cow’s milk products and saturated fat during lactation was
associated with a lower incidence of offspring allergy. Higher proportions of n-6 polyunsaturated fatty
acids in umbilical cord plasma phospholipids correlated to a higher incidence of atopic eczema during the
first year of life. In addition, food intake during pregnancy was associated with maternal characteristics,
primarily age and educational level. Food intake biomarkers known from a general (i.e., non-pregnant or
lactating) population seemed useful also during lactation, whilst dietary biomarkers during pregnancy
warrant further investigation.

In summary, the findings indicate that the most crucial period of time in terms of allergy prevention may
be the first months postpartum, rather than during pregnancy. Hence, changing maternal diet during
lactation may be a useful strategy for allergy prevention in the offspring.

Keywords: Pregnancy, Breastfeeding, Infancy, Diet, Cohort, Dietary biomarkers, Metabolomics, Allergy, Food
allergy, Atopic eczema.
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1. INTRODUCTION

The purpose of epidemiologic research is to assess disease incidence and to identify factors contributing
to that incidence. Allergy affects millions of people worldwide, and it is well-documented what negative
impact it can have on the quality of life and societal economy [1]. Genes, diet, and microbial exposure
have an impact on whether allergy develops or not, but exactly how this works is unknown. Importantly,
diet is a factor that can be modulated. The role of diet is difficult to measure and is often questioned due
to the challenges of measuring food intake accurately. Traditional dietary assessment methods (i.e., based
on interviews and questionnaires) are prone to measurement errors and are subjective since they e.g., rely
on human memory. One way to minimize these drawbacks and get closer to assessing the actual food
intake is to measure the intake in combination with more objective methods where biomarkers are
quantified in biological samples.

Although allergies affect a significant number of families, established strategies for preventing these
diseases are still unavailable. The understanding of who will develop allergy, and who will not, is lacking
although allergic heredity can hint about which child will be at higher risk. Three decades ago, in the year
of 1989, the hygiene hypothesis was formulated [2]. The theory suggested, based on observations, that
childhood infections might protect against allergies. Genetics, diet, and exposure to microorganisms shape
the immune system during the perinatal period, which can be seen as a “window of opportunity” for
immune maturation [3]. In this window, while the immune system is still developing, environmental factors
(including diet) might be crucial [4, 5]. A few years after the hygiene hypothesis was launched, in the year
of 1993, a theory regarding a change in dietary fatty acids was formulated when increased observations of
asthma were seen together with a shift in dietary habits from omega-3 (n-3) to omega-6 (n-6) dominated
food [6, 7]. Regarding food allergy in particular, a hypothesis referred to as the dual-allergen exposure
hypothesis suggests that tolerance towards a potential food allergen can be achieved if the first exposure
occurs via the mouth and not via a damaged skin barrier [8]. Hence, a combination of home environment
and diet during both pregnancy and lactation could explain part of the allergy risk. In this thesis, the
dietary part will be in focus.

Since allergies manifest differently over time, it is important to do epidemiologic research over several
phases of life. Further, food intake must be closely followed and thoroughly assessed to draw any
conclusions regarding its role in disease development. Studies investigating these associations rarely assess
diet repeatedly from pregnancy and onwards. In addition, studies on food intake biomarkers have not
focused on pregnant and breastfeeding women which have left a gap in knowledge regarding more
objective measurements of diet at this period in life.



2. OBJECTIVES

The primary aim was to investigate if dietary intake during pregnancy and lactation is associated with
offspring allergy development (i.e., atopic eczema, food allergy, and asthma) during the first year of life
in the Swedish birth cohort Nutritional impact on Immunological maturation during Childhood in relation
to the Environment (NICE), using a combination of subjective and objective dietary assessment methods
(Figure 1). More specifically:

a) Investigate maternal characteristics and lifestyles associated with dietary intake during
pregnancy (Paper I)

b) Investigate if dietary intake during pregnancy and lactation is associated with offspring allergy
(Paper II and Paper I1I)

c) Explore candidate food intake biomarkers during pregnancy and lactation in relation to diet
and offspring allergy, applying targeted biomarker analyses (Paper II, Paper III, Paper IV) and
metabolomics (Paper V)

Paper | Characteristics

7 & ;@ B

raper v | Maternal diet

Pregnancy & lactatlon

Biomarkers
_of food 1ntake

B

Paper II-11I Allergy © U '

& i

Figure 1. Overview of the papers included in the thesis.

Family characteristics (e.g., sociodemographic factors, home environment, allergies) were collected around gestational week 18.
Maternal diet was assessed using repeated semi-quantitative food frequency questionnaires reflecting intake in gestational weeks
30-34, first and fourth months postpartum. Biomarkers of food intake were measured in erythrocytes, plasma, urine, and breast milk.
Allergy was diagnosed at 12 months of age by the study pediatrician specialized in allergy.

Paper I[I-V




3. BACKGROUND

Dietary habits have been associated with allergy development in several studies [9-11]. However, such
associations are often questioned due to the difficulties in measuring food intake accurately. The fact that
it is difficult to assess diet is one of the main challenges when it comes to estimating the role of diet in
disease prevention [12]. When it comes to allergy as an outcome in these types of studies, the lack of
allergologist diagnosis could affect these associations even further.

3.1. Allergic diseases

Allergy is a broad concept including several diseases such as food allergy, atopic eczema, asthma, and hay
fever [13]. Although the term includes several different conditions, they are closely related. The atopic
march explains how different allergic conditions often develop over time. The atopic march states that
allergy manifests in different ways throughout life, starting with atopic eczema and certain types of food
allergies (e.g., cow’s milk and egg) during infancy, to progress into allergic rhinitis and asthma later in life
[14].

The etiology of allergic diseases is not yet fully understood. It appears to be a combination of genetic and
environmental factors. Allergy can be described as a hypersensitivity reaction to an exogenous substance,
an allergen, that normally would not cause the immune system to react [13]. An allergen is an antigen that
causes an allergic reaction in the body. Allergens are often proteins and can be airborne (e.g., pollen,
animal dander, dust mite), or, for instance, be found in foods (e.g., cow’s milk, egg, and peanut) [15].
However, some allergic reactions are triggered by a carbohydrate (galactose-a-1,3-galactose in red meat)
[16].

At first exposure to an antigen (e.g., an allergen), it is presented to T cells and B cells in the lymph nodes.
These immune cells then mature into different subsets as a response to the antigen exposure. Depending
on how the T cell matures, different cytokines are produced and released, which further stimulate
(cytokines produced by T helper (Th) 2 cells) or inhibit (cytokines produced by the Th1 cells) the B cells
to differentiate into antibody-producing plasma cells. In the allergic sensitization phase, allergen-specific
immunoglobulin (Ig) E antibodies are created by plasma cells. These IgE antibodies bind to receptors on
the surface of mast cells. This first part is referred to as sensitization (Figure 2). Sensitization per se is not
necessarily a problem since one can be sensitized without experiencing any allergic symptoms. In the
NICE cohort, for instance, 64% (N=23) of the sensitized infants developed any type of allergy (i.e., food
allergy, eczema, asthma, rhinitis, and conjunctivitis).

At second exposure to the allergen, the immune system is ready to react. The allergen now binds directly
to the IgE antibodies attached to the mast cells. This causes the release of inflammatory substances
(primarily histamine) from the mast cells (Figure 2). The release of histamine is what causes the typical
allergic symptoms (i.e., runny nose, itchy eyes, swollen lips). The allergic symptoms depend on where the
histamine is released and to what extent.
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Figure 2. Overview of allergic sensitization and allergy development.

An exogenous substance (antigen) causes the immune cells (T and B cells) to mature into subsets. Depending on how the T helper
cell matures, different cytokines are produced which stimulate or inhibit the plasma B cell to produce different antibodies.
Immunoglobulin E (IgE) attaches to the surface of mast cells in a process called allergic sensitization. At second exposure, the
antigen binds to the antigen-specific IgE which causes a release of inflammatory substances from the mast cells, resulting in allergic
symptoms. Abbreviations: B, B cell; Th, T helper cell; Treg, regulatory T cell; IL, interleukin; Ig, immunoglobulin; Mast, mast cell.

3.1.1. Hygiene hypothesis

The prevalence of allergy has been on the rise over the last decades, and the relatively rapid change cannot
be assigned to genetics [17]. Exposure to a microbe-rich milieu promotes tolerance according to the
hygiene hypothesis [2], and low microbiota diversity has been suggested to precede eczema development
[18]. Exactly how the microbes shape the immune system is still unknown.

3.1.2. Influence of maternal diet on offspring allergy development

The maternal diet during pregnancy and lactation can affect the fetal immune system development and,
consequently, influence allergy development. The dietary components often affect the balance between
the different CD4" cells (i.e., T helper cells and regulatory T cells) [19]. The research regarding maternal
food intake and offspring allergy risk is rapidly evolving, although there are still large gaps of knowledge
[20]. In recent years, numerous reviews have been published that touch upon the role of maternal diet in
offspring allergy development [11, 21-23]. Although the systematic reviews have focused on different
dietary components (e.g., whole diet, Mediterranean diet, or sugar intake), they all end up concluding that
there is insufficient or limited evidence of both protective and harmful effects of maternal diet on offspring
allergy development.

In order to complement the knowledge summarized in previous reviews, a systematic literature search
regarding publications from the last five years was conducted during the work with this thesis. The search
methodology and reasons for exclusion are presented in the Appendix. In total, 35 of the publications met
the inclusion criteria and are summarized in Appendix Table Al. The results indicate that the current
focus in the research field is to investigate maternal diet during pregnancy and not lactation. Further,
maternal diet is often assessed with some kind of index before related to offspring allergy. Several studies
seem to focus on the intake of PUFAs and antioxidants. The most common dietary assessment method
seems to be a single food frequency questionnaire filled in during pregnancy. For allergy assessment, the
most common approach was to ask the parents if the child ever had received a physician diagnosis (i.e.,
not a standardized diagnosis by the same allergologist). The distribution of studies investigating food
allergy, eczema, and/or asthma was similar. The most common age for allergy assessment was during the
first year of life for both food allergy and eczema, whilst no clear age pattern could be seen for asthma.
Since the methodology, setting, and age differ between studies (e.g., some report point prevalence while
some report cumulative incidence), the number of children with the different diagnoses varies greatly and
cannot be summarized in a proper way (e.g., eczema varies between 4-34% during the first year of life in
the different studies).



3.1.2.1. Dairy products intake and allergy

A systematic review published in 2020 concluded that insufficient evidence exists to conclude on the effect
of maternal cow’s milk intake on offspring allergy risk [22]. One original research paper, which was not
included in the review, investigated maternal intake of dairy products during both pregnancy and lactation
[24]. In that study, the lowest intake (i.e., <546 grams/day) during pregnancy was associated with
consistently higher odds of cow’s milk protein allergy compared to an intake between 546-1097 grams/day.
In the most adjusted model, the highest intake (i.e., >1097 grams/day) presented lower odds of cow’s milk
protein allergy in comparison with an intake between 546-1097 grams/day. These associations were,
however, not found during lactation.

Concerning studies published during the last five years (Appendix Table A1), one study reported that the
consumption of dairy products 3-4 times/week during pregnancy, in comparison with <2 times/week, was
associated with increased odds of offspring parent-reported eczema during the first year of life. However,
the intake of dairy products >5 times/week was not significantly associated with offspring eczema. The
study found no association between the intake of cow’s milk during pregnancy and offspring food allergy
[25]. Another study investigated yoghurt intake specifically and found a lower risk of reported eczema
diagnosis between 3-6 months of age following a higher yoghurt intake during pregnancy. The association
was found when comparing a lack of consumption with any consumption, consumption >3 times/week, as
well as a consumption of 50 grams/week [26].

3.1.2.2. Fruit and vegetable intake and allergy

A meta-analysis that pooled the results from two studies found lower odds of eczema following a higher
intake of vegetables during pregnancy [27]. One of these two studies found lower odds of eczema between
16-24 months of age following a higher maternal intake of green and yellow vegetables, and citrus fruit,
but not total intake of vegetables or fruits during pregnancy [28]. The other study did not find any
association between maternal intake of vegetables during pregnancy and offspring eczema or asthma at
two years of age [29]. The authors of the latter article speculated that the lack of association could have
been due to the relatively high consumption of vegetables in the cohort (90% consumed it >2-5
times/week).

Another study, not included in the meta-analysis, with data from both pregnancy and lactation found that
an intake of >599 grams/day of fruit and berries was associated with increased odds of offspring cow’s milk
protein allergy, compared to intakes between 218-599 grams/day [24]. This association was noted during
lactation, but not pregnancy. Regarding more recent literature (Appendix Table A1), a study conducted
in Denmark indicated lower odds for offspring eczema at three years of age following a higher intake of
fruit (assessed with plasma levels of stachydrine and FFQ) during pregnancy [30]. Another study, solely
including children with eczema, found a lower asthma prevalence (unclear age for diagnosis, likely during
the first three years of life) among children to mothers who consumed more fruit and vegetables during
pregnancy [31]. On the contrary, a study conducted in China found no association between fruit intake
during pregnancy and offspring eczema during the first six months of life [32].

3.1.2.3. Seafood intake and allergy

Seafood could be expected to influence allergy development due to its content of the immunoregulatory
long-chain polyunsaturated fatty acids (LCPUFAs) [6, 33, 34]. A systematic review and meta-analysis
including research published before February 2020, found no association between maternal fish intake
during pregnancy and offspring eczema [35]. Regarding food allergy, the authors presented an inverse
association between maternal fish intake and offspring food allergy [35]. This was based on five different
studies, out of which two presented a significant inverse association between maternal fish consumption
(type not specified in any of the studies) and offspring food allergy. Two other reviews focusing specifically
on seafood intake and offspring allergy risk concluded that maternal intake during pregnancy does not
seem to be associated with offspring allergy [36, 37], whilst one (including both pregnancy and lactation)
suggested that fish intake might be beneficial but needs further evaluation [10].



Concerning fish intake during lactation, our research group have in a previous cohort (FARMFLORA)
shown maternal intake of fatty fish during lactation to be positively associated with EPA, DHA, and n-3
LCPUFA levels in both breast milk and infant’s serum phospholipids at four months. In turn, higher serum
levels of EPA in infants were associated with lower odds of allergy at three years of age (OR (95%
CI)=0.47 (0.27-0.83) following a 0.1% increase in the proportions). This association was found also in
confounder adjusted models (e.g., allergic heredity, delivery mode) despite the low number of allergic
children (N=9) [38]. Another research group investigating maternal intake of fish (type not specified)
during lactation found no associations with offspring cow’s milk protein allergy [24].

The more recently published studies (Appendix Table A1) could not clarify these conflicting results. One
study reported higher odds of food allergy during the first year of life following an intake of fish 1-2
times/week, but not >3 times/week, in comparison with an intake less than once per week during
pregnancy [25]. Another study found that mothers to children without cow’s milk protein allergy more
often consumed fish 2-3 times/week than mothers to children with cow’s milk protein allergy (48% versus
18%, respectively) [39]. A third study could not identify any associations between maternal intake of
seafood during pregnancy and offspring food allergy [31]. The different types of fish were not investigated
separately in any of these studies. Original research papers from the last five years investigating fish intake
during lactation were not found with the present search strategy.

3.1.3. Fatty acids and the immune system

Polyunsaturated fatty acids (PUFAs) are among the most widely studied dietary components in relation
to the immune system. The theory that dietary intake of these fatty acids is involved in allergy
development was raised already three decades ago [7]. At that time, an article published a theory stating
that the observed rise in asthma prevalence occurred in parallel with changed food habits, and that the
change in food habits therefore could explain the increased number of asthma cases [7]. The theory was
further developed to include allergic sensitization in general and not only asthma [6]. According to the
theory, the consumption of n-3 PUFAs (e.g., fatty fish) has been replaced with n-6 PUFAs (e.g., vegetable
oils) following societal trends. As can be noted, the theory is based on observations, and the causality is
still debated [40].

Both n-3 and n-6 LCPUFAs are incorporated into the membranes of the immune cells, which affects e.g.,
cell signaling. In vitro studies have showed that lipids, particularly LCPUFAs, are immunomodulatory,
suppressing T cell activation and IFN-y production through an effect on the dendritic cell/T cell interaction
[33]. Studies in our laboratory, using mice, have shown that n-3 LCPUFAs downregulate the innate and
adaptive immune system [34].

A meta-analysis including cohort data published between 2002 and 2014, found no associations between
maternal intake of fat (total, saturated, monounsaturated, n-6 PUFAs, and n-3 PUFAs) during pregnancy
and offspring eczema or asthma, referring to six different studies, out of which none looked at the
association to food allergy [27]. In 2016 (i.e., two years after the scope of that review) our research group
published results from the FARMFLORA study [41]. Higher odds of an allergy diagnosis at three years
of age were found following a higher maternal intake of margarine and oils both during pregnancy (OR
(95% CI)=1.91 (1.02-3.56) for a 5 g increase) and lactation (OR (95% CI)=1.50 (1.02-2.21) for a 5 g
increase). These associations remained significant also after adjusting for delivery mode, but not allergic
heredity, despite few allergic children (N=10 and N=6, respectively) [41].

3.2. Dietary assessment

In order to understand the role of diet in disease development, assessing both the exposure and the
properly is crucial. There are different ways to measure dietary intake: subjective (e.g., food frequency
questionnaires) and objective (e.g., food intake biomarkers in blood and urine). The subjective methods
include different types of questionnaires and interviews and are commonly prone to measurement errors
[12, 42]. The general difficulties with the subjective dietary assessment methods include, for instance,
recall bias, social desirability bias, and interviewer bias [42]. Further, nutritional calculations are often
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used to quantify the intakes of macro- and micronutrients based on the data collected with the
questionnaire and/or interview [12, 42]. The quality of such calculations is highly dependent on the
availability of updated and detailed food composition databases, and often the available information is
not enough to fully cover variations due to e.g., season (e.g., fatty acid content in fish) or geographical
origin (e.g., selenium content in soil) [12].

Regarding the objective measurements, they also have sources of errors. For instance, specificity could be
a problem since the compound (e.g., blood levels of a micronutrient) often can be affected by exogenous
factors other than one specific dietary source, and by endogenous synthesis or metabolism [12]. Hence, a
large challenge is knowing what the biological compound actually reflects (e.g., if the body regulates the
levels closely with compensatory mechanisms or if the concentrations are solely affected by food intake).
In addition, laboratory practices (e.g., instrument, storage, or thawing) might affect the biological sample
and, in turn, the measured concentrations [12].

Depending on the research purpose, the choice of method can vary [42]. Although there are drawbacks
to consider regardless of approach, a combination of subjective and objective measurements could be
useful since the sources of errors are expected to be of different natures [12].

3.2.1. Food frequency questionnaire

The use of food frequency questionnaires in epidemiological research is often the most convenient choice
due to the relatively low cost and participation burden. This dietary assessment method focuses on
assessing the whole diet by asking about the intake frequency of a wide range of food items. An enhanced
version is often referred to as semi-quantitative and include questions about the consumed amount either
by specifying regular household measures and/or by depicting different portion sizes visually. Regardless
of semi-quantitative or not, the method measures the average intake over a longer period of time rather
than single days (e.g., 24h recall), which might be an advantage since the within-person variation in food
intake might be large between days [12]. Also, recalling the usual intakes might often be easier than
recalling single intakes of a specific day [12].

3.2.2. Food intake biomarkers

Within epidemiological research, a biomarker has been proposed to be defined as “an objective
measurement to assess the exposure, effect, or susceptibility of the human organism” [43]. Within this
overarching definition, different subcategories can be used to describe the biomarker more in detail:
exposure biomarkers, effect biomarkers, and susceptibility biomarkers [43]. Food or food component
intake biomarkers can in turn be grouped under exposure biomarkers and are defined based on their
ability to “measure the intake of specific food groups, foods, or food components (such as ingredients)
and can be used to estimate recent or average intakes of these entities” [43]. There are several publications
referring to measurable components in biological samples affected by food intake as reviewed elsewhere
[44]. Importantly, the magnitude of the exposure (e.g., amounts consumed) but also the susceptibility of
the specific individual can influence the concentrations measured in the biological sample [43].

In this thesis, food intake biomarkers (i.e., exposure biomarkers) were used with the aim of
complementing self-reported dietary data. Further, biomarker exposures through seafood consumption
were investigated (e.g., mercury and arsenic). Depending on the interpretation of the classification scheme
[43], the latter biomarkers could be classified under food component intake biomarkers (i.e., if one
considers the environmental pollutants to be an unavoidable seafood component), or simply as exposure
biomarkers to the specific pollutants. For perspective, in the latest Swedish market basket study conducted
by the Swedish Food Agency, arsenic and mercury were identified in all of the tested fish products (i.e.,
fish commonly bought on the Swedish market) [45].

Although food intake biomarkers could be seen as a more objective measurement of food intake, the
number of validated biomarkers is limited. Criteria for validation of a food intake biomarker have recently
been suggested and include eight aspects: plausibility, dose-response, time-response, robustness,
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reliability, stability, analytical performance, and reproducibility [46]. In theory, a fully objective biomarker
should solely be affected by the intake of one specific food item (or food group, if that is the purpose) and
not be affected by the intake of other food groups. Further, the biomarker should not be endogenously
produced. However, in reality, the diet consists of several different foods, and one never consumes only
one isolated food item. So, even though the desired food intake biomarker is affected by several different
food sources, it can still reflect the intended food item if the other sources affect the concentrations to a
lower extent (or are more rarely consumed). In addition, since diet comprises food items that are highly
intercorrelated, also purely isolated metabolites known to be affected solely by a specific food item could
be associated with the reported intake of other foods [12].

3.2.2.1. Biomarkers of dairy product intake

Dairy products are a heterogeneous food group and comprises a wide range of food items such as
fermented (e.g., cheese) and raw cow’s milk (e.g., pasteurized cow’s milk, low-fat cow’s milk). Literature
often suggests the use of the saturated fatty acids pentadecanoic acid (C15:0) and heptadecanoic acid
(C17:0) as dairy product intake biomarkers [47, 48], and commonly relate these concentrations to e.g.,
heart disease [49] and type 2 diabetes [50].

These specific fatty acids are produced by microbial fermentation in the cow's rumen and are, therefore,
often considered as biomarkers of dairy intake [48]. However, a randomized controlled trial indicated that
also humans can produce these fatty acids endogenously from propionate, a short-chain fatty acid
produced from gut microbiota fermentation of dietary fibers [51]. Importantly, they therefore highlight
that health outcomes (e.g., type 2 diabetes) associated with these fatty acids might partly be confounded
by the intake of dietary fiber. However, regardless of the outcome, several studies have reported C15:0
and C17:0 levels in different types of biological samples to be associated with the reported intake of dairy
products [47, 52].

Until better dairy intake biomarkers are available, it is important to remember that these fatty acids are
not fulfilling the demands (e.g., specificity) for being validated as food intake biomarkers [47]. As
reviewed elsewhere, C15:0 commonly correlates more strongly to self-reported dairy intake than C17:0,
regardless of lipid fraction and type of sample [47, 48]. It must be considered that blood levels might be
affected by endogenous production and by the intake of other food sources, such as fish, although the
concentrations are much lower [53].

3.2.2.2. Biomarkers of seafood intake

Seafood is a heterogenous group both in terms of nutrient composition (e.g., fatty fish versus lean fish)
and also in terms of environmental pollutant content (e.g., depending on catchment area). As reviewed
elsewhere, the most frequently used seafood intake biomarkers are the n-3 LCPUFAs docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA) [54]. The measurement of these fatty acids can be effective
in reflecting a habitual intake of fish, primarily fatty fish, since the steady state of these is reached first
after two to six weeks (plasma) and four weeks to six months (erythrocytes) [54].

Further, the furan fatty acid 3-carboxy-4-methyl-5-propyl-2-furanepropanoic acid (CMPF) is mentioned
in several publications, including a randomized controlled trial which suggested CMPF to be highly
specific for fatty fish intake [55]. However, studies investigating shellfish (i.e., not fatty fish) biomarkers
have also included CMPF as a food intake biomarker [54]. Concerning lean fish, most studies have
measured trimethylamine oxide (TMAO) in urine [54], although the metabolite can be produced
endogenously from the intake of other animal food products [56]. There are also studies on lean fish that
have measured arsenobetaine and other arsenic compounds, as well as DHA and EPA [54].

In summary, the literature presents several different candidate seafood intake biomarkers, with EPA and
DHA fulfilling the validation criteria as thoroughly reviewed in the FoodBAll project [54]. Important to
note is that studies rarely include pregnant or lactating women. The plausibility of using food intake
biomarkers for pregnant women, validated in a non-pregnant population, is uncertain [57]. Importantly,
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the n-3 LCPUFA DHA is readily transported over the placenta for accumulation in the fetal brain and
tissues [58], and levels in maternal samples might, therefore, not only reflect her intake. Furthermore,
endogenous production of LCPUFAs is enhanced in women of fertile age [59, 60].

3.3. Food intake during pregnancy and lactation

Pregnancy is a period in life when food intake is no longer solely needed for the maternal nutritional status
but also for the growing fetus. Pregnancy can be divided into three trimesters (<13 weeks, 14-26 weeks,
and >26 weeks of gestation). Most fetal growth occurs during the second half of the pregnancy [61], and
the additional need for energy in the last trimester deriving from the diet is around 450 kcal/day [62]. Some
micronutrients are crucial for fetal, infant, and maternal health, and the recommended daily intakes are,
therefore, higher compared to non-pregnant or lactating women. For instance, adequate intake of folate
is known to drastically lower the risk of neural tube defects which has led to higher recommended intakes
for all fertile women [63]. Commonly, the increased micronutrient need is even higher during lactation
due to the production of breast milk and the excretion of the micronutrient via breast milk (e.g.,
recommended daily intake of folate increases with 100 pg/day from pregnancy to lactation) [63]. In
addition to folate, micronutrients mentioned as of special concern during these life phases include, for
instance, iron (e.g., due to increased red blood cell count and expected blood losses at delivery) [64], as
well as iodine and selenium (e.g., combined deficiency have been inversely associated with
neurodevelopment) [65]. Also, the recommended contribution of PUFAs, with an emphasis on DHA, to
the total energy intake is increased [63].

Although there is an increased need for energy and micronutrients during both pregnancy and lactation,
several mechanisms in the human body can to some extent compensate for this (e.g., reduction in maternal
storage) [66]. Hence, although the estimated need for a micronutrient is increased, this does not
automatically imply a need for increased dietary intake considering the compensatory mechanisms (e.g.,
increased absorption, bone resorption, and renal conservation) [63]. The Nordic Nutrition
Recommendations, which form the basis for dietary guidelines in Scandinavian countries, are currently
being updated. Therefore, it is possible that some of the recommendations mentioned in this section will
change after the publication of this thesis.

3.3.1. Nutrient transport to the fetus

For the fetus to grow, oxygen and nutrients must be transported from the maternal circulation to the fetus
via the placenta. The placenta is a highly advanced organ that regulates the transportation of nutrients
from the maternal circulation to the fetal circulation, and vice versa, as well as filtering some components
by storing them in the tissue. The efficiency of nutrient transport is affected by several factors, including
the size of the placenta and the location and number of specific transport proteins [67]. The primary
transportation of nutrients involves glucose, fatty acids, and amino acids, which all provide energy and
building blocks for the growing fetus [68].

Glucose is transported from maternal circulation by facilitated diffusion, involving glucose transport
proteins [68]. Fatty acids are transported across the placenta as free fatty acids via specific transport
proteins [68]. Amino acids are transported from maternal circulation to the placenta via several different
transport systems and then further transported into fetal circulation with facilitated diffusion involving
transport proteins [68].

3.3.2. Provision of nutrients to the infant

After birth, infants are fully dependent on parental feeding either with breast milk or formula. The breast
milk is sufficient to support the infant with both micro- and macronutrients, except for vitamin D and
vitamin K, which are routinely given in the form of fat drops to all children under two years of age, and as
an injection to the newborn, respectively. To investigate the influence of maternal diet on the infant’s
immune system during lactation, transportation of nutrients and immunoregulatory factors via breast milk
is in focus.



Constituents of breast milk vary over time, with colostrum being the first milk produced in the mammary
glands, followed by transitional and then mature breast milk. What is common for all different phases is
that the proportion of carbohydrates (i.e., lactose) is highest, followed by fats and then proteins [69].
Immunoregulatory factors in breast milk include a wide range of immune cells, cytokines, growth factors,
immunoglobulins, and human milk oligosaccharides. However, the breast milk’s content differs largely
between individuals depending on the time of day, diet, and for instance, if the child is born prematurely

[69].
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4. MATERIALS AND METHODS

4.1. Study population

The thesis is based on data from the Nutritional impact on Immunological maturation during Childhood
in relation to the Environment (NICE) cohort, located in the north of Sweden (65.3-66.4°N), within the
catchment area of Sunderby Hospital in Norrbotten Region. Families with a planned delivery at the
hospital were approached at their first visit to maternity clinics (gestational week 10-12), with oral and
written information about the study. Later on, at a routine ultrasound in gestational week 18-20, the
families received more detailed, written information about the study. They were further instructed to send
in written consent by post if they were interested in participating. Recruitment took place between
February 2015 and March 2018.

The recruitment demanded that the families who wanted to participate in the cohort send in their consent
by post without any reminder. This could explain why solely 10% of the intended population participated
in the study [70]. Further, this might have led to the fact that, among the invited families, those interested
in allergy and research were more eager to send in their consent to participate. The investigated children
could therefore represent a high-risk (in terms of allergy) population rather than a general population. As
published elsewhere, the included women were older (31 years versus 29 years), more highly educated
(69% versus 43% with >12 years of education), and more often identified themselves as Swedish (94%
versus 78%), in comparison with women who did not participate in the study but who gave birth at the
same hospital during the same period of time [70]. They also reported consumption of supplements more
frequently and were less likely to smoke. Hence, the generalizability of our findings to a general
population in Sweden is not possible.

4.2. Study design

The prospective birth cohort NICE (ClinicalTrial.gov: NCT05809479) was started with the aim of
clarifying the effect of environmental exposures (e.g., diet) during pregnancy and early life on the infant’s
immune system and allergy development. The cohort is a result of a collaboration including research
groups from Gothenburg (Chalmers University of Technology, and Gothenburg University), Stockholm
(Karolinska Institute), Umed (Umed University), as well as clinicians at the Sunderby Hospital. The
cohort has been approved by the Regional Ethical Review Board in Umed, Sweden (2013/18-31M).

This thesis focuses specifically on assessing the diet of pregnant and lactating women, using subjective and
objective measurements, and their association with offspring allergy diagnosis at 12 months of age. In all
papers, twins, and double-participants (i.e., families participating with a second child) were excluded.
Handling these dependencies was considered unnecessarily troublesome when the number of participants
it concerned was low (N=3 twin-pairs and N=16 double-participants) in relation to the whole cohort.
Further, to handle unrealistic outliers, the limit of energy intake was set to 500-4000 kcal per day, and
those reporting an intake outside this range were excluded.

In Paper II and Paper V, the associations concerning samples from the child only included breastfed
infants with the reasoning that maternal diet could solely influence the infant via breast milk. An overview
of the included subjects, investigated outcome, objective, and hypothesis of each paper is presented in
Table 2.
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Table 2. Overview of the papers included in this thesis.

Paper I Paper 11 Paper 111 Paper IV Paper V
Subjects e Pregnant women e Pregnant women e Women during e Pregnant women e Pregnant women
o Lactating women delivery o Postpartum
¢ Breastfed infants  ® Fetus (umbilical women
cord) o Breastfed infants
Exposures Maternal Maternal diet Fatty acid in plasma Seafood intake Maternal diet
characteristics phospholipids,
maternal diet
Outcome FFQ reported food  Offspring allergy Offspring allergy Seafood Plasma metabolites
intake (g/day) diagnosis at 1 year  diagnosis at 1 year  biomarkers
Sample size 567 508! 206° 554 193-579°
Thesis objective* a b,c b c c
Hypothesis Lifestyle and Food intake during Fatty acid profile in Reported seafood =~ Reported food
characteristics pregnancy and utero affects allergy intake can be intake can be
affect food choices lactation affect risk during the first reflected with more reflected with
offspring allergy year of life objective objective
risk measurements in biomarker
both blood and measurements in
urine blood plasma

I Number of children with allergy diagnosis included in correlation analyses concerning pregnancy, 1 month, and 4 months: eczema, N=32, N=31,
N=27; food allergy, N=38, N=34, N=30; and asthma, N=31, N=26, N=24.

2Number of children with eczema diagnosis, N=14.

3 Number differs depending on sampling occasion and were as follows: pregnancy: N=579; delivery: N=523 (mothers) and N=348 (children); 4 months
postpartum: N=477 (mothers) and N=193 (children).

4Thesis objectives: a) investigate maternal characteristics and lifestyles associated with dietary intake during pregnancy, b) investigate if dietary
intake during pregnancy and lactation is associated with offspring allergy, and ¢) explore candidate food intake biomarkers during pregnancy and
lactation in relation to diet and offspring allergy, applying targeted biomarker analyses and metabolomics.

4.3. Data collection

The data was purely observational. All data were collected using questionnaires, except for allergy
diagnosis and biological sampling. An overview of the data (including biological samples) collected for
the different papers is presented in Figure 3. Information regarding reported food intake during pregnancy
was used in all papers of this thesis. Biological samples were used in all papers except Paper 1.

Pregnancy Birth Postpartum
© Gestational | Gestational ! Gestational : : :
. week18 | week?29 | week 34 § 1 month 4 months 12 months
. ; ; ; ; ; ; >
Paper1 Questionnaire! : FFQ Hospital record : :
: : : : FFQ FFQ
PaperII  : Questionnaire! | Erythrocytes FFQ : Hospital record : . ¢ Breastmilk Allergy*
: : : : Breastmilk : 3
: Erythrocytes® :
: i Erythrocytes : . : : :
Paper III  : Questionnaire! : Plasma FFQ : Hospital re2c ord : Allergy*
: : - Plasma’
Urine
Paper IV | Questionnaire! Plasma FFQ : Hospital record
FFQ
2
Paper V FFQ Plasma FFQ Plasma?

Figure 3. Overview of data and sample collection in the NICE cohort used in this thesis.

Abbreviations: FFQ, food frequency questionnaire.

! Including questions regarding e.g., sociodemographic factors, home environment, and allergies. > Mother and child (umbilical
cord). >Mother. 4 Physician’s diagnosis of the child.

4.3.1. Dietary assessment

Dietary data were collected using a repeated web-based semi-quantitative food frequency questionnaire
(FFQ) sent out by email in gestational week 34, one month postpartum, and four months postpartum. The
women were asked to report their intake during the last month. The specific FFQ, Meal-Q, was developed
by an independent research group at Karolinska Institutet, Sweden [71, 72]. The Meal-Q includes 102-174
questions, where individuals reporting certain intakes were asked follow-up questions while those who
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did not report any consumption were not given any further questions regarding that specific food item
(e.g., soft drinks, sugar or sweeteners). The questionnaire is semi-quantitative and intakes in grams per
day were calculated based on reported intake frequency in combination with normal portions as presented
in the Swedish Food Composition Database provided by the Swedish Food Agency (Paper I) [73], and
further personalized with pictures of portion sizes in the Meal-Q (Paper II-Paper V).

The original Meal-Q was slightly modified before the use in our cohort. The modifications included
additional details regarding fat content in dairy products, as well as distinguishment between sugar
sweetened and artificially sweetened beverages. Also, a distinguishment between crushed and intact
flaxseeds was included by adding follow-up questions for participants reporting any consumption of
flaxseeds. These extra details were included in the nutritional calculations of the whole diet. Further, not
affecting the nutritional calculations, more detailed questions were added regarding game meat and lamb,
consumption of fish before versus during pregnancy, use of organic food products, use of probiotic
products, and avoidance of gluten and lactose [74].

4.3.1.1. Methodological considerations for dietary assessment

Since the cohort involved over 650 families, a FFQ was chosen over more invasive and personnel-requiring
methods such as a 7-day weighted food record or repeated 24h recalls. Regarding the use of Meal-Q in
particular, two articles concerning the validity of the questionnaire have been published by the team which
developed the method [71, 72]. The validation study, called VALidation of Methods Assessing diet and
physical activity (VALMA), included N=180 healthy adults in Stockholm, Sweden. The participants in the
validation study were, on average, 33 years and highly educated (80% with >12 years in school). Further,
29% of the participants studied or worked with nutrition. It is important to note that pregnant and
breastfeeding women (more specifically, women who gave birth within ten months before the study) were
excluded from the validation study. All participants were divided into three groups distributed by age and
gender. All groups responded to the web-based Meal-Q (once by the first group and twice by the second
and third groups, with three weeks in-between), and did also fill in a web-based 7-day weighted food
record which acted as a reference method (participants were provided with a household scale).
Misreporters of energy intake, based on the weighted food record in comparison with the energy
expenditure (all groups reported number of steps and physical activities, and the third group also received
doubly labeled water), were excluded applying the Goldberg cut-off (i.e., comparing the ratio between
reported energy intake and estimated basal metabolic rate with physical activity level) [75].

The first publication from the validation study focused on energy intake and macronutrients. It showed
that the reported intake of energy and macronutrients were significantly lower with the Meal-Q compared
to the 7-day weighted food record, except for PUFAs, which did not differ [72]. The intake reported with
Meal-Q covered 83% of the energy, 93% of the protein, 87% of the carbohydrates, and 76% of the total
fat reported with the reference method. The same trend (i.e., lower levels in Meal-Q reported intake
compared with weighted 7-day food record reported intake) was seen in the second study regarding
micronutrients and fiber intake [71]. However, the authors concluded that the Meal-Q is useful for ranking
intakes of dietary fiber and all micronutrients, except sodium [71]. Further, the reproducibility was found
to be good concerning energy, macronutrients, and micronutrients. They concluded that the Meal-Q was
user-friendly, had a short answering time (mean 17 minutes), and provided sufficient information for
meaningful ranking of the food intake [72].

Taking the semi-quantitative nature, the adjustments made to our cohort, and the results from the
validation study into account, the method was considered time-efficient, cost-effective, as well as
reasonable accurate for this cohort. However, as mentioned above, the Meal-Q has not been validated for
pregnant or breastfeeding women. Furthermore, the validation study shows a systematic tendency for
underreporting which must be kept in mind when interpreting the absolute intakes in the NICE cohort.
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4.3.2. Maternal characteristics

Information regarding maternal characteristics was collected with a questionnaire sent out in gestational
week 18 (e.g., education, residential area), extracted from the medical records (e.g., parity and BMI), and
retrieved from interviews conducted at the study visits (e.g., family history of atopic disease).

4.3.3. Biological samples

An extensive collection of biological samples was done in the NICE cohort, including feces, meconium,
placenta, umbilical cord, urine, blood, saliva, and breast milk. Samples were collected from the mothers,
fathers, and their children. More detailed information can be found in the study protocol [76]. For this
thesis, samples from mothers and children were used and included umbilical cord blood, urine, venous
blood, and breast milk.

Blood from the mothers was drawn from the cubital vein and collected in 10 mL EDTA tubes (Becton
Dickinson, New Jersey, USA) for later fatty acid analysis, and in 6 mL trace element free Na-heparin
tubes (Greiner bio-one, Kremsmiinster, Austria) for trace element analyses. Sampling during pregnancy
was done at the different local maternity clinics. Sampling during the delivery was done at the hospital by
the midwives at the delivery ward, and postpartum at follow-up visits at the study center by the study
nurses. Mid-stream, spot urine samples were collected in polypropylene cups (Sarstedt Inc, North
Carolina, USA), and later transferred to trace element free 24 mL polyethylene bottles by the study
personnel. Breast milk was collected in 15 mL polypropylene tubes (Sarstedt Inc, North Carolina, USA).
The women were instructed to collect the breast milk in relation to a breastfeeding occasion occurring
before noon.

4.3.4. Allergy diagnosis

Allergy during the first year of life was diagnosed at 12 months of age by the study pediatrician specialized
in allergology. In total, 539 children attended the clinical follow up at one year. Out of these, 36 children
were diagnosed with eczema, 43 with food allergy, and 35 with asthma. Hence, the incidence of physician
diagnosed eczema, food allergy, and asthma were 6.7%, 8.0%, and 6.5%.

Food allergy was diagnosed based on reported allergic symptoms after provocation at home of a specific
food item, which had previously been causing symptoms from the same organ and led to improvement
after avoidance. If a previous exposure to a specific food allergen was reported to cause an acute severe
reaction, provocation was not deemed necessary for confirmation and hence not encouraged.

Williams criteria were used to diagnose atopic eczema [77-79]. As stated in the criteria, mandatory for
diagnosis is parent-reported itchiness (manifesting as scratching or rubbing by the child) in combination
with >3 of the following criteria: 1) involvement of skin creases (e.g., elbows, knees, ankles, neck, or
cheeks), 2) history of asthma or hay fever, or history of atopic disease in a first-degree relative, 3) history
of general dry skin, 4) visible eczema in flexural areas, cheeks, forehead, or outer limbs.

Early-life asthma was diagnosed if the child had wheezing between infections or persistent for at least four
weeks, three episodes of wheezing during infection or, if concurrent allergic disease, any wheezing during
infection.

4.4. Laboratory analyses

Data from laboratory analyses were used in all papers of this thesis except for Paper 1. Analyses were
primarily conducted using chromatography for the separation of the desired compounds and mass
spectrometry (MS) for the quantification and identification of the compounds. Fatty acid proportions
were analyzed in plasma phospholipids (Paper III), erythrocytes (Paper IT and Paper IV), and breast milk
(Paper II). Concentrations of trace elements (Paper IV) were analyzed in 1) urine: total arsenic, inorganic
arsenic metabolites, arsenobetaine, arsenocholine, trimethylarsine oxide, and iodine, 2) plasma: selenium,
and 3) erythrocytes: mercury, total arsenic, and selenium. Metabolomics were used to analyze metabolites
in blood plasma (Paper V). Identification of the metabolites was conducted by 1) comparing the MSMS

14



spectra with library spectra, and 2) using the SIRIUS Software [80] to find probable structures based on
mass-to-charge ratio and retention time. More detailed information regarding the laboratory methods can
be found in the different papers.

4.5. Statistical analyses

The dietary data were non-normally distributed, which narrowed the suitable methods to the non-
parametric ones. With the objective to investigate associations between diet and allergy, keeping an
exploratory approach, correlation analysis was selected and used in four out of five papers (Table 3). The
correlation analyses enable presentation of results using heatmaps, which can be favorable when having
several exposures and outcomes. Further, to get an effect size, logistic regression was used in Paper 111
(i.e., the paper without correlation analysis).

Univariate statistics were used in all papers and included Pearson’s Chi-square, Fisher’s exact test, Mann-
Whitney U, Kruskal-Wallis test, and Spearman correlation. For the papers involving allergy as an
outcome, multivariate statistics were used in the form of partial Spearman correlation, principal
component analysis (PCA), partial least squares projections to latent structures (PLS) regression, and
orthogonal PLS (OPLS-DA) (Table 3).
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5. RESULTS AND DISCUSSION

This thesis investigated diet and dietary biomarkers during pregnancy and lactation in relation to offspring
allergy development. The results showed that the self-reported food intake during pregnancy correlated
with a wide range of maternal characteristics, such as age and education level. The intake of different food
groups was kept fairly constant from pregnancy until four months postpartum, although the intake of dairy
products and fruit and berries gradually decreased. Regarding the relationship between diet and allergy,
the results show an inverse association between offspring food allergy and maternal intake of cow’s milk
(fresh, pasteurized) and dairy products (e.g., yoghurt and cheese) during lactation and an inverse
association between all investigated allergies and maternal intake of saturated fat during lactation. A
positive association was identified between n-6 PUFAs in umbilical cord plasma phospholipids and
eczema incidence.

5.1. Maternal characteristics associated with food intake during pregnancy

The results in this thesis show several characteristics to be associated with the food intake in this cohort
of pregnant women in Northern Sweden. For instance, age and education level were associated with food
choice, where older and more highly educated women reported higher consumption of fruits and
vegetables and less fast food than younger and less educated women. Further, a higher BMI and tobacco
were associated with consuming less fruit. Also, the period of life (e.g., pregnancy versus postpartum)
appears to be related to food choices. In summary, food intake during pregnancy is interlinked with several
lifestyle factors, which makes it difficult to determine the specific significance of food intake per se in
relation to allergy outcomes.

As can be seen in Paper I, the most pronounced differences in food intake were found to be age, education,
BMI, and smoking tobacco before pregnancy. Living in a more rural area was related to a higher intake
of meat products, game meat in particular, but also cow’s milk. The literature on the impact of residential
areas on food intake in Sweden is sparse. One study involving adolescents in West Sweden found that
individuals living most urban consumed fruit, vegetables, and fish more frequently than those living in a
more rural area [81]. That study cannot confirm our findings regarding meat and cow’s milk intake since
this was not investigated. However, in our study, vegetable and fruit intake clustered on the opposite side
of meat and cow’s milk, and thereby also of residential area (Paper I).

Further, not all food items were related to maternal characteristics. For instance, neither the intake of
whole grain products, fiber-rich carbohydrate sources, nor lean fish differed between women of different
ages or with different educational backgrounds. However, when investigating seafood intake with median
split (i.e., comparing relatively high seafood consumers with relatively low seafood consumers), the
educational background did differ between the consumer groups (Paper IV).

The food intake did not only differ depending on maternal characteristics such as education and age, we
also show that reported intake differed between pregnancy, one month postpartum, and four months
postpartum (Paper II). There was a clear gradual decrease in the reported intake over time of dairy
products (310 grams/day, 270 grams/day, and 230 grams/day) and fruit and berries (270 grams/day, 200
grams/day, and 170 grams/day). In addition, the pattern of seafood consumption seemed to differ from
before pregnancy and during pregnancy, where fish known to be dense in e.g., heavy metals (e.g., fish
from the Baltic Sea) were consumed at a markedly lower rate during pregnancy than before (Paper IV).

5.2. Influence of maternal diet on infant allergy development

This thesis presents results based on associations between self-reported food intake and physician
diagnosis of food allergy, atopic eczema, and asthma at 12 months of age (Paper II). Several statistically
significant associations were found between self-reported intake of food items, as well as nutrients from
nutritional calculations of the whole diet, and offspring allergy diagnosis (Figure 4). As can be seen in the
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figure, most associations were found for maternal food intake between three and four months postpartum,
rather than during pregnancy or the first month postpartum.
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Figure 4. FFQ reported food intake associated with allergy diagnosis in the NICE cohort.

The number of arrows displays the level of significance received in the partial Spearman correlation analysis adjusted for any allergy
within the family, siblings, season of birth, and total energy intake. Three arrows indicate a p-value <0.001, two arrows p-value <0.01,
and one arrow p-value <0.05. The results are summarized from six heatmaps presented in Paper I1.

5.2.1. Cow’s milk intake and food allergy

The most consistent finding (i.e., remaining over time) in Paper II was a lower incidence of food allergy
following a higher intake of cow’s milk (in a glass or on a plate) by the mother. A previous study identified
lower levels of cow’s milk protein-specific (B-lactoglobulin and casein) IgA in the breast milk of women
excluding cow’s milk from their diet, and lower levels of these IgA have, in turn, been found to associate
with an increased risk of offspring cow’s milk protein allergy [82]. Hence, a possible explanation for the
allergy protective effect could be that the child receives tolerogenic antibodies toward cow’s milk via
breast milk.

It is important to note that although women to children with food allergies consumed less cow’s milk than
women to children without any allergy (median: 0 grams/day versus 43 grams/day, p<0.001), there were
still over 50% of the women with a non-allergic child reporting an intake below 50 grams/day. In the whole
cohort, the reported intake of dairy products decreased gradually from pregnancy until four months
postpartum (310 grams, 270 grams, and 230 grams/day), whilst the median intake of cow’s milk (i.e., served
in a glass or plate) was kept constant between pregnancy and one month postpartum (100 grams/day) but
decreased at four months postpartum (43 grams/day). This could be a sign of reverse causation since the
lower intake of cow’s milk by the mother might result from early allergic symptoms of the breastfed infant
(i.e., symptoms developing before exposure rather than exposure leading to symptoms). As described in
Paper 11, to take reverse causation into account, secondary analyses were performed without women who
changed their intake of dairy products from any to null following early allergic symptoms of the child. The
results indicated a lower incidence of food allergy following a higher intake of cow’s milk even after
excluding these women.

Further, the results from Paper I indicated that women living in a more rural area consumed more cow’s
milk. This could indicate that intake of cow’s milk is a proxy for living area, and that the hygiene
hypothesis (exposure to microorganisms) can be implemented and explain the association with lower
allergy incidence, and not the intake per se. However, only four families lived on a farm with animals
(none of these children had any allergy), and conclusions are therefore difficult to draw. Milk intake was
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further negatively associated with education and positively associated with parity meaning that women
with higher education and mothers being first-time pregnant drank less milk.

It is possible that exposure to cow’s milk protein might protect against cow’s milk protein allergy
specifically, due to induced tolerance after exposure to the potential allergen (e.g., B-lactoglobulin and a-
S1-casein) [83]. In this cohort, children without maternal food allergy were less frequently diagnosed with
cow’s milk protein allergy if the mother consumed cow’s milk already during pregnancy compared to
women without this consumption (3% versus 9%, p=0.04). However, this must be interpreted with caution
due to the low number of children with cow’s milk allergy in each consumption group (N=8 and N=6,
respectively).

5.2.2. Fruit and berries intake and eczema

Maternal intake of fruit and berries at four months postpartum was found to be positively associated with
offspring eczema. Previous studies have rather found opposite results, with a lower risk of atopic eczema
following a higher intake of fruit and vegetables during pregnancy and lactation, as reviewed elsewhere
[10]. However, one previous study presented higher odds of offspring eczema at 12 months of age
following a higher maternal intake of resistant starch during pregnancy [84]. To note, that study
investigated different dietary fiber intakes during pregnancy and not lactation and could not see any
difference in total fiber intake deriving specifically from fruit between mothers to children with and
without eczema. Hence, we have not found any obvious explanation to how maternal intake of fruits and
berries may increase the risk of offspring eczema, indicating that the association may be driven by
confounding factors. To investigate the association found in Paper II further, we searched for fruit intake
biomarkers using metabolomics in Paper V. Results from these analyses are presented in section 5.4.2.

5.2.3. Fatty acid intake and allergies

A higher maternal intake of saturated fat while breastfeeding four months postpartum was associated with
a lower incidence of food allergy, eczema, and asthma (Figure 4). In secondary analyses, the intake of
saturated fat was divided into tertiles (<23, >23 to <33, >33 grams/day), where the first tertile was used as
a reference in logistic regression analyses. Also, in these analyses, a higher intake while breastfeeding was
associated with lower odds of food allergy in the second and the third tertile (OR (95% CI)=0.18 (0.06-
0.54), and 0.29 (0.12-0.71), respectively). This was also true for eczema and asthma when comparing the
highest with the lowest tertile (OR (95% CI)=0.33 (0.12-0.91), and 0.33 (0.11-0.96), respectively). The
intake of saturated fat (nutritional calculations of whole diet) during lactation was most strongly
associated with the reported intake of cheese (rho=0.61), followed by sweets (rho=0.54), and dairy
products (tho=0.47). Previous literature regarding saturated fatty acid intake while breastfeeding is sparse,
but the intake of saturated fat during pregnancy (i.e., not lactation) has been found to associate with a
lower risk of asthma at five years of age [85].

To note, the maternal intake of fatty acids during pregnancy was not associated with any of the
investigated allergies. This is similar to another study with a larger sample size, where no associations
between maternal fatty acid intake and offspring risk of cow’s milk protein allergy at three years were
identified [86]. However, when stratifying for maternal heredity in that study, higher maternal intake of
a-linolenic acid was associated with lower odds of offspring cow’s milk allergy among children without
allergic mothers [86].

5.2.4. Ethical aspect

The potential a diet regimen can have in allergy development must, of course, be interpreted in relation
to the overall risk of allergic disease following allergic heredity and other environmental exposures (e.g.,
tobacco). If diet indeed influences the risk of allergy, changing the diet is more easily achieved than
changing the genes or exposing the infants to more microbes and infections. Regardless of the results,
encouraging allergic mothers to consume food they cannot tolerate should, of course, not be done.
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5.3. Investigated food intake biomarkers in the NICE cohort

In Paper IV, biomarkers of seafood were investigated based on laboratory quantifications of trace
elements and fatty acids. The work in Paper V did not focus on a specific food group, instead, different
candidate biomarkers were measured with untargeted metabolomics and then related to the intake of
corresponding food items.

5.3.1. Metabolomics-based food intake biomarkers

In Paper V we searched for a panel of metabolites in plasma, reflecting different food groups, based on
mass-to-charge ratio and retention time in a dataset obtained after running untargeted metabolomics. The
choice of metabolites to search for was based on a list of candidate food intake biomarkers created by the
Chalmers Mass Spectrometry Infrastructure (CMSI). As described in Paper V, the list was created based
on a literature survey and communication done as part of the Food phytochemicals matter for
cardiometabolic health (FOODPHYT) project under the joint programming initiative a Healthy Diet for
a Healthy Life [87].

The most statistically significant associations (p<0.001) from Paper V, between food intake and plasma
metabolites, are summarized in Figure 6. The metabolites which correlated most strongly with self-
reported food intake were proline betaine, pipecolic acid, CMPF, indole-3-lactic acid, and acetylcarnitine.
The results regarding juice intake and proline betaine levels in maternal plasma (pregnancy: rho=0.38;
delivery: rho=0.23; four months: rho=0.41) are similar to the magnitude reported in another Swedish
cohort study using FFQ data (rho=0.34 for citrus and not juice) [88]. On the other hand, the correlation
coefficient between fatty fish intake and CMPF in maternal plasma at four months was weaker in our
study (rho=0.30) compared to the study mentioned above (rho=0.45). As seen in Figure 6, relative
intensities of CMPF correlated most strongly with fatty fish, as can be expected, followed by other seafood,
fruits, and vegetables.

The food intake biomarkers were found to be associated not only with expected food intake variables but
also with a wider range of unexpected food sources. One possible explanation is that the consumption of
various food items is often closely related. Food items are usually consumed in various combinations
rather than separately, as indicated by the clustering feature in the figure, as well as the results presented
in Paper 1. Therefore, it is important to interpret any associations found with caution if they are not
expected. If the literature does not suggest a particular food source as a means of exposure, it may be a
proxy for lifestyle or, simply, a spurious finding.

As can be seen in Figure 5, most associations were found four months postpartum, followed by pregnancy,
and lastly, delivery. This may indicate that food intake biomarkers can be measured more accurately
during lactation than during pregnancy and delivery. However, it may also relate to the sample handling
in the NICE cohort, which differed between the different investigated time points. At four months,
samples were drawn at the research laboratory. During delivery, samples were collected at the delivery
ward, and during pregnancy at various maternity clinics. Since the samples were aliquoted and frozen at
the research laboratory, the time until handling was shorter and more controlled at four months
postpartum (since no transportation was needed), which could have affected the results.
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Figure 5. Heatmaps of associations between relative intensities of food intake biomarkers in plasma from a) pregnant
women, b) women and their child at delivery, ¢) women and their breastfed children, in relation to maternal reported
food intake (grams/day) at gestational week 30-34, first month postpartum, and between three and four months
postpartum, respectively. All variables with any association with p-values <0.001 in Paper V are presented in here.

5.3.2. Seafood intake and trace elements

Seafood is a food group often discussed in the field of allergy prevention. Potential candidate biomarkers
for seafood intake were investigated in urine and blood samples collected during pregnancy (Paper IV).
In addition to the more commonly investigated fish fatty acids (DHA, EPA, and DPA), the micronutrients
iodine and selenium, and the food chain contaminants arsenic and mercury were investigated since these
are broadly found in seafood.

Concentrations of mercury in erythrocytes correlated relatively strongly with FFQ-reported intake of
seafood and was by far the most strongly associated objective measurement regardless of seafood type.
The candidates with the strongest potential as seafood biomarkers in this cohort are summarized in Figure
6, where associations from Paper IV with rho>0.25 and p<0.001 are presented. As can be seen, the fatty
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acids EPA and DHA, commonly regarded as good biomarkers of fish intake, are not among the
biomarkers with the strongest associations to intake of total seafood (rho=0.20 and rho=0.22,
respectively), or fatty fish (rho=0.24 and rho=0.25, respectively) during pregnancy. It is possible that the
associations would be different during another period of life or in another geographical area. However, a
Norwegian study of pregnant women showed similar results with stronger associations between seafood
intake and mercury and arsenic levels in blood than with the more commonly used n-3 LCPUFAs [89].
Also, a randomized controlled trial has previously indicated that DHA and EPA (serum phospholipid
concentrations) might be good seafood biomarkers during the first trimester, but not from second
trimester and onwards [57].

0.5
Mercury (erythrocytes)

0.4
Selenium (plasma)

0.3
Total arsenic (erythrocytes)
‘ 0.2

Total arsenic (urine)

Arsenobetaine (urine)

Figure 6. Blood and urine concentrations of candidate biomarkers of seafood intake during pregnancy.

Associations with a correlation coefficient above 0.25 and a p-value below 0.001 are summarized. Full results are
presented in Paper IV.

5.4. Biomarkers to evaluate associations between food intake and allergy

Several associations were identified between self-reported food intake and diagnosis of allergy during the
first year of life (Paper II). In the thesis, identified metabolites from Paper V were used to further
investigate the findings from Paper II. When it comes to using food intake biomarkers during pregnancy
it is important to consider the remarkable physiological changes during pregnancy and the transport of
nutrients to the growing fetus. These factors might affect the plasma levels of some candidate biomarkers,
making them less reliable as food intake biomarkers during pregnancy.

5.4.1. Ruminant fatty acids, cow’s milk intake and food allergy

Several previous studies have used the saturated fatty acids (SFA) pentadecanoic acid (C15:0) and
heptadecanoic acid (C17:0) as biomarkers of cow’s milk intake, as thoroughly reviewed elsewhere [47]
and discussed in the background section. The use of these fatty acids as biomarkers of cow’s milk intake
is often motivated by the fact that they are produced by microorganisms in the rumen of the cows [90]. As
presented in Paper II, proportions of pentadecanoic acid (15:0) in breast milk correlated with both
maternal cow’s milk intake at four months postpartum (rho=0.25, p<0.001) and directly with offspring
food allergy (rho=-0.151, p=0.02), while no such association could be seen for heptadecanoic acid (17:0)
and food allergy. To investigate these findings further, a logistic regression with the fatty acid proportion
divided by the interquartile range was done, and the results are presented in Figure 7. As can be seen, the
correlation between higher proportions of C15:0 and lower incidence of food allergy is supported by the
findings from the logistic regression (crude and adjusted for heredity: OR=0.43, p=0.01). However, as seen
in the figure, these fatty acid proportions (C15:0 and C17:0) at one month postpartum were not associated
with lower odds of food allergy. Previous literature regarding maternal cow’s milk intake, specifically
during lactation, and the risk of offspring food allergy are lacking, as concluded elsewhere [22]. Hence,
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future studies are needed to elucidate if there might be a causal relationship between the intake of cow’s
milk, specifically during lactation, and offspring allergy risk, and if so, at what doses.
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Figure 7. Cow’s milk fatty acids in relation to food allergy.

This is a summary of the results found in Paper II with additional logistic regression analyses. The odds ratio (OR) is presented per
interquartile range (IQR): pentadecanoic acid, 1 month=0.16 and 4 months=0.18; heptadecanoic acid, 1 month=0.09 and 4
months=0.10. The adjusted model included any allergic disease within the family as a covariate. For the statistically significant
analysis (C15:0 at four months in relation to food allergy) the crude and adjusted OR (95% CI)) were 0.43 (0.23-0.82) and 0.43 (0.23-
0.81), respectively.

Logistic regression

5.4.2. Proline betaine, fruit and berries intake and eczema

Interestingly, intake of fruit and berries while breastfeeding was associated with a higher incidence of
offspring atopic eczema in Paper II. As shown in Paper V, the relative intensity of proline betaine (a citrus
fruit biomarker) in plasma was strongly associated with fruit intake. If the finding in Paper I would be of
causal origin and explained by the intake of citrus fruit in particular, one could expect the food intake
biomarker proline betaine also to be associated with atopic eczema. However, neither maternal nor infant
plasma levels at four months were associated with atopic eczema (Figure 8). Hence, proline betaine in
plasma could not confirm the findings between fruit intake and offspring eczema.

Proline betaine is validated as a food intake biomarker for citrus fruit [91]. In this cohort of pregnant
women, proline betaine was most strongly associated with the reported intake of fruit juice. Fruit and
berries are, however, a broad group and include food items which probably is not well reflected by proline
betaine. A previous study showed the opposite results, where higher maternal fruit intake during
pregnancy resulted in lower odds of eczema at three years of age [30]. In that study, stachydrine was used
as a biomarker of fruit intake, which seems to be a synonym for proline betaine.

As discussed in Paper 11, when studying the different types of fruit included in the overall group in relation
to atopic eczema, intake of banana and fruit soup/kissel (e.g., bilberry or rose hip) were the ones positively
associated with the diagnosis, and hence, the ones who could explain the association between fruit and
berries and eczema. The intake of banana and fruit soup/kissel was not related to plasma levels of proline
betaine (rho=0.07, p=0.13, and rho=0.08, p=0.08), which could explain why proline betaine was not
confirming the association found between fruit and berries and eczema in our cohort. Hence, it is
important not to encourage a reduced intake of fruit and berries for allergy prevention since the results
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are conflicting. It is possible that the reported intake of fruit and berries represent a type of lifestyle that
is associated with eczema and not a causal relationship between fruit intake and eczema.
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Figure 8. Proline betaine in relation to atopic eczema.
This is a summary of the results found in Paper V with additional logistic regression analyses. The odds ratio is presented per
interquartile range (IQR). The adjusted model included any allergic disease within the family as a covariate.

Logistic regression

5.4.3. Seafood intake, seafood biomarkers, and eczema

In Paper III, higher phospholipid proportions of n-6 PUFAs in the infants’ umbilical cord at birth were
associated with a higher incidence of atopic eczema, both in unadjusted models and after taking allergic
heredity into account. These proportions were also negatively related to fish intake during pregnancy
(fatty fish, rho=-0.17, p=0.02; total fish, rho=-0.16, p=0.03). These results may indicate that a low fish intake
during pregnancy may result in a higher incidence of atopic eczema through higher proportions of n-6
PUFAs. However, no associations were found between the self-reported seafood intake and offspring
allergy.

As discussed previously, subjective measures of fish intake may not be very accurate, and objective
measures may instead be used. In Paper IV, mercury concentrations in erythrocytes and arsenobetaine in
urine were found to correlate with the reported intake of most seafood types during pregnancy. Hence, if
these objective measurements reflect seafood intake during pregnancy better than the dietary assessment,
and if seafood intake could prevent allergy, one could expect a negative association between these
concentrations and atopic eczema. In logistic regression models conducted for this thesis, no such
association could be found (Figure 9).

Taken together the results of this thesis and the existing literature, maternal seafood intake during
pregnancy does not seem to affect offspring allergy development during the first year of life. Although
some studies have reported a lower incidence of offspring allergy [92, 93], the overall evidence seems to,
in accordance with the findings in this thesis, indicate that seafood intake during pregnancy might not be
relevant in terms of allergy prevention [36, 37].
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Figure 9. Summary of associations between seafood biomarkers and atopic eczema.

This is a summary of the strongest results found in Paper IV (mercury and arsenobetaine). The odds ratio is presented per
interquartile range (IQR): mercury=1.35 and arsenobetaine=32.3. The adjusted model included any allergic disease within the
family.

25



6. STRENGTHS AND LIMITATIONS

The work within this thesis has several strengths. For instance, the assessment of maternal diet was
extensive, with three repeated semi-quantitative FFQs covering the food intake during pregnancy until
four months postpartum. Having information regarding maternal food intake while breastfeeding is quite
unique since previous literature focuses primarily on the diet during pregnancy or the postpartum weaning
practice. Further, allergy was diagnosed by a pediatrician who specialized in allergy and was, hence, not
parent-reported or based solely on sensitization. The same allergologist set the diagnosis throughout the
study, meaning that bias potentially introduced by inter-individual judgments has been removed.

Another strength is that the sample collection was extensive. A wide range of biological samples were
collected from both the mother and the child at multiple times. The work within this thesis includes data
from blood sampling of the mother, the fetus (i.e., umbilical cord), and the infant. Further, it includes
repeated breast milk collections and urine samples. Altogether, this enabled the use of metabolomics and
measurements of fatty acids and trace elements in different biological samples, in order to investigate the
maternal diet more thoroughly and objectively.

However, there are also limitations to acknowledge. For instance, the data curation was not fully finished
at the time Paper I was published. More specifically, the estimated food intake was therefore based on
the reported intake frequency and normal portions as suggested by the Swedish Food Agency (i.e., not
portion sizes reported by the study participants). However, the quantification was improved in the
following papers by taking reported portion sizes into account. Importantly, no major differences were
identified in secondary analyses where the results from Paper I were reproduced with the new
quantification, and the conclusions remained unchanged.

This thesis focused on studying allergies during children’s first year of life, and it is possible that maternal
food intake plays a different role in allergies developing further on. Hence, it is important to also
investigate the role of maternal diet during pregnancy and lactation on allergies diagnosed later in
childhood. In the NICE cohort, all children are currently followed up and assessed for allergy at four and
six years of age.

6.1. Causality

The results produced within this thesis are based on observational cohort data, which makes it difficult to
draw conclusions regarding the causal effects of maternal diet on offspring allergy risk. Although attempts
were made to more objectively rank individuals based on their diet (i.e., food intake biomarkers), the lack
of specificity of these biomarkers is a limitation. Further, associations between the food intake biomarkers
and self-reported food intake were relatively weak. In causal inference, the strength of association can
indeed be seen as a guideline for judging the causality of the findings [94]. However, the lack of strong
associations is rather expected in this type of study, and the expected correlation between concentration
biomarkers and the actual food intakes has been suggested to be below 0.6 [43]. In addition, since the food
intake biomarkers were correlated to self-reported intakes measured with a FFQ which underestimates
the actual intakes, the correlation coefficients can, of course, be expected to be even lower. Hence, the
lack of strong associations in this thesis does not automatically imply a lack of causality, although it
warrants further investigation.
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7. CONCLUSIONS

In summary, this thesis presents in-depth information regarding food intake during pregnancy and
lactation in the NICE cohort. The development of offspring allergy during the first year of life was
associated with maternal intake, primarily during lactation, of cow’s milk, saturated fat, and fruit and
berries, although causality cannot be proven. Furthermore, infant’s fatty acid profile at birth was
associated with eczema development during the first year of life. The conclusions of this thesis are:

e Maternal characteristics influence food intake during pregnancy. For instance, higher education
and age were associated with a more nutrient-dense diet (including fruit, vegetables, fish, and
nuts). Higher BMI in early pregnancy and smoking before pregnancy were related to a lower
intake of these food groups.

e Since food intake is closely related to maternal characteristics, it is difficult to determine the
specific significance of food intake on different outcomes (e.g., allergy development). The
complex interaction between food choice and lifestyle must be considered here as in observational
studies in general.

e Maternal intake of cow’s milk while breastfeeding, confirmed with the cow’s milk intake
biomarker C15:0, was associated with a lower incidence of offspring food allergy during the first
year of life, even after adjusting for reverse causation. This could indicate that cow’s milk might
lower the risk of developing food allergy or simply that reported intake of cow’s milk reflect
unmeasured factors which affect allergy risk.

e Maternal intake of saturated fat while breastfeeding was inversely associated with offspring food
allergy, eczema, and asthma during the first year of life. This warrants further investigation to
elucidate if a higher intake of saturated fat competes with the intake of immunomodulatory
PUFAs or if saturated fat intake is associated with a certain lifestyle or if the saturated fat per se
might influence allergy development.

e Higher proportions of n-6 PUFAs, foremost arachidonic acid, in umbilical cord plasma
phospholipids were associated with a higher incidence of atopic eczema during the first year of
life. Lowering the n-6 PUFA proportions in utero may be achieved by increasing the proportions
of n-3 PUFA. The n-6 and n-3 PUFA proportions in the umbilical cord blood depend on the
endogenous production by the mother and child, the transport over the placenta, and the maternal
food intake.

e Using food intake biomarkers known from a general (i.e., non-pregnant or lactating) population
to reflect the food intake seems applicable also in breastfeeding women. For instance, proline
betaine measured in plasma correlated relatively strongly with self-reported intakes of fruit juice,
orange, and also a general intake of fruit and berries. The strongest correlation between food
intake and exposure biomarkers during pregnancy was noted for mercury in erythrocytes and
reported intake of seafood. Further investigations are needed to find metabolomics-based food
intake biomarkers during pregnancy.
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8. FUTURE PERSPECTIVES

e The causality of the findings in this thesis needs to be investigated. For instance, if it is a higher
maternal intake of cow’s milk per se that protects against food allergies in the offspring or if there
are other confounding factors affecting this association. Considering causal inference tools such
as the Bradford-Hill criteria [91], there is a need for:

— Mechanistic studies investigating immunomodulation by separate components of
cow’s milk, fruit and berries, and fatty acids intake.

— Randomized controlled intervention studies investigating dose-response for cow’s
milk, fruit and berries, and fatty acids intake and allergy development.

— More studies investigating associations between maternal intake of cow’s milk, fruit
and berries, and fatty acids intake during lactation in relation to offspring allergy
development.

e Investigate how objective measurements can be combined with self-reported food intake in order
to compensate for the shortcomings of both methods.

e Investigate associations between maternal diet during pregnancy and lactation and offspring
allergy development at four and six years of age in the NICE cohort.

e Investigate associations between infant feeding (e.g., timing of food introduction, and diet
diversity) and allergy incidence, both alone and combined with maternal dietary exposures.
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11. APPENDIX

In order to complement the knowledge summarized in previous reviews, a literature search regarding
publications from the last five years was conducted in PubMed using the following search terms:

("Pregnancy "[Title/Abstract] OR "Lactation"[Title/Abstract]) AND ("Diet"[Title/Abstract] OR
"Food"[Title/Abstract]) AND ("Allergy "[Title/Abstract] OR "Eczema"[Title/Abstract] OR
"Asthma"[Title/Abstract]) AND ("Offspring "[Title/Abstract] OR "Infant"[Title/Abstract] OR
"Child"[Title/Abstract]) AND (y_5[Filter]).

The search was conducted in April 2023 and resulted in N=195 hits which were all investigated in terms
of title and abstract. From the first round of screening, N=56 made it to the second round. Reasons for
exclusion included subject (not concerning maternal diet during pregnancy or lactation in relation to
offspring allergy, N=86), language (not available in English, N=3), animal studies (mice, N=4), and
reference type (not original research, N=46: guideline, N=2; review, N=33; study protocol, N=6; meta-
analysis, N=2; book chapter, N=2; and correction, N=1).

In the second round, the articles were read more thoroughly, and N=21 were thereafter excluded since
they did not concern maternal diet during pregnancy or lactation (e.g., investigated supplementation) in
relation to offspring food allergy, eczema, or asthma (e.g., investigated wheeze or immunological
markers). The remaining publications (N=35) are summarized in Table A1l with a focus on results
concerning food allergy, eczema (atopic dermatitis and atopic eczema were handled interchangeably), and
asthma during childhood (i.e., the publications might include results concerning adolescents or other
allergy diagnoses which are not summarized in the table).
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