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Preface to ”Update on Nutrition and Food Allergy”

Food allergy is increasingly recognized as a growing public health burden and has been referred

to as the “second wave” of the allergy epidemic, following asthma. Recent research shows a

prevalence of 10% in young children in Europe. Causes may include pollution, dietary changes,

and less exposure to microbes. Recently, processing operations, e.g., heating and drying, also appear

to have an effect on the allergenicity and toxicity of food proteins. So far, the molecular and cellular

mechanisms involved in sensitization to food allergens are not fully understood. A recent hypothesis

is based on the dual allergen exposure of food allergens to the skin and gut. Observations that

children with atopic dermatitis are more often sensitized to food allergens led to the hypothesis

that exposure on the skin leads to sensitization, whereas early oral ingestion leads to tolerance. The

scope of this Special Issue is to describe causes of sensitization to food allergens and food allergy,

thereby focusing on effects of processing operations of food proteins, extraction of food proteins for

diagnostic tools and allergenicity of rather new allergens, e.g., seaweed. Furthermore, this Special

Issue pays attention to other subjects focusing on food allergy. One example describes the huge role

of the amount of allergens (the dose) in different situations. How much allergen should be used

in, e.g., food challenges, and introduction of foods, is very important, but also the exact amount of

ingredients in packed food is indispensable.

This Special Issue is addressed to researchers and health care professionals with an interest in

food allergy. The ten articles are written by groups of professionals throughout the Netherlands, with

a wide experience in food allergy and a huge variety of expertise, e.g., dieticians, allergists, pediatric

allergists, biochemical analysists, immunologists, and research nurses.

Nicolette W. de Jong and Harry J. Wichers

Editors
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Food-induced anaphylaxis is an immediate adverse reaction, primarily triggered by
the cross-linking of allergen-specific immunoglobulin (Ig) E bound to the high-affinity
IgE receptor (FcεRI) on mast cells (MCs) after re-exposure to the same food allergen.
Patients with an IgE-mediated food allergy often suffer from a variety of symptoms,
e.g., gastrointestinal, skin, lungs, and, in the worst case, anaphylaxis. The site where food
antigens are firstly taken up, either the skin or the gut, may cause sensitization against
this food antigen [1]. Sensitization in the gut can take place due to increased intestinal
permeability, and in the skin, a disrupted skin barrier is often responsible for higher
exposure to allergens, which consequently leads to increased sensitization. This is often
the case in patients with atopic dermatitis. In these patients, often 20% of the body area
is affected, mostly caused by mutations in filaggrin (FLG) null, which encodes for the
epidermal protein FLG. The IL-33 levels in these patients are high, mostly caused by
scratching. This also increases the degranulation of mast cells and intestinal permeability.
Van Splunter et al. described increased interleukin (IL)-33 levels in serum, which activate
dendritic cells (DCs) and interleukin 2 (ILC2) cells [2]. Furthermore, cutaneous sensitization
induces thymic stromal lymphopoietin (TSLP) activation of basophils, and the production of
IL-4, IL-5 and IL-13, leading to a reduced gut barrier for food allergens and an IgE-mediated
degranulation of MCs. This illustrates the existence of a skin-to-gut crosstalk, in which
damaged skin can promote food-induced anaphylaxis by driving intestinal MC expansion.

Sensitization to food allergens can be measured with the Skin Prick test (SPT) and/or
specific serum IgE (sIgE). Unfortunately, standardized commercial food allergen extracts
for SPT are less readily available. Furthermore, due to globalization, the number of foods
that causes an allergic reaction is increasing. In addition to the SPT, the Prick-to-Prick
test (PTP) is also very commonly used to measure sensitization. The PTP test shows high
sensitivity and specificity, but it is not very practical, as fresh fruits have to be available at
the department. One alternative for commercial extracts and fresh fruits for PTP might be
to prepare homemade (HM) extracts through standardized protocols. Recently, S. Terlouw
et al. performed a clinical trial in 54 food-allergic patients comparing SPT results with
commercial and home-made extracts [3]. Extracts form hazelnut, walnut, apple, peach and
almond were compared. The intraclass correlation coefficient between the SPT results of
both extract methods was strong for hazelnut, moderate for apple and peanut and weak
for the other allergens. Many SPT’s with almond were positive without causing symptoms
in the patients. In contrast, results with home-made peach extract showed high agreement
with the peach-specific allergic symptoms. The homemade extract consists of a few drops
of juice that are rapidly produced from the whole peach and stored in small aliquots at
−20 ◦C. This method mimics the PTP method. In that way, many small aliquots from
different fruits and vegetables, and even from fresh herbs, can be available every day at
the clinic.

Nutrients 2022, 14, 2137. https://doi.org/10.3390/nu14102137 https://www.mdpi.com/journal/nutrients1
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The evaluation of patients with a possible food allergy starts with an extensive food-
specific medical history. The standardized diet history tool published by S. Skypala et al.
provides a practical approach to support food allergy diagnosis, ensuring that all relevant
information is captured and interpreted in a robust manner [4]. Although the combination
of the allergy-focused diet history with positive sensitization to the specific food allergen in
SPT and/or sIgE measurements often leads to a clear diagnosis, in many cases, discrepan-
cies occur. The only method (gold standard) to finally confirm a food allergy is to perform
a double-blind, placebo-controlled food challenge (DBPCFC). This is very time-consuming,
expensive and at risk for anaphylaxis, but in some cases, it is indispensable and therefore
commonly used. Masking the food for a DBPCFC is not always possible, and therefore, in
some cases, the patient is blinded and uses a nose clip. This method is called single blinded.
A good example of this kind of test is the pear study performed by de Jong et al. [5]. In the
Netherlands, research has been conducted to measure differences in allergenic properties
between various cultivars, e.g., pear cultivars. Also in the Netherlands, in early 2007, the
“Santana apple” showed reduced allergenic properties because of its lower Mal d 1 levels.
The Santana apple caused significantly fewer allergic symptoms in apple-allergic individu-
als than the Golden Delicious and Topaz apples [6]. Unfortunately, this lower allergenicity
could not be measured for a new “Cepuna” pear cultivar. The results of challenges with the
new ‘Cepuna’ pear were comparable with the more common “Conference” pear. The only
(non-significant) difference in favour of the Cepuna pear was that it caused less objective
symptoms and less severe symptoms after consumption. The highest dose used in the
challenge was 200 g, which comes close to a whole pear. Doses and volumes of foods often
lead to discussions among allergists and dieticians. In challenges, the patient reacts to a
certain dose, but the question remains how to translate that to normal consumption. When
the patient reacts to 100 mg of protein, is that comparable to a spoon, a bite, a sip or a
cup? For the management of food allergies, we should be aware that there are no standard
definitions. Recently, M. Kok et al. estimated sizes of bit and sip for milk, egg, peanut
and hazelnut in selected age groups: 2–3, 4–6 and 19–30 years [7]. The results could be
compared with ED10 and ED50 (10% and 50% of the allergic subjects react with objective
symptoms) [8]. Only one food contained less estimated allergenic protein per portion when
comparing the amount of milk in foods to the ED10 for milk. This was the case for four
foods: for egg, peanut and hazelnut none of the foods contained less than the ED10. This
means that all the other foods will provoke allergic reactions in allergic patients who belong
to the 10% most clinically sensitive individuals. The protein content in a single bit or sip
contained a sufficient amount of allergenic protein in all cases to elicit an allergic reaction.

Doses and servings become more important since the early introduction of foods is
advised for the prevention of food allergy. S. Filep et al. published doses of specific allergens
in “early introduction foods” (EIF) for the prevention of food allergy for 17 major food
allergens [9]. Cumulative allergen doses for each EIF were estimated using serving sizes
and consumption recommendations provided by the manufacturer. For early introduction
of foods, as well as of introduction of foods after a negative food challenge, the doses are of
high importance [10]. The starting dose for introduction after a negative food challenge
should not exceed the highest dose that was given during the food challenge. In individual
cases, an introduction schedule can be provided to the patient for home introduction, and
in other cases, the doses should be given at the outpatient clinic. Furthermore, regular
telephone calls are important to follow-up the patient. Two studies comparing introduction
with and without a structured protocol showed significant differences: vd Valk et al. [11]
and JAM Emons et al. [12]. The latter study showed only 8% of failed introductions versus
52% in the earlier study by Valk et al. So, protocols and follow-ups are mandatory to
successfully introduce the food into the daily diet of the patient.

Since 2011, when J.S. Kim et al. [13] published a paper proving that dietary “baked
milk” accelerates the resolution of cow’s milk allergy (CMA) in children, many trials
have studied the effects of processing of foods, e.g., baking and drying. Apparently, (dry)
heating and glycation of cow’s milk protein (Maillard reaction) have been shown to alter
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its digestibility and immunogenicity, and consequently, CMA children are able to consume
this form of cow’s milk (CM). Moreover, “baked milk” products (using dry heating) have
been shown to accelerate the resolution of cow’s milk allergy. The study of Zenker et al.
Investigated specific peptide profiles of CM proteins heated at low and high temperatures
after simulated infant in vitro digestion and compared this to non-treated CM [14]. This
study showed that during simulated infant in vitro digestion of milk that was dry heated
in the presence of lactose, different peptide profiles are generated. High-temperature dry
heating had the largest effects on peptide generation, resulting in much lower numbers of
peptides with lower sequence coverage. Moreover, a much lower number of sIgE-binding
epitopes and a larger proportion of glycated sIgE-binding epitopes and T-cell epitopes in
heated samples indicated that the immunogenicity and allergenicity of these samples could
be affected.

Many studies have investigated the tolerance-inducing effect of baked milk, but the
form of the product (e.g., cake, bread, cheese or pizza) and the precise heating process were
found to be highly variable. For the introduction of, e.g., milk and egg, so-called milk and
egg ladders can be used, but even the latest literature from Venter et al. in 2022 [15] does not
give detailed information on the exact baking temperature or baking time of the products.
Even protein content of the several doses is unknown. FrieslandCampina (Amersfoort,
the Netherlands) developed a standardized dry-heated CM protein powder, with an exact
baking temperature and time, and the method is accurately described in the article [16].
To test the new baked milk (HP) powder, challenge-proven CMA children were included
(3 months–3 years), and the HP powder was introduced in incremental doses by dissolving
it in the child’s daily milk formula. Seventy-two percent (18/25) of the children tolerated the
HP product, and seven children experienced adverse events. These results are comparable
with the baked milk studies. The group that does not tolerate the baked milk product most
likely has a more severe or even a persistent CM allergy. Currently, a randomized placebo-
controlled study is being carried out in 10 different children hospitals using this HP powder
to measure the tolerance-inducing capacities of the product. The results are expected by the
end of 2022. The Maillard reaction (MR) can affect the sensitization properties of allergens
in patients. The process is widely studied in CM allergy, but studies with other food
allergens can hardly be found. Wheat flour is an important component of many baked
goods, and during the baking process, wheat protein may also undergo the MR because
sugars are usually present. However, reports on the allergenicity change in wheat proteins
after glycation are rare. This was also concluded by Gou et al. in a recent review [17]. An
important allergen of wheat is gluten, especially in the form of glutenin. Methylglyoxal
(MGO) has the highest reactivity as intermediate in the MR. The project of Wang et al.
aimed to determine the effect of MGO on the allergenicity of glutenin based on the BALB/c
mouse model pre-sensitized to native glutenin, heated glutenin and MGO-glutenin, in
order [18]. The digestibility and changes in the structure of glutenin and gut microflora in
mice were analysed to elucidate the detailed mechanism by which the potential for allergic
reaction is reduced as a result of MGO decoration. The current research results show
that glutenin could alleviate the resulting allergic reaction in mice after MGO decoration.
This study provides a theoretical basis for alleviating glutenin allergic reactions through
processing which should be confirmed in clinical trials in humans.

To further investigate whether food components or processed food components have
effects on the adaptive immune system, intervention studies are widely suggested. The
debate is still far from consensual, in particular on skewing the immune system towards
a more homeostatic situation by means of inducing production of higher numbers of
Tregs, which can decrease the number of T-helper 2 (TH2) cells and consequently decrease,
e.g., IL-4 and IL-5 production. Lately, the supplementation of brown seaweed is presented
in literature as having modulating properties on adaptive immune responses. The article by
Kamunde et al. showed a highly significant increased total plasma antioxidant capacity in
fish [19]. These reactive oxygen species are known to be important drivers of inflammation.
Recently, E.M. Olsthorn published an extensive review on brown seafood supplementation
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and its effects on allergy and inflammation and their consequences [20]. They consider
the seaweed effects by enhanced production of IL-1 and TNF, as well as secondary cy-
tokines, such as IL-10. IL-10 specifically has a clear immuno-suppressive effect. Allergen
immunotherapy induces IL-10-producing type 2 innate lymphoid cells, which are strongly
associated with a clinical response by modulating grass pollen allergy [21]. In this light,
better-designed human studies applying individual seaweed constituents, as well as whole
seaweed (extracts), will provide more insight into the applicability of brown seaweed as an
immune-modulatory nutritional intervention strategy.

Author Contributions: N.W.d.J. and H.J.W. wrote the manuscript. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Immune-globulin E (IgE)-mediated food allergy is characterized by a variety of clinical
entities within the gastrointestinal tract, skin and lungs, and systemically as anaphylaxis. The default
response to food antigens, which is antigen specific immune tolerance, requires exposure to the
antigen and is already initiated during pregnancy. After birth, tolerance is mostly acquired in the gut
after oral ingestion of dietary proteins, whilst exposure to these same proteins via the skin, especially
when it is inflamed and has a disrupted barrier, can lead to allergic sensitization. The crosstalk
between the skin and the gut, which is involved in the induction of food allergy, is still incompletely
understood. In this review, we will focus on mechanisms underlying allergic sensitization (to food
antigens) via the skin, leading to gastrointestinal inflammation, and the development of IgE-mediated
food allergy. Better understanding of these processes will eventually help to develop new preventive
and therapeutic strategies in children.

Keywords: skin-gut-axis; cutaneous sensitization; food allergy; atopic dermatitis; microbiota

1. Introduction

Immune-globulin E (IgE)-mediated food allergy is characterized by a variety of clinical entities
within the gastrointestinal tract, skin, and lungs, as well as systemically as anaphylaxis. IgE is the
hallmark of allergic sensitization and, therefore, the most important antibody isotype in patients with
atopic diseases. Sensitization is the process that leads to the presence of food-specific IgE in the serum
and the skin, which predisposes to the development of food allergy. Several animal models have
shown that epicutaneous allergen exposure, prior to oral challenge with the same antigen, induces
allergic responses in the gastrointestinal tract [1–4]. Observations that children with atopic dermatitis
(AD) and altered epidermal barrier function are more often sensitized to food antigens led to the
hypothesis that exposure to a low dose of food antigen on the skin leads to sensitization, whereas early
oral ingestion of food antigens (in a high dose) mediates tolerance. This hypothesis was first described
by the group of Gideon Lack as the dual allergen hypothesis [5], and was recently updated and
reviewed [6]. Several clinical trials in atopic children have shown evidence supporting the dual allergen
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hypothesis. AD is often the first manifestation of the atopic march and clear positive correlations
have been seen between early-onset eczema (particularly for ages less than three months) and more
severe eczema and the risk of developing food allergy [7]. Furthermore, AD can progress into asthma,
a process mediated by thymic stromal lymphopoietin (TSLP) as demonstrated in mouse models of
experimental asthma [8–10]. Next to this, AD is found to further increase the effect of exposure and
sensitization to food allergens [11]. In the prospective LEAP (Learning Early About Allergy to Peanut
trial) and LEAP-on studies, early introduction of peanut to 4–11-month-old children, with high risk of
developing peanut allergy, significantly reduced the risk of developing peanut allergy by the age of
5 [12]. This high-risk population is identified as infants having AD and/or egg allergy, without having
an established peanut allergy [13]. To interfere with the effect of AD, children with AD were extensively
treated for their eczema with topical corticosteroids or emollients until remission in the PETIT study.
The treatment of eczema was combined with either an early introduction of egg white or placebo
(4–5 months of age) in a two-step protocol and resulted in a lower prevalence of egg allergy (9%)
compared to children that were given placebo (38% egg allergic) at the age of 1 year [14]. This shows
that optimal eczema treatment of AD patients, which resulted in lower SCORAD and POEM scores in
both groups, is in itself not enough to prevent sensitization to food proteins. In contrast, early oral
introduction of food does prevent sensitization to food proteins, as described in the dual allergen
hypothesis [5]. So, optimal eczema treatment of AD patients can contribute in the prevention of
sensitization; however, this only works in addition to oral introduction of food allergens.

How prior allergic sensitization via the skin progresses to food-induced anaphylaxis is not fully
elucidated. Food-induced anaphylaxis is an immediate, adverse reaction, primarily triggered by
cross-linking of allergen-specific IgE bound to the high-affinity IgE receptor (FcεRI) on mast cells (MCs)
after re-exposure to the same food allergen [15]. However, only some individuals develop anaphylaxis,
while others do not, independently of allergen-specific serum IgE levels. This suggests that other
mechanisms than solely allergen-specific IgE are involved in the cascade of symptoms seen in food
allergy. In this review, we will focus on the molecular and cellular mechanisms supporting the dual
allergen exposure hypothesis and recent advances in understanding the interaction between immune
responses in the skin and in the gut in the development of food allergy.

2. Skin Barrier and Skin Sensitization

The function of the skin epithelium is to provide a permeability barrier to maintain water and
electrolytes homeostasis and an immune barrier, which facilitates commensal, but not pathogenic
bacteria [16]. The skin is composed of epidermis and dermis. The epidermis is subdivided into
the stratum corneum on the outside and inwards the stratum corneum is followed by the stratum
granulosum, stratum spinosum, and stratum basale [17]. The stratum corneum is composed of
keratinocytes differentiated into corneocytes and contains, among others: keratin filaments, filaggrin,
and lipids [17]. Tight junctions are located in the stratum granulosum and are sealing the keratinocytes
of the stratum corneum providing the permeability barrier [17]. Deeper into the skin through the
epidermal barrier, the human dermis contains numerous immune cell types, such as Langerhans cells,
mast cells, adaptive resident lymphocytes, and innate lymphoid cells (ILCs), together constituting the
immune barrier.

Atopic dermatitis (AD) is a comorbid condition, which often precedes food allergy in patients.
Furthermore, AD is a common inflammatory skin disease, which often develops during infancy and
proceeds into adulthood. It has a relapsing character with pruritus eczematous flares. The pathophysiology
of AD is multifactorial and includes genetic predisposition leading towards a defective skin barrier,
dysregulated immune response, and microbial dysbiosis. Furthermore, environmental factors, such
as allergens, micro-organisms, and toxins, influence the disease development [16,17]. Patients with
AD have a significantly higher risk of developing food allergy [7]. This suggests that the skin is an
important site of food allergen sensitization. In allergic sensitization via the skin, food antigens cross
the disrupted epithelial barrier and mediate the release of danger signals and inflammatory cytokines
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TSLP and interleukin 33 (IL-33) through epithelial cells. These cytokines activate dendritic cells, which
induce the differentiation of naive CD4+ T cells into a T helper cell 2 (Th2) phenotype. Clinical studies
indicate that children who suffer from IgE-mediated food allergy are most likely sensitized through
the gastro-intestinal tract and/or the skin in early infancy. Hill et al. has demonstrated in a multicenter
large cohort study that early AD onset and severity are associated with high levels of IgE to food
allergens, such as milk, egg, and peanut [18].

The most important genetic risk factors for AD are filaggrin (FLG) null mutations, which encodes
for the epidermal protein FLG [19]. However, this FLG mutation alone is neither sufficient nor
necessary to drive the development of AD. Patients with AD who carry the FLG mutation tend to
have early onset, severe, and persistent skin disease and are more likely to be sensitized to multiple
(food) allergens and to develop asthma [19]. Although a decreased barrier function is associated with
increased intradermal allergen exposure, the mechanism by which this leads to allergic sensitization is
not fully understood. Transepidermal water loss (TEWL) is a marker of epidermal dysfunction and
highly correlated with altered epidermal lipid composition and structure in AD, independently of FLG
mutation [20]. Increased TEWL at the age of 2 days was found to be correlated with AD and with
being allergic to food later in life, at the age of one and two years, respectively. These results further
emphasize the likelihood of the skin as an important site for sensitization at an early age [21,22].

An intact epithelial barrier which prevents the entry of antigens, pathogens, and irritants,
and thereby the production of inflammatory cytokines, is important in the maintenance of homeostasis.
The importance of an intact epithelial barrier is emphasized by the finding in human subjects that
mutations in genes, encoding proteins that are involved in skin barrier integrity, such as FLG and
SPINK5, are independent risk factors for peanut allergy [22–25]. Interestingly, the odds ratio for FLG
mutations and peanut allergy is even stronger than for AD (5.3 vs. 3.1) [19]. Therefore, disrupted
barrier function by FLG mutations alone or by AD in general leads to enhanced sensitization. However,
allergen-specific IgE levels induced by sensitization do not correlate with the prevalence of food allergy
and type 2 inflammatory reactions

Key messages:

• Skin is an important permeability and immune barrier.
• Disrupted skin barrier leads to increased sensitization to food allergens in the skin.

3. Environmental Factors Induce Sensitization to Food Allergens via the Skin

Other factors may also play an important role in the process of sensitization. Walker et al. have
demonstrated that skin barrier mutations, together with exposure to environmental allergens, such as
Alternaria alternata or house dust mite (HDM) extract, were required to drive the development of food
allergen sensitization and anaphylaxis [26]. The exposure to environmental allergens was done after
the skin of mice was wiped with 4% sodium dodecyl sulfate (SDS) as detergent, to resemble the use of
cleaning wipes on infants, and this turned out to be essential for the absorbance of the topical applied
environmental allergens. SDS is a key ingredient of soap, which can degrade corneodesmosomes and
thereby reduce integrity of the stratum corneum resulting in type 2 immune responses [27]. Next to
this, Cayrol et al. showed proteases from a whole range of allergens including A. alternata and HDM
can process IL-33 full-length into a more biological active form of IL-33 inducing type responses [28].
In this paper, it was even suggested that the cleavage of full-length IL-33 by allergen proteases is used
as an allergen sensing system. Exposure to environmental allergens and detergents may happen prior
to the development of atopic dermatitis, as well as decreases the development of tolerance during oral
consumption of the food allergen [26]. In patients with AD, epicutaneous application of HDM was
shown to induce TSLP expression in both lesioned and unaffected skin [29].

The importance of oral tolerance to food allergens is emphasized by the study of Han et al., where
the development of food allergy could be blocked when the allergen was ingested by mice prior to
skin exposure [1]. Strid et al. found that epicutaneous exposure to peanut protein 20 days prior to
ingestion of a tolerogenic dose of peanut protein completely abolished oral tolerance induction in
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mice, whereas epicutaneous exposure 6 days prior to ingestion only partly disrupted oral tolerance
induction [30]. Even in already oral tolerant mice, epicutaneous exposure of peanut protein resulted
in increased IL-4 levels and increased peanut-specific IgE levels, thus demonstrating an increase in
sensitization to peanut [30].

In humans, Leung et al. showed through RNA sequencing that non-lesioned skin of 62 children
with AD and food allergy had unique properties associated with an immature skin barrier and type 2
immune activation [31]. Patients with AD and food allergy exhibited a high dendritic cell activation
in their non-lesioned skin, which is comparable to that of the lesioned skin of all AD participants.
Furthermore, FLG was found to be downregulated in both lesioned and non-lesioned skin of patients
with AD [31,32]. Taken together, a decreased skin barrier function (possibly induced by detergents and
intrinsic genetic defects), in combination with exposure of the skin to food allergens with meals and
dust containing HDM, A alternata, or Staphylococcus aureus, likely synergize to promote sensitization to
food allergens and the subsequent development of food allergy.

Key messages:

• Detergents and environmental allergens, like house dust mite or Alternaria alternata allergens, can
disrupt skin barrier.

• Cutaneous exposure of allergens prior to ingestion leads to increased sensitization.
• Tolerance is induced if allergens are ingested prior to cutaneous exposure.

4. TSLP-Mediated Type 2 Inflammation in the Skin

Thymic stromal lymphopoietin (TSLP) is an epithelial cytokine, expressed mainly by epithelial cells
of the skin, lungs, and intestine [33,34]. TSLP, in mice, was shown to be induced by cutaneous exposure
to food antigens and upon skin barrier disruption [2,3,35]. In a Korean birth cohort, skin epithelial
expression of TSLP at two months of age has been linked to the development of AD at 24 months of
age [36]. TSLP is found to regulate naive T cell differentiation towards an inflammatory phenotype by
conditioning dendritic cell (DC) maturation as antigen presenting cells [37]. These TSLP-DCs induce a
unique type of Th2 cells through the OX-40 ligand that produces the classical type 2 pro-inflammatory
cytokines (IL-4, IL-5, and IL-13) together with tumor necrosis factor (TNF)-α and no production
of IL-10 [34,38]. Furthermore, in lesioned human AD skin samples, it was shown that high TSLP
production leads to activation and migration of Langerhans cells from the epidermis towards the
dermis and an increase of activated DCs in the dermis [34].

In mice, TSLP-activated DCs express OX40L, as well, and it was shown that OX40L-OX40
interaction between DC and T cells induced IL-3 production by naive T cells, resulting both in
recruitment of basophils in the skin-draining lymph nodes, as well as IL-4 expression of T cells [39].
In mice with an atopic dermatitis-like skin, cutaneous food allergen sensitization induces an expansion
of TSLP-elucidated basophils in the skin, which is sufficient to promote the development of IgE-mast
cell mediated food allergy after oral antigen exposure [3,4]. Moreover, clinical signs of food allergy
are significantly reduced after epicutaneous sensitization in mice whose basophils cannot produce
IL-4. In addition, IL-4 depletion in epicutaneous sensitized mice results in a diminished IgE-mediated
anaphylaxis response upon an oral challenge in mice [40]. Taken together, this suggests a critical
role for IL-4 derived from TSLP-induced basophils in the sensitization to food allergens in the skin,
and the development of food allergy. The importance of TSLP is also noted in eosinophilic esophagitis,
a food allergy-associated inflammatory disease, where skin-derived TSLP results in basophil-mediated
disease activation in humans, which was IgE-independent (based on mice experiments) [2].

Key message:

• Disrupted skin barrier leads to increased sensitization to food allergens in the skin. This process is
mediated by TSLP-induced DC and basophils, producing IL-4 and resulting in enhanced type
2 responses.
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5. Major Role for Type 2 Innate Lymphoid Cells (ILC2) and Epithelial Cytokines in the
Development of Food Allergy

In recent years, it has become clear that particularly ILC type 2 cells (ILC2s) play an important
role in food allergy and these cells are considered as the innate counterparts of adaptive T helper 2 cells.
Barrier epithelial cells, such as skin keratinocytes, lung cells, and intestinal epithelial cells, are found to
be crucial in recruiting these immune cells by producing chemokines. AD-like disorders can even be
induced by overexpression of the chemokine CCL17 by keratinocytes [41]. Furthermore, barrier cells
can determine type 2 immunity by controlling the activation of DCs and ILC2s through the secretion of
the epithelium-derived cytokines TSLP, IL-25, and IL-33 [41].

One of these barrier cells are the so-called tuft cells. Tuft cells (or brush cells) produce IL-25, a
distinct IL-17 cytokine member (IL-17E), upon inflammation and these epithelial cells are located in the
intestine and trachea [36,42]. Murine strains that lack the IL-25 receptor are found to be more resistant
to developing IgE-mediated food allergy after oral intake [1,43]. IL-25 stimulation, together with
CD4+Th2 cells, that are induced after allergic sensitization, cause ILC2s to produce large amounts of
IL-5 and IL-13, resulting in the development of food allergy in mice [43]. Furthermore, IL-13 produced
by ILC2s and/or Th2 cells can promote the differentiation and expansion of tuft cells, resulting in a
positive feedback loop [42].

ILC2 can activate dendritic cells and promote a Th2 cell-mediated immune response, and expand
in an antigen-independent manner in the presence of TSLP, IL-25, and IL-33 [41]. TSLP is hereby the
most important factor for ILC2 survival, whereas IL-33 mainly results in ILC2 activation, although
the combination of IL-25, IL-33, and TSLP results in the highest cytokine production [44]. As a result,
ILC2s produce large quantities of Th2 cytokines, such as IL-5, IL-9, IL-13, and, to a lesser extent, IL-4,
as reviewed by Reference [36,45]. In addition, in particular the cytokines IL-4 and IL-13, can disrupt
allergen-specific regulatory T cell (Treg) induction and proliferation, resulting in fewer Tregs and a
decrease in their suppressive functions [46]. In addition to this, allergen-specific Tregs were found to
have a more Th2-skewed profile, with the production of IL-4 in both mice and human [46]. Furthermore,
these ILC2-derived cytokines can enhance mucosal mast cell activation and ILC2s can be activated by
mast cells in an IgE-dependent way, creating a positive feedback loop, thereby further promoting the
induction of food allergies in mice [47,48].

IL-33 is another epithelial cytokine and is constitutively expressed in high levels in epithelial
cells. IL-33 is released whenever cells are activated via adenosine triphosphate (ATP) or when cells are
damaged or become necrotic [49]. Not only keratinocytes produce IL-33; fibroblasts, endothelial cells
and epithelial cells produce IL-33, as well. Whether immune cells are bona fide producers of IL-33 is
debated as often only IL-33 mRNA expression is reported [50]. During inflammation, as is the case in
AD, IL-33 levels are elevated in skin lesions [51,52] and serum [53]. These serum IL-33 levels correlate
with AD severity [36,53]. IL-33 and IL-4 can both downregulate FLG in keratinocytes and thereby
further affect the skin barrier and possible entrance of allergens [54]. In an AD-like mouse model,
it was shown that IL-33 could induce the atopic march and gastrointestinal allergy, independently from
TSLP [55].

The IL-33 receptor IL33R/ST2 (suppression of tumorigenicity 2) is found to be increased in skin
lesions of patients with AD [51]. Galand et al. found that IL-33 is released after mechanical skin
injury in mice and induces IgE-mediated mast cell degranulation, although IL-33 had no direct effect
on specific IgE levels in serum or on Th2 responses [56]. In humans, IL-33 mRNA expression is
also increased after tape stripping of the skin [56]. Tape stripping of the skin is used as a model for
scratching. Besides, IL-33 activates mast cell degranulation in humans in vitro [57]. In patients with
AD, more ILC2 cells are found in skin biopsies from lesions compared to skin biopsies of healthy
donors [52,58]. In a mouse model, ILC2s proved to be necessary for the development of an AD-like
phenotype, even independently of the adaptive immune system [58]. In AD patients, ILC2 cells have a
higher expression of receptors for IL-25, IL-33, and TSLP [52]. When stimulating skin-derived ILC2
cells from healthy donors ex vivo, only IL-33 or the combination IL-33, together with IL-25 and TSLP,
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induced type 2 cytokines IL-5 and IL-13, but no IL-4 [52]. Besides, IL-33R expression was upregulated
after IL-33 stimulation and IL-33 was more potent than TSLP to induce migration of ILC2s.

Next to this, it was shown in an in vivo experimental model that HDM allergic patients have a
higher infiltration of lymphocytes and (ST2-positive) ILC2 cells and a higher IL-4, IL-5, and IL-13 level
in blister fluid upon intra-epidermal injection of HDM compared to healthy subjects [52]. Furthermore,
it was confirmed in a mouse model that ST2-positive skin DCs drive the development of Th2 responses
to peanut, resulting in peanut allergy upon epicutaneous peanut exposure [59]. So, IL-33 is involved
in acute reactions to consumed food by acting directly on mast cells and enhancing IgE-mediated
activation, as well as inducing ILC2 cells and activation of DCs that drive Th2 cell responses [52,56,59].
On the other hand, in mice, it is shown that IL-33 can induce epithelial tissue repair by activating the
production of amphiregulin by ILC2s [60,61] or Tregs [62].

In short, activation of ILC2s by local epithelial cytokines IL-33 and TSLP has been shown to
play a major role in the development of food allergy. While Th2 cells, by producing IL-4, IL-5,
and IL-13, were initially believed to be the only major players driving the type 2 immune response,
our current knowledge indicates that the type 2 immune response is mediated by the cooperative
actions of Th2 cells and ILC2s and can be induced by scratching. Neutralizing these type 2 cells or
their secreted cytokines via, e.g., monoclonal antibodies, used in anti-IL-4 or anti-IL-5 therapy can be a
useful approach for patients with an already disrupted skin barrier who have an increased chance of
developing food-induced allergy.

Key messages:

• Skin damage results in the release of IL-33, TSLP.
• Specifically, IL-33 cells activate DCs and ILC2 cells.
• Through activating ILC2 cells and DCs, epithelial cytokines, e.g., TSLP and IL-25, can mediate a

type 2 inflammation reaction in an antigen independent manner.

6. How Can Pruritus Lead to Food-Induced Anaphylaxis?

Pruritus or itch is the unpleasant sensation that causes an urge to scratch [63]. Pruritus can have
multiple causes, such as local nerve fiber compression or degeneration of nerve fiber in the peripheral
or central nerve system or, in the case of dermatological pruritus, due to type 2 immune responses in
the skin [63,64].

IL-33 is very important in the crosstalk between the skin and gut. In the study of Savinko et al.,
‘scratching’ of the skin by tape stripping affected 10% of the mouse total body surface area, which
resulted in a significant 2-fold increase in circulating levels of IL-33 [51]. In AD patients, around 20%
of the total body surface area is affected, and the median IL-33 level in serum from patients with AD is
more than 10-fold that of healthy control subjects [53,65]. Interestingly, in mice, this IL-33 increases the
number of mucosal MCs in the small intestine via ILC2 activation [56,66]. Furthermore IL-33 enhances
IgE-mediated degranulation of MCs in the gut, which leads to the development of an anaphylactic
response to ingested food allergens. MCs and basophils are essential in anaphylactic responses by
releasing mediators into the circulation [15]. However, not all sensitized individuals who have food
allergen-specific IgE antibodies develop food allergy, and serum concentration is not a predictive
marker for allergy severity [67]. Altogether, these results indicate that IL-33 released on mechanical
skin injury as a replacement for scratching can potentially target ST2-expressing cells, including MCs
at distant sites.

Intestinal MC expansion is associated with susceptibility to food-induced anaphylaxis and
increased intestinal MC load correlates with an increased severity of food-induced anaphylaxis [68].
Furthermore, tape stripped epicutaneously sensitized mice and not orally immunized mice show
expansion of intestinal MCs and IgE-mediated anaphylaxis after a single oral antigen challenge [69].
Tape stripping in mice induces intestinal tuft cells to produce IL-25 at the same time. This IL-25
activates and expands ILC2s in skin and small intestine and mediates the release of IL-4 and IL-13,
which in turn activates tuft cells to produce IL-25 in a positive feedback loop [42,66]. ILC2-produced
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IL-4 and IL-13 was essential, and not IL-5 and IL-9, to increase the intestinal MC load in this mouse
model, which was all independent of T cells [66]. Intestinal MCs control intestinal permeability and,
therefore, systemic absorption of food antigen and food anaphylaxis; see Figures 1 and 2 [68,70].
Furthermore, it is known that sensitization towards food antigens can also occur throughout the
gastro-intestinal tract [71]. Especially the increased intestinal permeability could lead to enhanced
sensitization to food antigens in the intestinal tract, potentially followed by an allergic response or
even an anaphylactic response to these food antigens. These effects of IL-25 and IL-33 in combination
with TSLP-induced IL-4 production by basophils in the skin all result in enhanced IgE-mediated mast
cell degranulation in the intestines; hence, IL-25, IL-33, and TSLP are key players in the skin-to-gut
axis. That all three epithelial cytokines, IL-25, IL-33, and TSLP, play a role in the induction of food
allergy was proven by Khodoun et al. In mice, they showed that only treatment with a cocktail of the
three monoclonal antibodies against IL-25, IL-33, and TSLP, and not a single treatment, was sufficient
to inhibit development of murine food allergy [72].

Figure 1. Scratching can further result in a decreased barrier function of the skin and the intestine.
Scratching elicits thymic stromal lymphopoietin (TSLP) and IL-33 responses in skin activating
Langerhans’ cells (LC), innate lymphoid type 2 cells (ILC2) and T helper 2 cells (Th2). Furthermore, IL-4
production of basophils (BC) enhances the type 2 responses and leads do a decrease of filaggrin (FLG)
expression in combination with IL-33. Due to type 2 responses both IgE-mediated release of mast cells
(MC) and migration of MCs to the intestine is increased. This results in an increased permeability of
the intestine and therefore of an influx of food allergens, potentially leading to enhanced sensitization
or allergic responses to these food antigens.
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Figure 2. Food-induced anaphylaxis as a result of scratching or decreased skin barrier function.
Intestinal permeability is increased due to influx of mast cells (MC) as a result of scratching or damaged
skin. This results an increased entrance of food antigens in the intestine eliciting the production of
TSLP, IL-33, and IL-25. IL-25 can activate ILC2 cells and IL-33 and TSLP activate dendritic cells in
the lamina propia of the intestine (LP-DC), which activate Th2 cells. Th2 cells and ILC2 cells produce
IL-4 and IL-13, resulting in inhibition of Tregs and stimulation of MCs. This leads to an accumulation
of (sensitized) MC and IL-9 producing mucosal mast cells (MMC9) in the intestine, which causes an
increased permeability of the intestine. Food allergens can passage the epithelial barrier, resulting in
IgE-mediated degranulation of the MCs and as a result of mediator release, food-induced anaphylaxis.

Additionally, the number of intestinal MCs was higher in duodenal biopsies of patients with
AD compared to non-AD patients [66]. The authors conclude that increased intestinal MCs and
permeability can be elicited by scratching, which play an important role in promoting food anaphylaxis
in patients with AD. Therefore, interventions that inhibit scratching may be useful in dampening the
severity of food allergy in these patients by decreasing their intestinal MC load [66].

A specific group of intestinal mucosal mast cells are found to be associated with IgE-mediated food
allergy [73]. These cells have been identified as IL-9-producing mucosal MCs (MMC9s) and are mainly
located in the lamina propria of the small intestine in mice [74]. So far, in human subjects, an increase
in IL-9 producing cells are identified in duodenal biopsies of food allergic patients compared to healthy
controls, based on qPCR [74]. Furthermore, in humans, expression levels of IL-9, IL-13, and MC-specific
transcripts are associated with food allergic patients who develop comorbid allergic diseases, such as
eczema and urticaria [74]. However, no flow cytometric analysis or immunohistochemistry analysis
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has been performed of these IL-9 producing cells, hence we do not know if these cells are real MMC9
cells. Therefore, all data further discussed in this section is based on murine models. MMC9s function
as type-2-promoting innate myeloid cells by producing IL-9 and IL-13 cytokines in response to IL-33,
but not IL-25, and secrete histamine and other MC mediators upon antigen-induced IgE-complex
crosslinking [74]. In mucosal tissues, MC expansion is dependent on the Th2 and Th9 cytokines IL-3
and IL-9 [73]. Allergic symptoms are reduced in IL-9-deficient mice, whereas intestinal mastocytosis,
intestinal permeability, and intravascular leakage are observed in mice overexpressing IL-9, leading
to a predisposition to oral antigen sensitization [75]. Furthermore, cross-linking on the surface of an
antigen-specific IgE/FcεR-complex promotes the proliferation of MMC9s and MCs [46,74]. Of note,
MMC9s seem to derive from mast cell progenitor cells from the bone marrow and are able to mature
into mucosal mast cells with a reduced IL-9 production [74]. Levels of both MMC9s and MCs are
increased after repeated intragastric ovalbumin (OVA) challenges from a basal level of 0.5% to 9%
of total mononuclear cells in the small intestine in sensitized mice, resulting in the development of
experimentally induced food allergy [74]. In this experimental food allergy model, mice are sensitized
twice with OVA (day 0 and day 12) and are intragastrically challenged six times with OVA between day
25 and day 36, resulting in a food allergic reaction towards OVA. In addition, Th2 cells are increasing at
the same time from 0.5 to 4%, and Chen et al. show that IL-4 and Th2 cells are required for the induction
of MMC9s resulting in experimentally induced food allergy [74,76]. However, ILC2 and basophil levels
remained constant. Similar results were obtained in skin-sensitized mice. In addition, intestinal MCs
can provide an IL-4 signal to induce regulatory T cell reprogramming toward a Th2-cell-like lineage,
resulting in the impairment of regulatory T cell function and the loss of tolerance [46]. In addition to
Th2 cell activation, naive T cells are shown to differentiate to Th9. Th9 cells also secrete IL-9 cytokines
and further promote the accumulation of tissue residing mast cells in mice [77].

In summary, scratching affects the barrier function of the skin and leads to the release of IL-33
in the skin and increased IL-33 levels systemically; see Figure 1. A reduced barrier function of
the skin due to FLG mutation or detergents, sometimes in combination with adjuvant activities of
microbial ligands, ultimately result in the induction of IL-33 and TSLP. TSLP and/or IL- 33 released
by keratinocytes synergize with IL-25 released by intestinal tuft cells to expand ILC2s and increase
their expression/production of IL-4 and/or IL-13, as depicted in Figures 1 and 2. ILC2-derived IL-4
and IL-13 target MCs to cause their expansion in the gastrointestinal mucosa, increase IgE-dependent
degranulation of MCs and stimulate DCs to reduce allergen-specific Tregs. Furthermore, cutaneous
sensitization induces TSLP activation of basophils that produce IL-4, production of type 2 cytokines IL-5
and IL-13, leading, as well, to an accumulation of mast cells in the intestine [3,30,40]. The accumulation
of MCs in the gut results in a reduced gut barrier and hence a higher permeability of the gut barrier
for food allergens, which leads to an enhanced risk for IgE-mediated degranulation of MCs and
for the development of anaphylactic responses after exposure to food allergens. Taken together,
these observations illustrate the existence of a skin-to-gut crosstalk in which mechanical skin injury
can promote food-induced anaphylaxis by driving intestinal MC expansion, in addition to facilitating
sensitization to food allergens.

Key messages:

• Scratching induces enhanced IL-33 levels in the skin and in serum.
• IL-33 together with IL-4 and Th2 cells are able to induce accumulation of mast cells and IL-9

producing mucosal mast cells (MMC9) in the intestine.
• IL-33 results in more IgE-mediated degranulation of these MCs and MMC9 cells, leading to

food allergy.
• Scratching increases numbers of intestinal mast cells and increased permeability of the intestines

resulting in the development of food allergy.
• A skin-to-gut axis is inevitable as food allergy symptoms in the intestine apparently can be induced

by increased IL-33 levels in serum, which is induced by a damaged skin barrier due to scratching
or AD.
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7. The Role of Skin Microbiota in the Development of Food Allergy

In the development of AD, two hypotheses have been popular throughout the past decades.
First, the ‘inside to outside-hypothesis’ was developed, in which the gut microbiota and the immune
system were responsible for the decreased skin barrier function, leading to AD and allergy [78,79].
Later on, the ‘outside to inside-hypothesis’ became more dominant, in which skin barrier dysfunction
was seen as a driver of AD development, which in turn leads to the activation of the immune system,
resulting in a further reduced and affected skin barrier [80]. This review is mostly based on the
‘outside to inside-hypothesis’ and therefore we started from the skin barrier and its relation to allergy.
The skin epithelial barrier is colonized with microbiota, and this microbiota diversifies throughout
life [81]. Atopic dermatitis is in general associated with a lower diversity in the skin microbiota [82].
Staphylococcus aureus (S. aureus) colonization is highly associated with atopic dermatitis and eczema
severity [83–85] and is found to cause a (partial) reduction of microbial diversity [82]. In the LEAP
and LEAP-on studies, S. aureus colonization was found in children at 4 to 11 months of age (~22% on
skin and ~18% in nose), which decreased to 8% on skin and 18% in nose at an age of 60 months [85].
In contrast, a recent birth cohort study revealed that in 1-year-old infants with AD, there was no
dysbiosis in microbial communities and these infants’ microbiome were not (yet) colonized by S aureus.
However, AD-affected children had less commensal Staphylococci compared to healthy children [81].
S. aureus is found to release δ-toxin, which triggers degranulation of mouse-derived mast cells in vitro
and promotes both innate and adaptive type 2 responses in vivo in mice [86]. Pre-incubation of
allergen-specific IgE on mouse-derived mast cells even resulted in a synergistic degranulation effect of
S. aureus derived δ-toxin in the absence of antigen [86]. Exposure of mouse skin to Staphylococcus
enterotoxin B (SEB), together with food allergens (soy, ovalbumin or peanut), can induce the Th2
phenotype via IL-33 stimulation of skin-draining DCs and induce food allergy [59]. Interestingly,
not all food allergens needed an exogenous adjuvant (SEB or cholera toxin): cow’s milk allergen
α-lactalbumin, green bean, and soy did need adjuvants to be able to induce sensitization, whereas
cashew nut and peanut had intrinsic ‘adjuvant activities’ themselves [59]. Furthermore, only the
combination of SEB and ovalbumin and not the single treatments resulted in Th2 responses in mice,
and local mast cell activation and degranulation in the jejunum of these mice [87]. Next to SEB, other
pathogenic factors, such as staphylococcal peptidoglycan or pertussis toxin, induced a Th2 polarization
but not lipopolysaccharide (LPS) [87]. In line with these results, infiltrating T cells specific for SEB
have been found in skin of AD patients [84]. These results underline that exposure of food allergens
on skin, sometimes in combination with adjuvants in the form of microbial ligands or non-microbial
ligands (e.g., detergents), is needed to develop food allergy.

A possible role for S. aureus colonization in the development of food allergy has also been proposed
in human studies. An increase in the relative abundance of S. aureus in non-lesioned skin of AD patients
with and without a food allergy compared to non-atopic controls was found in the study Leung et al.
Next to this, a trend was observed of increased relative abundance of S. aureus in lesioned skin of AD
patients with a food allergy compared to AD patients without a food allergy [31]. In the LEAP and
LEAP-on studies, S. aureus colonization was related to more persistent egg white allergy and higher
chances of having a peanut allergy at 60 months of age [85]. Furthermore, higher levels of specific-IgE
levels to egg white, cow’s milk, and peanut were found [85]. Interestingly, these associations were
independent of eczema severity.

Key messages:

• Staphylococcus aureus colonization is related to reduce microbial diversity in the skin and increased
prevalence of atopic dermatitis and food allergy.

8. The Role of Intestinal Microbiota on the Development of Atopy and Atopic Dermatitis

Next to the skin-to-gut axis, there has also recently been more interest in the role of the gut
microbiota in skin diseases, such as acne, psoriasis, and atopic dermatitis [88–90]. Another link between
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the skin and gut is the use of epicutaneous immunotherapy in the treatment of food allergy, where
patches with food allergens are placed on intact skin for 8 to 48 h [91]. As we focus in this review
on food allergens, we will only discuss the role of microbes in the gut and its importance for the
development of atopy. Especially, the role of gut microbiota in AD is well investigated and could
contribute to the understanding of the development of food allergies, as well.

In newborns, microbial colonization is dependent on maternal diet during pregnancy, type of
delivery, drinking breastmilk or not, antibiotic use (pre- and postnatal) and environmental exposure,
as reviewed by Perdijk and Marsland [92]. In children, colonization by E. coli in the gut at the age
of 1 month was related to higher odds for the prevalence of eczema, but not for developing atopic
dermatitis at 2 years. Infants colonized with Clostridium difficile had a higher risk of developing
eczema, atopic dermatitis, recurrent wheeze, and atopic sensitization at 2 years of age [93]. No effect of
Bifidobacteria or Lactobacilli colonization was found on the development of eczema, atopic dermatitis,
wheeze, or sensitization [93]. Other studies showed that allergic children had lower prevalence
of fecal Bifidobacteria [94–96], Lactobacilli [94,97], and a higher prevalence of S. aureus [94,98] and
Clostridium [97,99] compared to non-allergic children. For atopic dermatitis, some studies found
a decrease in Bifidobacteria [100,101], but no difference in the microbiota was found between AD
patients with and without food-specific IgE [102] or in AD patients with matched controls [103–105].
In contrast, some studies link a reduced microbial biodiversity to the development of AD [106,107]
or to atopy in general [104], although no significant effect was found for AD in this study. To induce
changes in the microbiota, intervention trials have been performed with different strains of probiotics
that reduced the development of atopic dermatitis [108–115] or reduced sensitization towards egg
white [116], although some studies found no effect [117].

Commensal bacteria are important regulators for mucosal immunity by influencing epithelial
barrier function, decreasing TSLP-production in skin via induction of Tregs in the skin and maintain
homeostasis between effector and regulatory T cells in the skin, as reviewed by Salem et al. [88].
Lactobacillus casei administration was found to affect differentiation from CD8+ T cells into skin
effector cells, decreased homing of these T cells to skin upon stimulation in mice, and increased
the number of Tregs in the skin [118]. Oyoshi et al. found that an allergic reaction of the skin was
caused by CD4+ T cells of orally sensitized mice that expressed a gut-homing profile (α4β7+) and in
the draining lymph nodes switched to a skin homing profile (CCR4+) upon cutaneous exposure by
OVA [119]. In addition, in children with a peanut allergy, peanut-specific T cells with a skin homing
capacity showed higher proliferation compared to gut-homing peanut-specific T cells, indicating that
sensitization had taken place in the skin [120]. Reducing migration capabilities of effector T cells to the
skin by microbiota, while increasing Tregs in the skin, is important in preventing the development of
allergic reactions in the skin.

Another way in which commensal bacteria can have an effect on allergy is by the production of
short chain fatty acids (SCFAs). Acetate, propionate and butyrate are SCFAs produced by bacteria in
the colon upon fermentation of non-digestible fibers. These SCFA regulate mucosal barrier function
and can regulate immune responses both in the gut, as well as in the lung and skin [121–125]. Mice fed
a high fiber diet have an increase in circulating SCFAs and showed reduced allergic inflammation in
the airways [126]. In a birth cohort study, children with the highest levels of butyrate and propionate
at one year of age had lower sensitization to allergens at six years of age [127]. In a recent study,
human peripheral blood mononuclear cell –derived mast cells were incubated with different SCFAs
in vitro [128]. Propionate and butyrate, but not acetate, were able to inhibit both IgE-mediated and
non-IgE-mediated mast cell degranulation in a concentration dependent manner [128]. Furthermore,
AD patients had lower SCFA production compared to control patients and several studies found that
SCFA have antimicrobial effect and in particular propionate has an antimicrobial effect on S. aureus
in vitro, as reviewed by Salem et al. [88].
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So, there is no conclusive evidence that specific microbial species are responsible for the
development of allergy or atopic dermatitis; nevertheless, there seems to be a crosstalk between
the gut microbiota, its metabolites and the skin.

Key messages:

• There is no conclusive evidence that specific microbial species are responsible for the development
of allergy or atopic dermatitis.

• Short chain fatty acids produced by intestinal microbiota are linked to reduced
allergic inflammation.

9. Future Human Research Priorities

In this review a few important mechanisms are described that can play a role in the sensitization to
food and food allergy, which are proven in murine models but not yet in humans. For the MMC9 cells
there is circumstantial evidence that they are present in humans [74]. However, no flow cytometric
analysis or immunohistochemistry has been performed on duodenal biopsies of food allergic patients
to confirm the existence of MMC9 cells in humans.

In mice it was proven that only a cocktail of the three monoclonal antibodies against IL-25, IL-33,
and TSLP can inhibit the development of food allergy in mice [72]. To our knowledge, this approach
has not been tested in humans yet, although it could be very beneficial for AD patients in general,
as well.

The role of environmental allergens, such as exposure to detergents as SDS, followed by HDM
allergens or Alternaria alternate, is investigated in mice. In AD patients, exposure to HDM increased TSLP
release in the skin [29], but no combination was made with detergents or other environmental allergens.
Detergents are tested in vitro in human epidermal keratinocytes, and these resulted in decreased tight
junction formation and barrier function of epidermal keratinocytes [129]. Therefore, it would be very
interesting to investigate the effect of exposure to a combination of environmental factors, such as
detergents and HDM in healthy volunteers and AD patients in a double-blind placebo-controlled
study. In this set-up, skin barrier function can be addressed and atopy development could be followed
as outcome. Next to this, large cohort-studies should be carried out to investigate which of the factors:
skin barrier function, carriage of S. aureus, and having AD, is responsible for the increased sensitivity
to food allergens [21]. Consequently, treatment of the skin can be optimized and sensitization to food
allergens via the skin can be prevented. If these studies are performed in very young children the effect
of oral ingestion prior to skin exposure of allergens should be included.

10. Conclusions

In this review, we highlighted the role of the skin in the development of IgE-mediated food allergy.
Furthermore, we summarized the cellular and molecular mechanisms in the skin-to-gut crosstalk in
the development of IgE-mediated food allergy. The site where food antigens are firstly taken up, either
the skin or the gut, may cause sensitization (skin) or tolerance (gut) against this food antigen. However,
sensitization towards food antigens can potentially also take place in the intestine as the result of an
increased intestinal permeability. Prevention of scratching the skin is an important therapeutic target to
prevent impaired skin barrier. Evidence in mouse models and clinical studies suggest that, if the skin
barrier can be improved and/or the inflammation of AD can be proactively prevented, in combination
with early introduction of food antigens, then the incidence of food allergy and possibly other forms of
allergic diseases might be decreased.
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Glossary of Terms

ATP Adenosine triphosphate
AD atopic dermatitis
DC dendritic cell
FLG Filaggrin
HDM House dust mite
Ig Immune globuline
IL interleukin
ILC innate lymphoid cells
LPS lipopolysaccharide
MC mast cells
MMC9 IL-9-producing mucosal mast cell
OVA ovalbumin
SCFA short chain fatty acids
SDS sodium dodecyl sulfate
S. aureus Staphylococcus aureus
TEWL transepidermal water loss
Th2 T helper cell 2
TSLP thymic stromal lymphopoietin
Treg regulatory T cell
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Abstract: Detailed information about the amount of allergenic protein ingested by the patient prior
to an allergic reaction yields valuable information for the diagnosis, guidance and management of
food allergy. However, the exact amount of ingredients is often not declared on the label. In this
study the feasibility was studied for estimating the amount of allergenic protein from milk, eggs,
peanuts and hazelnuts in frequently consumed composite and non-composite foods and per bite or
sip size in different age groups in the Netherlands. Foods containing milk, egg, peanut or hazelnut
most frequently consumed were selected for the age groups 2–3, 4–6 and 19–30 years. If the label
did not yield clear information, the amount of allergenic protein was estimated based on food labels.
Bite or sip sizes were determined in these age groups in 30 different foods. The amount of allergenic
protein could be estimated in 47/70 (67%) of composite foods, which was complex. Estimated protein
content of milk, egg, peanut and hazelnut was 2–3 g for most foods but varied greatly from 3 to
8610 mg and may be below threshold levels of the patient. In contrast, a single bite or sip can contain
a sufficient amount of allergenic protein to elicit an allergic reaction. Bite and sip sizes increased with
age. In every day practice it is hard to obtain detailed and reliable information about the amount of
allergenic protein incorporated in composite foods. We encourage companies to disclose the amount
of common allergenic foods on their labels.

Keywords: diet history; food allergy; allergenic protein; thresholds; eliciting dose; bite size; cow’s
milk; hen’s egg; peanut; hazelnut

1. Introduction

For health care professionals who are involved in food allergies, detailed information
about the amount of allergenic protein ingested by the patient prior to an allergic reaction
yields valuable information for the diagnosis, guidance and management of the food
allergy. This information can be obtained by a detailed allergy-focused diet history. One of
the aims of the diet history in allergies is to identify suspected foods by linking symptoms
to foods [1–4]. Information about the type and amount ingested which elicited allergic
reactions, as well as the severity of the reaction, helps to estimate the clinical sensitivity
of the patient and the risk for severe reactions. It is generally accepted that the higher the
amount ingested, the more severe the expected allergenic reaction [1,5]. A low eliciting
dose is assumed to reflect a higher clinical sensitivity [6] and may therefore be an indication
for prescription of an epinephrine auto-injector [7]. This is important information for the
design of the oral food challenge test for diagnosis and may lead to more stringent dietary
advice. In contrast, in certain patients a high eliciting dose may lead to less stringent dietary
advice [8].
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Nutrients 2021, 13, 587

The amount of allergenic protein ingested should be estimated by the health care
professional from both the portion size ingested and from the amount of allergenic protein
present in the food [2,3].

Often the patient has not consumed a full portion of a food but may only have taken
one or a few bites or sips from the food until the reaction developed. Thus, in that case the
health care professional should estimate the amount of allergenic protein ingested from
the size of the bite or sip taken from the food. To our knowledge, no studies have been
performed on the bite or sip sizes of foods containing allergenic ingredients.

Secondly, the health care professional should estimate the amount of allergenic protein
in the food ingested [2,3]. However, in the majority of composite foods in which the protein
content is delivered by several allergenic and non-allergenic ingredients, the exact amount
of ingredients is not declared on the label.

The presence of fourteen major food allergens should be fully disclosed on the label
in clear wordings according to European regulations. These are milk (including lactose),
egg, soy, peanut, tree nuts, gluten, fish, shellfish, mollusks, celery, mustard, lupin, sesame
and sulphite [9]. Risk-based approaches to managing allergens in foods are currently
being developed by the food industry and regulatory authorities to support food-allergic
consumers to avoid ingesting their problem food [10,11]. In non-composite foods or
foods having only one protein source, the amount of allergenic ingredients can be derived
from the label, e.g., milk contains 3.5% protein from cow’s milk. However, in composite
foods most labels do not yield information on the amount of allergenic ingredients unless
explicitly stated (e.g., Nutella contains 13% hazelnuts). Thus, most foods lack these data
which does not allow the physician or dietitian to accurately estimate the amount of
allergenic protein ingested prior to an allergic reaction.

Oral food challenges are the preferred test to establish the diagnosis of food al-
lergy [1,2,4,12]. During oral food challenges, the suspected food is administered to the
patient in incrementing amounts with 15–20 minutes time intervals in an open, single-blind
or double-blind fashion. Inter-individual thresholds to food allergens widely differ be-
tween patients, for reasons not yet fully understood. Patients may react to tiny amounts,
such as crumbs of peanut or egg, or to higher doses up to full portions of the allergenic
food. Therefore, 6 to 8 dose incremental scales in oral food challenges range from 1 mg
protein to more than 4 g protein of the allergenic food, reflecting a full portion size [1,2,12].
Information about the clinical sensitivity of the patient is important for the design of the
oral food challenge. Reactions to small amounts in history require increased safety mea-
sures during oral food challenges, such as selection of the challenge setting and a lower
starting dose [12].

The oral food challenge yields information about the threshold, i.e., the amount of
allergenic food eliciting symptoms, as well as the severity of symptoms, although it is
recognized that threshold levels in oral food challenges in a clinical setting may be different
from threshold levels in everyday life and may not be reproducible [13]. It was recently
shown that co-factors such as lack of sleep and physical exercise significantly decrease
threshold levels [14].

Once the threshold dose in an oral food challenge is established, insight in the amount
of allergenic protein in foods could allow patients with mild symptoms and a high threshold
level to expand their diets with foods containing small amounts well below their threshold
levels in the absence of known co-factors. However, lack of this information does not
allow the dietitian or patient to select foods with allergenic protein below their thresholds
to expand the diet of the patient. So far, a more practical approach has been chosen, for
example in patients who have passed a baked milk or baked egg challenge. These patients
are advised to introduce foods with milk or egg listed as the third ingredient on the label or
further down the list [15]. Alternatively, recipes are provided by dietitians to cook or bake
their own products with the tolerated amounts of protein incorporated in the recipe [15].

The aims of this study were (1) to study if it is feasible to estimate the amount of
allergenic protein from milk, egg, peanut and hazelnut in frequently consumed composite
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and non-composite foods per portion, per100 g food, and per bite or sip size in different
age groups in the Netherlands, and (2) to discuss why it is important to have detailed
information of the amount of allergenic protein in foods in the diagnosis and management
of food allergies.

2. Materials and Methods

2.1. The Amount of Allergenic Protein in Foods

Based on the Dutch National Food Consumption Survey 2011, the most frequently
consumed foods were selected for the assessment of the amount of allergenic protein [16,17].
Foods containing milk, egg, peanut or hazelnut consumed by 1% or more of consumers
in the age groups 2–3 years, 4–6 years and 19–30 years were selected. Subsequently, the
amount of allergenic protein in the selected foods was estimated according to an algorithm
(Figure 1), including different methods.

Figure 1. Assessment of the amount of allergenic protein [18,19].

In this study we defined non-composite foods as foods with only one ingredient or
having only one ingredient yielding protein. We defined composite foods as foods with
multiple ingredients yielding protein.

For non-composite foods, data were derived from the Dutch Food Composition
Database 2011 (NEVO) [18] or food labels. For composite foods, the labels were checked
for declaration of the amount of allergenic ingredients. If this was not declared, the
manufacturer was contacted. When the required information was not provided by the
manufacturer, the amount of allergenic protein was, as a non-validated method, estimated
by calculations based on the ingredients lists and nutrition facts as follows (Figure 2):

First, it is a given fact that the ingredients on the label are listed in descending order
according to their predominance by weight. Second, the nutrition facts (protein, fat,
carbohydrates, energy) for each ingredient were relisted per 100 g. Third, the nutrition
facts per 100 g were complete when the amount of ingredients was specified on the label
(e.g., 13 g of hazelnut, indicated in yellow in Figure 2). Fourth, the amount of the other
ingredients was estimated by trial and error until, fifth, the sum of the macronutrients of
the ingredients approximated the nutrition facts on the label as closely as possible. Finally,
if this method was not feasible, the amount of estimated allergenic protein was based on
reference recipes from a Dutch cookbook [19].
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Figure 2. Estimation of the amount of allergen from the label [18].

Following these assessments, manufacturers were contacted to verify the results of
the assessment of the amount of allergenic protein and were requested to comment on
our findings.

Results were compared with ED10 and ED50 values for milk, egg, peanut and hazelnut
as established in Dutch children and adults by Blom et al. and Klemans et al. [20,21]. ED10
and ED50 is the amount of allergenic protein to which, respectively, 10% and 50% of the
allergic subjects react with objective symptoms.

2.2. Assessment of Bite and Sip Sizes in Different Age Groups
2.2.1. Selection of Foods

For the three age groups, the top 1% of the most frequently consumed foods con-
taining milk, egg, peanut or hazelnut, as established by the National Food Consumption
Survey [16,17], were selected and were allocated into food groups. The four foods most
frequently used from each of the food groups were selected for the assessment of bite and
sip sizes.

2.2.2. Study Population and Measurements of Bites and Sips

Healthy 2 to 3-year-old children from a preschool, 4 to 6-year-old children from two
primary schools, and 19 to 30-year-old students in a nutrition and dietetics faculty were
included. Study participants with a food allergy or other conditions that could affect the
food intake were excluded.

In the 2–3-year-old children, foods were administered to the children for a bite or
sip one by one while playing games. The 4–6-year-old children were asked to take a bite
or sip without any instruction and without emphasis on this task to mimic regular bite
and sip sizes as closely as possible. Each food was tested in 2–19 individuals in each age
group. Each child received a maximum of eight foods. The adults were informed about
the purpose of the study and were asked to take a single bite or sip of the food. The adults
were asked to test all foods. The food was weighed before and after every bite or sip.
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2.2.3. Pilot Study

A pilot study was performed prior to the study at the preschool and in one of the
primary schools to test the feasibility of children taking bites or sips. The following essential
findings were included in our methods: (1) to keep the attention of the children, all the
foods were displayed on site to speed up the process; (2) to ensure a good appetite, the
study was performed just before lunch or dinner time; and (3) to imitate the natural meal
setting. The study was performed in subgroups of 4–6-year-old children.

2.2.4. Statistics

The results of the study were processed in SPSS. For each food the median intake was
calculated in the different age groups and compared using the Mann-Whitney test, as well
as the differences in intake between men and women in each age category.

3. Results

3.1. The Amount of Allergenic Protein in Foods

Ninety-seven foods were selected: 27 non-composite foods for which the amount
of allergenic protein was determined using the Dutch NEVO Database [18] or the label
(Table 1), and 70 composite foods (Table 2).

Table 1. Amount of estimated allergenic protein in most frequently consumed non-composite foods in mg or ml per portion,
mg or ml per 100 g and mg or ml per median bite or sip size in different age groups.

Food
Composite or

Non-Composite Food

Amount of
Protein (mg or

ml/Portion)

Amount of
Protein (mg or

ml)/100g)

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
2–3 Years

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
4–6 years

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
19–30 years)

COW’S MILK

Cheese

Cottage cheese [18] Non-composite food 1680 11,200 100 100 290

Goat cheese
fresh [18] Non-composite food 2010 13,400 120 120 350

Cheese spread
20+ [18] Non-composite food 2550 17,000 150 150 440

Brie 60+ [18] Non-composite food 3400 17,000 Nd Nd Nd

Goat cheese
hard [18] Non-composite food 4480 22,400 250 250 760

Gouda cheese
48+ [18] Non-composite food 4560 22,800 250 250 780

Gouda cheese 20+
(low-fat) [18] Non-composite food 6840 34,200 380 380 1160

Milk, Milk Products, Milk Replacers and Ice Cream

Coffee creamer,
powder, low-fat [18] Non-composite food 50 2000 Nd Nd Nd

Coffee creamer full
fat [18] Non-composite food 50 8100 Nd Nd Nd

Whipping
cream [18] Non-composite food 230 2300 Nd Nd Nd

Crème fraiche [18] Non-composite food 330 2200 Nd Nd Nd

Crème fraiche
demi [18] Non-composite food 450 3000 Nd Nd Nd

Sour cream [18] Non-composite food 470 3100 Nd Nd Nd

Fromage frais full
fat 8.2% [18] Non-composite food 1420 7100 Nd Nd Nd

Fromage frais
low-fat 0.5% [18] Non-composite food 2020 10,100 610 610 1370

Fromage frais half
fat 4.6% [18] Non-composite food 2300 11,500 690 690 1560

Nutrilon 2 Infant
Formula (Nutricia) Non-composite food 2800 1400 Nd Nd Nd
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Table 1. Cont.

Food
Composite or

Non-Composite Food

Amount of
Protein (mg or

ml/Portion)

Amount of
Protein (mg or

ml)/100g)

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
2–3 Years

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
4–6 years

Amount of Protein
(mg or ml)/Median

Bite or Sip Size
19–30 years)

3.5% Full fat
yoghurt [18] Non-composite food 5550 3700 220 220 500

Yoghurt, low-fat
0.3% [18] Non-composite food 6150 4100 250 250 560

Yoghurt, low-fat
1.5% [18] Non-composite food 6750 4500 270 270 610

Buttermilk [18] Non-composite food 7500 3000 Nd Nd Nd

Whole Milk
3.5% [18] Non-composite food 8250 3300 83 264 1056

Semi skimmed milk
1.5% [18] Non-composite food 8500 3400 85 274 1088

Skimmed milk
0.1% [18] Non-composite food 9250 3700 93 296 1184

Fat, Oil and Sauce

Butter, salted [18] Non-composite food 40 700 <10 <10 <10

HEN’S EGG

Egg

Boiled egg [18] Non-composite food 6200 12,300 308 615 1476

PEANUT

Spread

Peanut butter
(Calvé) Non-composite food 3200 21,420 210 190 560

mg, milligram; ml, milliliter; g, gram; Nd, no data.

For these 70 composite foods, 37 different food manufacturers and two supermarket
chains were contacted by telephone and email. Only four different manufacturers provided
the required data for four foods.

The amount of allergenic protein of the remaining 66 foods was estimated by the
method depicted in Figure 2. The amount of allergenic protein could be estimated in 47/70
(67%) of the composite foods and are listed in Table 2. In 15/47 (32%) of the included
composite foods, at least one allergenic ingredient was quantified on the label (e.g., Nutella,
13% hazelnut). For 19/70 (27%) of the composite foods, it was unfeasible to assess the
amount of allergenic protein because the nutritional value of the main ingredients could
not be estimated. These foods were excluded from further analyses.

Five of the 35 manufacturers responded when verifying these results: three confirmed
that the estimated amounts were correct for margarine, filled milk chocolate bar with
hazelnuts and hazelnut chocolate bar. Two confirmed that the estimated amounts were
incorrect, namely for beef salad and tortellini. According to the manufacturer, beef salad
contained 1 g of egg protein per portion instead of 0.5 g according to our estimation. For
tortellini, the content of egg protein was 1.19 g per portion instead of 0.91 g per portion. The
remaining 30 manufacturers either did not respond or responded but did not confirm or
reject the amounts estimated and indicated that they were not willing to share the amount
of allergenic protein of their products.

It was found that the actual or estimated amounts of allergenic protein varied widely
in foods, and as expected, was highest in non-composite foods (Table 1). Of the non-
composite foods with milk, the highest amounts of milk protein per portion were found in
skimmed milk 0.1%, semi-skimmed milk 1.5%, whole milk 3.5%, buttermilk, and low-fat
Gouda cheese: 9250 mg, 8500 mg, 8250 mg, 7500 mg, and 6840 mg, respectively. The lowest
amounts of milk protein per portion were observed for whipping cream, coffee creamer
and butter: 230 mg, 50 mg, and 40 mg, respectively. Peanut butter yielded 3200 mg peanut
protein per portion.
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Of the composite foods with milk (Table 2), the highest amounts of milk protein per
portion were found in cheesecake, baby porridge, ice cream, vanilla custard and pancakes:
up to 6000 mg, 3840 mg, 3690 mg, 3600 mg, and 1491 mg, respectively. Relatively low
amounts of milk protein were found in low-fat margarine, foam sweets banana flavor
and filled biscuit, and creamer: 4 mg, 6 mg, 8 mg, and 75 mg of milk protein per portion,
respectively.

Of the composite foods with egg (Table 2), the highest amounts of eggprotein per
portion were found in pancakes, waffles, ravioli and tortellini: 8610 mg, 1970 mg, 1190 mg
and 1190 mg, respectively. Low amounts of egg protein were found in round toast, syrup
waffles, penny waffles and Cornetto ice cream: 5 mg, 3 mg, 3 mg, and 3 mg of egg protein
per portion, respectively.

Of the composite foods with peanut (Table 2), the amounts of peanut protein per
portion varied between 630 mg (peanut cookie) and 2720 mg (coated peanuts).

Of the composite foods with hazelnut (Table 2), the amounts of hazelnut protein per
portion varied between 380 mg (Belgium bonbon) and 7 mg (penny waffle).

3.2. Comparison of the Estimated Amount of Allergenic Protein to ED10 and ED50

The estimated amount of allergenic milk-, egg-, peanut- and hazelnut-protein per
portion were compared to the ED10 and ED50 in children for objective symptoms as
established in a Dutch population by Blom et al. [20]. Additionally, the estimated amount
of peanut protein per portion was compared to the ED10 and ED50 in children and adults
for objective and subjective symptoms by Klemans et al. [21].

• Milk

None of the selected composite or non-composite foods contained less estimated
milk protein per portion than the ED10 (4.24 mg), except low-fat margarine. Nine foods
contained less estimated milk protein per portion than the ED 50 (156 mg). The other foods
contained higher estimated amounts.

• Egg

Four foods contained less estimated egg protein per portion than the ED10 (5.82 mg),
while ten foods contained less estimated egg protein per portion than the ED50 (199 mg).
All the other foods contained more estimated egg protein per portion.

• Peanut

None of the foods contained less estimated peanut protein per portion than the
ED10 (4.42 mg) by Blom [20], the ED10 in children (18.6 mg) and in adults (13.7 mg) by
Klemans [21] or the ED50 in children (67,3 mg) by Blom [20]. Only one food contained less
peanut protein than the ED50 in adults (821 mg) by Klemans [21].

• Hazelnut

None of the foods contained less estimated hazelnut protein per portion than the ED10
(1.38 mg) by Blom [20]. Two foods contained less estimated hazelnut protein per portion
than the ED50 (80.6 mg) by Blom [20].

3.3. Assessment of Bite and Sip Sizes in Different Age Groups

Thirty foods were selected: 17 foods for the children 2–3 years of age, 17 foods for
the children 4–6 years of age and 19 foods for the adults 19–30 years of age. Several foods
were selected for more than one age group. In total, 71 participants were included (41 male
(57.7%); 30 females (42.3%)).

In the 2–3-year-old age group, 18 toddlers participated (8 males, 10 females; median
3 years of age). A maximum of eight foods were tested in each child. The sip and bite sizes
were close for all foods, except for soft drinks in which the largest median sip size was
observed (11 mL) in contrast to milk, in which the smallest median intake was measured
(2.5 mL). A large range in bite sizes was measured for pancakes (3.00–9.00 g). There were
no significant differences between boys and girls in bite or sip sizes of the selected foods.
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In the age group of 4–6-year-old children, 39 children were included (28 males, 11 fe-
males; median 4 years). For each child a maximum of eight foods were tested (Table 3).
The sip and bite sizes were similar for all foods. Between boys and girls, there was only a
significant difference in bite size for pancakes (p = 0.008) [19].

Table 3. Median (IQR) bite and sip sizes in different age groups in grams or milliliters.

Type of Food
Median Weight or Volume in

Gram or ml * (IQR) *
Number of Participants

2–3 years of age

Wheat bread 2.00 (2.00–3.00) 9

Chocolate hazelnut spread,
Nutella * 0.86 n.d.

Peanut butter * 0.86 n.d.

Low-fat margarine * 0.29 n.d.

Cheese * 1.14 n.d.

Milk ** 2.50 (2.00–4.25) 6

Boiled egg 2.50 (2.00–4.50) 4

Biscuit (Maria biscuit) 1.00 (1.00–1.00) 8

Crisps (Hamka’s) 0.50 (0.25–0.60) 5

Currant bread 3.00 (1.25–5.50) 4

Pancake 4.00 (3.00–9.00) 5

Snickers 2.50 (1.88–3.25) 6

Soft drink (Taksi) ** 11.00 (8.00–12.25) 6

Vanilla custard 6.00 (−) 3

Cake batter 2.00 (1.00–3.50) 5

Fried egg 3.00 (1.00–3.00) 6

Creamed spinach 4.00 (−) 2

Chicken nuggets 2.00 (1.75–3.50) 6

Mayonnaise 1.00 (1.00–2.00) 6

Milk chocolate 2.50 (1.00–4.00) 10

Muffin 3.00 (1.00–4.50) 9

4–6 years of age

Wheat bread 2.00 (1.00–2.00) 17

Hazelnut spread * 0.86 n.d.

Peanut butter * 0.86 n.d.

Low-fat margarine * 0.29 n.d.

Cheese * 1.14 n.d.

Milk ** 8.00 (4.00–18.00) 11

Boiled egg 5.00 (3.00–7.75) 16

Biscuit 1.00 (1.00–2.00) 19

Crisps (Hamka’s chips) 0.25 (0.1875–0.5425) 18

Currant bread 3.00 (2.00–4.00) 15

Pancake 3.00 (2.00–5.25) 18

Snickers 3.00 (2.00–4.00) 16

Soft drink (Taksi) 8.00 (4.00–12.00) 17
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Table 3. Cont.

Type of Food
Median Weight or Volume in

Gram or ml * (IQR) *
Number of Participants

Vanilla custard 6.00 (3.00–8.50) 13

Cake batter 1.00 (0.50–1.00) 7

Fried egg 3.00 (2.00–4.00) 11

Cream spinach 5.00 (4.00–7.00) 7

Chicken nuggets 2.00 (1.50–4.00) 9

Mayonnaise 0.50 (0.50–1.00) 9

Milk chocolate 2.00 (2.00–3.00) 17

Muffin 4.00 (2.00–6.25) 14

19–30 years

Milk ** 32.00 (24.00–58.75) 14

Hardboiled egg 12.00 (7.75–16.50) 14

Crisps (Hamka’s chips) 2.00 (1.00–2.00) 11

Soft drink (Taksi) 36.00 (30.70–43.75) 14

Fried egg 6.50 (5.00–9.25) 14

Cream spinach 10.00 (8.50–13.00) 14

Muffin 9.00 (6.00–11.25) 14

Soft drink (Rivella) 31.50 (27.25–50.75) 14

Canned Soup 9.00 (8.00–10.00) 12

Cappuccino 23.50 (14.50–37.50) 14

White bread 6.00 (3.75–8.25) 14

Hazelnut spread * 2.57 n.d.

Peanut butter * 2.57 n.d.

Low-fat margarine * 0.86 n.d.

Cheese * 3.43 n.d.

Yogurt with muesli (Cruesli) 19.00 (14.00–21.25) 14

Potato croquette 5.50 (4.75–8.25) 14

Schnitzel 9.00 (8.50–10.00) 14

Sate sauce 3.50 (2.00–6.00) 14

Nougat 5.50 (4.75–7.25) 14

Belgium chocolate 6.00 (3.75–10.00) 14

Spiced biscuit 3.00 (3.00–5.00) 14
n.d.: not done. * Amounts of protein (NEVO, 2011) (12) are derived from the bite sizes of wheat bread and
reference portion sizes for spreads, such as Nutella and peanut butter (17) ** 1 g is considered equivalent to
1 milliliter.

In the age group 19–30 years, fourteen adults were included (5 males, 9 females;
median age 22 years). There were large differences in the bite and sip sizes for the foods
within this age group (Table 3). The largest interquartile range (IQR) was observed for milk
(24.00–58.75 mL). Between men and women, significant differences in bite and sip sizes
were found for eleven other foods and drinks (p values 0.001 to 0.042).
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3.3.1. Differences between the Different Age Groups

In the 2–3-year-old children, the bite and sip sizes for wheat bread and mayonnaise
were significantly larger than those in 4–6-year-old children (p = 0.029 and p = 0.012),
whereas 4–6-year-old children had significantly larger sip sizes for milk (p = 0.010).

For the foods tested in all age groups, the bite and sip sizes of the 19–30-year-old
adults were significantly larger compared to the 2–3-year-old children and 4–6-year-old
children for all foods.

3.3.2. Amount of Protein per Bite or Sip

In Tables 1 and 2 it is shown that a single bite or sip of many foods contains sufficient
amounts of allergenic protein to elicit an allergic reaction.

4. Discussion

This study aimed to test the feasibility of estimating the amount of allergenic protein
in frequently consumed foods, as estimated per 100 g, per portion and per bite and sip sizes
in different age groups for improved diagnosis and management of food allergies. For non-
composite foods, the amount of allergenic protein could easily be derived from the label or
food composition tables, as all the protein was delivered by one allergenic ingredient. For
composite foods we showed that it is very hard to obtain detailed information about the
amount of allergenic protein. Through a lot of effort, the allergenic protein content of many
composite foods may at best be estimated, however, true amounts of allergenic protein
values may be somehow different.

For most composite foods depicted in Table 2, the amounts of allergenic protein are
estimates rather than established amounts of protein. Based on our estimations, most
composite foods contain less than 2–3 g of allergenic protein, except a few products that
contain higher amounts such as cheesecake, baby porridge, ice cream, vanilla custard and
pancakes.

For 19/70 (27%) of the composite foods, the amount of allergenic protein could not be
estimated due to lack of detailed information on the label or lack of information from the
manufacturer.

Four manufacturers provided us the required protein amounts of four foods (6%). For
the other 47/70 (67%) composite foods, the amount of allergenic protein could be estimated
using a non-validated method. Only 2/70 (3%) of the composite foods fully disclosed the
amount of all allergenic ingredients (Nutella and peanut butter).

If detailed data on the amount of allergenic ingredients were provided by the manu-
facturer, these data could increase the quality of the diagnosis and management of patients
with food allergies. First, full disclosure of not only the presence of allergens but also the
amount of allergenic protein on the labels would allow for quantitative risk assessment in
diet history and diagnosis. The health care professional could better assess how much aller-
genic protein is ingested prior to the allergic reaction. These data would help to establish
the sensitivity of the patient for the allergenic food in question and, if necessary, sustain
decision-making on extra safety measures during oral food challenges in highly sensitive
patients. In addition, patients having reacted (severely) to small amounts in history will
receive stringent dietary avoidance advice.

Second, detailed data on the amount of allergenic ingredients would support the
decision-making for epinephrine auto-injector prescription in clinically sensitive patients.

Third, detailed data on the amount of allergenic ingredients would enable individually
tailored dietary advice in food allergic patients. It would allow patients who had a mild
reaction to try higher doses in oral food challenge tests to safely introduce foods with
small amounts into their diet well below their thresholds. This could include the use of
foods containing precautionary labeling, such as “may contain traces of . . . ” [8] or foods
containing small amounts of an allergen listed in the ingredient list. This information would
allow the dietitian or patient to select foods with allergenic protein below their thresholds
to expand the diet. Patients tolerating baked milk and baked egg could introduce products

41



Nutrients 2021, 13, 587

with baked egg and milk into their diets. Lastly, milk and egg ladders, practical tools
developed by dietitians to introduce foods at home [22], could be adapted based on the
amount of allergen listed on the label.

However, due to a lack of detailed information on the label, the estimations in this
study on the amount of allergenic protein do not allow for detailed advice in everyday
clinical practice. We therefore encourage companies to disclose the amount of common
allergenic foods on their labels.

We do not expect that improved quantitative risk assessment in dietary history will
precisely predict the threshold dose during an oral challenge, as exposure in daily life
occurs in uncontrolled conditions. Previous studies have shown a lack of correlation
between the severity of reactions at home and thresholds or severity during oral food
challenges [6,13,14]. This may be due to an incomplete diet history with a lack of data on the
exact amount of ingested allergenic food, because thresholds in oral food challenges vary
over time and because of co-factors such as sleep deprivation and physical exercise [13,14].

For clinical relevance we compared the amount of estimated allergenic protein per
portion with the ED10 and ED50 for allergens as established by several authors [20,21]
in the Dutch population. For milk, only one food contained less estimated allergenic
protein per portion when comparing the amount of milk in foods to the ED10 for milk;
for egg this was found for four foods, while for peanut and hazelnut none of the foods
contained less than the ED10 [20,21]. This means that, theoretically, all the other foods
will provoke allergic reactions in allergic patients who belong to the 10% most clinically
sensitive individuals.

When comparing allergenic protein contents with the ED50, nine foods containing
milk, ten foods containing egg, no foods containing peanut and two foods containing
hazelnut had allergenic amounts per portion below the ED50 in children. Thus, when
taking a diet history, inconsistent reactions may be explained by low amounts of allergenic
protein in food, except for peanut. This is even more true when only one of a few bites or
sips are taken from the food instead of a full portion.

This study showed a clear difference in bite or sip sizes between the different age
groups. As expected, the median bite size increases with age. This difference was signif-
icant when comparing the adults with the two younger age groups. We also observed
19–30-year-old men having a larger bite and sip sizes for all types of food than women.
We showed that a single bite or sip of many foods contain sufficient amounts of allergenic
protein to elicit an allergic reaction.

In the literature, there are some data available about bite and sip sizes, however most
studies are performed in adults and in obese versus lean study participants to study the
effects of portion size and hunger or satiety on bite or sip sizes [23–26]. Bite sizes increase
with increasing portion size [23,25] and body mass index [24,26]. In our study, regular
portions were administered and none of the study participants were extremely obese. Bite
and sip size in men were larger than in women [23–25], as was found in our study. Our
data on bite and sip sizes in both children and adults may further enhance the assessment
of the intake of allergenic protein consumed.

Our study has several limitations. We used a non-validated method to assess the
amounts of allergenic protein in composite foods. We are not aware of a validated approach,
and quantitative measurement of allergenic protein in foods was beyond the scope of this
study. We also did not use a power analysis to determine the number of study participants
for bite and sip sizes. Therefore, the study participants we used to study bite and sip sizes
may not be representative for the different age groups. Bite and sip sizes should therefore
be interpreted with caution.

5. Conclusions

In conclusion, in everyday practice it is hard to obtain detailed and reliable information
about the amount of allergenic protein incorporated in composite foods. Yet, this study
provides some insight into the estimated amount of allergenic protein in a large number
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of commonly consumed foods per portion, per 100 g and also per bite or sip size in the
Netherlands, as established using a non-validated method. Diet history may be inconsistent
in less sensitive patients as they may not react to foods containing low amounts of allergenic
protein. In contrast, a single bite or sip can contain sufficient amount of an allergenic protein
to elicit an allergic reaction. Bite and sip sizes increased with age. Disclosure of the amount
of allergenic protein on labels would improve quantitative risk assessment in diet history
in clinical practice, as well as dietary management of food allergies by allowing patients to
introduce foods into their diet that they tolerate.
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Abstract: Introduction: The skin prick test (SPT) is the first step in the diagnosis of an immunoglobu-
lin E (IgE)-mediated food allergy. The availability of commercial food allergen extracts is very limited,
resulting in a need for alternative extraction methods of food allergens. The objective of this study was
to compare the SPT results of homemade food allergen extracts with commercially available extracts.
Methods: Adult patients with a suspected food allergy were included. Food allergen-specific symp-
toms were scored using a questionnaire. SPTs were performed with homemade and commercially
available extracts (ALK-Abelló, Kopenhagen, Denmark) from almond, apple, hazelnut, peach, peanut,
and walnut. Serum-specific IgE was measured with ISAC or ImmunoCAP™. Intra-class correlation
coefficients (ICC) between the SPT results of both extract methods were calculated. The proportion of
agreement with food allergen-specific symptoms was analyzed. Results: Fifty-four patients (mean
age 36; range 19–69 years; female/male: 42/12) were included. The intra-class correlation coefficient
(ICC) between the SPT results of both extract methods were strong for hazelnut 0.79 (n = 44) and
walnut 0.78 (n = 31), moderate for apple 0.74 (n = 21) and peanut 0.66 (n = 28), and weak for almond
0.36 (n = 27) and peach 0.17 (n = 23). The proportion of agreement between SPT results and food
allergen-specific symptoms was comparable for homemade and commercially available extracts,
except for peach; 0.77 versus 0.36, respectively. Conclusion: In the diagnostic procedures to identify
an IgE-mediated food allergy, homemade extracts from hazelnut and walnut appear to be a good
alternative in the absence of commercially available food allergen extracts.

Keywords: diagnosis; extracts; food allergy; oral allergy syndrome; skin prick test; specific IgE

1. Introduction

The prevalence of food allergies in Europe is increasing rapidly. Currently, in adults,
self-reported symptoms after ingesting different varieties of food are reported by 5.7–61.6%
of people, and physician-diagnosed hypersensitivities are reported by 0.2–4.2% of people [1].
Diagnosing a suspected food allergy accurately is of great importance, both to prevent
severe allergic reactions and to avoid unnecessary dietary restrictions caused by inaccurate
diagnosis. The diagnosis of food allergy involves the use of skin prick tests (SPTs), allergen
specific immunoglobulin E (sIgE), and oral food challenges (OFC) as a gold standard [2]. It is
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generally agreed that the core diagnostic step for type I mediated allergy, the SPT, should
be further standardized, and further studies are necessary to define worldwide standards
for allergen extracts [3]. In a recent EAACI position paper about in vivo diagnostic test
allergens, the importance of reliable allergens was also stressed [4].

The evaluation of patients with a possible food allergy starts with an extensive food
specific medical history and a physical examination. The focus should be on possible
dietary triggers, the quantity and quality of the ingested food, possible facilitating co-
factors around the time of the reaction (exercise, illness, use of medication), and the specific
symptoms that led to the allergic reaction [5]. Knowledge of cross-reactivity within protein
families would help to decide the ensuing pathway.

The next step in the diagnosis of a food allergy is measuring sensitization to the
suspected food allergen by either performing an SPT with the suspected food allergen,
and/or measuring serum sIgE. SPTs are a quick, reliable, and cheap method to measure
sensitization. Although the negative predictive value (NPV) of SPTs often reaches 90%
or more [5], false negative SPTs may occur if the used extracts are not standardized or
have insufficient quantities of the allergen. In commercially available extracts of fruits and
vegetables, the proteins might be destroyed during the manufacturing process, e.g., heating,
giving less reliable results [6]. Generally, SPTs with food allergens have high sensitivity
but low specificity, and must be interpreted with caution [6], and neither SPT nor sIgE
are sufficient to diagnose food allergies on their own [7]. Soares-Weiser et al. (2014) also
concluded that SPT and sIgE appear to be sensitive but not specific enough for diagnosing
IgE-mediated food allergy, although this may differ between foods [8]. The availability of
commercial food allergen extracts is limited, which leads to a need for alternative methods
for the extraction of food allergens. One of the alternatives for commercial extracts might
be to prepare homemade (HM) extracts through standardized protocols, but the quality of
these extracts is unknown. Thus, the objective of this study was to compare SPT results of
HM food allergen extracts and commercially available extracts.

2. Materials and Methods

2.1. Study Population

Adult patients with a suspected food allergy for at least one food allergen, visiting
the outpatient clinic of the Allergology Department of the Albert Schweitzer hospital,
were asked to participate in this study. The suspicion of food allergy was based on the
patient’s clinical history and a physical examination by an allergist. All participants stopped
their anti-histamines for at least 72 h before the SPT. Medical ethical approval was obtained
for this study on 1 February 2018, trial number MEC-2017-486, NL61899.078.17. After pa-
tients signed an informed consent form, the inclusion took place from September 2018 until
December 2020. A food -specific case history was conducted using an extensive food spe-
cific standardized questionnaire, which was filled out by the physician during the visit of
the patient to the outpatient clinic. Symptoms were defined as the occurrence of oral itching,
with or without angioedema of the lips and/or tongue (oral allergy syndrome [OAS]),
respiratory symptoms, gastrointestinal symptoms (GI), and/or urticaria (skin symptoms).
Inhalant allergies and concomitant medications used were reported. The PRACTALL score
list was used to score symptoms and severity [2].

2.2. Skin Prick Tests

Based on the patient’s clinical history and the extensive food specific standardized
questionnaire, the allergist chose a maximum of 4 food allergens, including the ones that
were suspected as causing the food allergy. The SPTs with the chosen food allergens were
performed with HM extracts as well as commercial extracts, both containing the same food
allergen, in the same patient, at the same time. The food allergen extracts that were used
in this study, available for both HM and commercial uses, were: almond, apple, hazelnut,
peach, peanut and walnut. The SPT was conducted on the volar surface of the forearm
by application of one drop of the allergenic extract to the skin. Subsequently, the dermis
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was punctured with a disposable standardized skin test needle (ALK-Abelló, Kopenhagen,
Denmark), as recommended in the established EAACI guidelines [4]. Dilution buffer
(ALK-Abelló, Kopenhagen, Denmark (nr. 002)) was used as a negative control. Mean val-
ues of two histamine dihydrochloride 10mg/mL (ALK-Abelló, Kopenhagen, Denmark
(nr. 001))-induced wheal sizes were used as a positive control. To avoid puncture technical
bias, the same nurse performed all SPTs. SPT results were obtained after 15 min; the
contours of the allergen-induced wheal were encircled with a fine-tip pen and transferred
to a record sheet by means of translucent tape (ALK-Abelló, Kopenhagen, Denmark).
We compared the results of the Histamine Equivalent Prick result (HEP/PAAMOST) [9,10]
of SPTs with HM extracts and ALK extracts. In addition to HEP measurement, the allergen-
induced mean wheal diameter was measured to decide on positive and negative results
(negative <3 mm Ø) according to the EAACI international guidelines [11].

2.3. HM Food Allergen Extracts

The raw material for each tested HM food allergen extract was carefully screened
to select the material that best represented the allergen. Nuts and peanuts were fresh,
not roasted and not salted, and were bought separately. The raw material was homoge-
nized mechanically, ground with a mortar, and defatted with ether in a Soxhlet, air-dried,
and stored at −20 ◦C until further use. Fruit and vegetables were bought fresh, and after
being homogenized in a food processor, pulp was immediately stored in small portions
for single use at −20 ◦C [10]. Pre-treated material of nuts and peanuts was defrosted
and tested in a 5% or 10% extract in PBS (negative control; ALK-Abelló, Kopenhagen,
Denmark (nr. 1036472)) as described by de Jong et al. [12]. In all cases, the allergens
that were tested using HM extracts were compared with commercially available extracts
from ALK-Abelló, Kopenhagen, Denmark; almond Prunus dulcis 1:20 m/V (nr. 764), apple
Pyrus Malus spp. 1:20 W/V (nr. 658), hazelnut Corylus avellana 1:100 g/V (nr. 761), peach
Prunus persica 1:20 G/V (nr. 613), peanut Arachis hypogaea 1:20 G/V (nr. 762), and walnut
Juglans regia 1:20 W/V (nr. 766)).

2.4. Serum-Specific IgE

Serum-specific IgE levels were evaluated with the ImmunoCAP™ ISAC multiplex
test, when available, or with the regular ImmunoCAP™ monoplex test, according to the
manufacturer’s instructions (Thermo Fisher Scientific, Uppsala, Sweden). The result of
ISAC multiplex sIgE was considered positive when ≥0.30 ISU. ImmunoCAP™ monoplex
sIgE results were considered positive when ≥0.35 kU/L.

2.5. Statistical Analysis

Comparison of the SPT-HEP results of the HM and ALK extracts was performed by
calculating the intra-class correlation coefficients (ICC) between the HEPs. These coeffi-
cients were considered very strong for ICC ≥ 0.9; strong for 0.75 ≤ ICC < 0.9; moderate
for 0.5 ≤ ICC < 0.75; and weak for ICC < 0.5 [13]. SPT results were compared for almond,
apple, hazelnut, peach, peanut, and walnut. We also compared the numbers of positive
(≥3mm) SPT of HM and ALK extracts for the 6 food allergens. We compared the pro-
portion of patients with a positive SPT of HM and of ALK using an exact binomial test.
The agreement between qualitative SPT results (positive/negative) with symptoms per
food allergen was assessed by calculating the proportion of patients with a positive SPT
as well as any specific food allergen-related positive symptom, and a negative SPT with
the absence of specific food allergen-related symptoms. Confidence intervals (CI) were
calculated for these proportions, with a 0.05 level of significance. All calculations were
performed by R (version 4.0.4 https://www.r-project.org, 16 December 2021).

Comparison of qualitative SPT results and sIgE results with food allergen-specific
symptoms after consuming the specific food allergen was performed, and sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and the
likelihood ratio were also reported.
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3. Results

3.1. Study Population

Fifty-four adult patients (mean age 36; range 19-69 years) with a suspected food allergy
were included. All participants reported one or more inhalant allergies: 40 (74%) to grass
pollen, 51 (94%) to birch pollen, and 31 (57%) to house dust mites. Fifty participants (93%)
reported OAS with or without GI symptoms, fourteen participants (26%) reported a skin
reaction, and eighteen participants (33%) reported respiratory symptoms after ingestion
of the suspected food allergen. Forty-six participants (85%) use any kind of anti-allergic
medication. Of this group, forty-five (83%) use anti-histamines, seventeen (31%) use a
nose spray, four (7%) use eye drops, thirteen (24%) use lung medication, and six (11%) of
the participants need rescue medication (adrenalin). In Table 1, all patient characteristics
are summarized.

Table 1. Patient characteristics.

Patient Characteristics

Numbers included 54

Female/male 42 12

Mean age/range 36 19–69

n %

Inhalant allergy 54 100

Grass pollen 40 74

Birch pollen 51 94

House dust mite 31 57

Pets 33 61

Medication used 46 85

Anti-histamines 45 83

Corticosteroid nose spray 17 31

Eye drops 4 7

Lung medication 13 24

Adrenaline 6 11

Food allergy symptoms

GI + OAS 50 93

Skin 14 26

Lung 18 33
n = number; GI = gastro-intestinal symptoms; OAS = oral allergy symptoms; Lung = respiratory symptoms;
Skin = skin symptoms.

The total numbers of patients that ever experienced symptoms after ingestion of
the specific food allergen were: 16/27 for almond, 17/21 for apple, 36/44 for hazelnut,
16/23 for peach, 11/28 for peanut, and 22/31 for walnut. In total, forty SPTs (23%) were
performed in patients who experienced no symptoms at all after consumption of the specific
food allergen. Sixteen SPTs (9%) were performed in patients who could not answer the
question as to whether they experienced symptoms after consumption of a specific food
allergen, because they were on a strict diet free from the food for a long time, caused by,
e.g., a positive sIgE in the past during routine testing. The results of any symptoms ever
experienced after consumption of the specific food allergen gathered from the questionnaire
are shown in Table 2.
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Table 2. Symptoms per food allergen.

Symptoms Per Food Allergen

Almond Apple Hazelnut Peach Peanut Walnut Total

n (%) 27 (16) 21 (12) 44 (25) 23 (13) 28 (16) 31 (18) 174 (100)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Consuming/
8 (30) 3 (14) 7 (16) 6 (26) 13 (46) 3 (10) 40 (23)no symptoms

NA (strict diet) 3 (11) 1 (5) 1 (2) 1 (4) 4 (14) 6 (19) 16 (9)
Symptoms:

GI/OAS 12 (44) 12 (57) 23 (52) 12 (52) 5 (18) 14 (45) 78 (45)
Skin 0 0 1 (2) 0 1 (4) 0 2 (1)
Lung 1 (4) 0 0 0 0 0 1 (1)

GI/OAS + Skin 1 (4) 1 (5) 2 (5) 1 (4) 0 1 (3) 6 (3)
GI/OAS + Lung 2 (7) 3 (14) 8 (18) 3 (13) 2 (7) 5 (16) 23 (13)

GI/OAS + Skin + Lung 0 1 (5) 2 (5) 0 2 (7) 2 (6) 7 (4)

Skin + Lung 0 0 0 0 1 (4) 0 1 (1)

SPT = skin prick test; n = number; NA = not applicable because of patient on a strict diet free from
the food allergen; GI = gastro-intestinal symptoms; OAS = oral allergy syndrome; skin = skin symptoms;
lung = respiratory symptoms.

3.2. Skin Prick Tests

One hundred and seventy-four SPTs were performed with the six included food
allergens: 27 (16%) with almond, 21 (12%) with apple, 44 (25%) with hazelnut, 23 (13%)
with peach, 28 (16%) with peanut, and 31 (18%) with walnut.

The mean HEP index with ALK food allergen extracts vs. HM extracts was; 0.96 vs.
0.51 for almond, 0.47 vs. 0.38 for apple, 1.40 vs. 1.61 for hazelnut, 0.11 vs. 0.83 for peach,
0.86 vs. 1.13 for peanut, and 0.42 vs. 0.39 for walnut, respectively. P-values for the
comparison of the number of positive SPTs (≥ 3mm) were: 0.5 for almond, 0.5 for apple,
1.0 for hazelnut, <0.001 for peach, 0.63 for peanut, and 1.0 for walnut. The SPT-HEP results
and ICC of the six food allergens are shown in Table 3.

Table 3. Skin prick test results per food allergen.

SPT Results Per Food Allergen

Almond Apple Hazelnut Peach Peanut Walnut Total

ALK

Positive ≥3 mm 24 19 41 4 21 14 123
% 89 90 93 17 75 45 71

Mean HEP index 0.96 0.47 1.40 0.11 0.86 0.42
Range HEP

index 0–4.05 0–1.14 0–18.85 0–1.42 0–5.17 0–2.57

HM

Positive ≥3 mm 22 17 42 20 23 14 138
% 81 81 95 87 82 45 79

Mean HEP index 0.51 0.38 1.61 0.83 1.13 0.39
Range HEP

index 0–1.37 0–1.44 0–11.44 0–1.91 0–6.07 0–2.31

ICC 0.36 0.74 0.79 0.17 0.66 0.78
95% CI for ICC 0 to 0.65 0.47 to 0.89 0.65 to 0.88 0 to 0.49 0.39 to 0.82 0.59 to 0.89

p-value HEP 0.03 <0.0001 <0.0001 0.015 <0.0001 <0.0001
Strength of ICC weak moderate strong weak moderate strong

SPT = Skin Prick Test; n = number; HEP = Histamine Equivalent Prick test; ALK = Allergy Laboratories
Kopenhagen, Denmark; HM = homemade; ICC = intra-class correlation coefficient.

The differences in the SPT-HEP results with both extracts are also depicted in Figure 1.
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Figure 1. SPT-HEP results for ALK-HM regarding the 6 food allergens: almond, apple; hazelnut;
figure peach; peanut; walnut.

The ICCs between the SPT-HEP results for both extract methods, HM and commercial,
were all significant; 0.36 (weak) for almond, 0.74 (moderate) for apple, 0.79 (strong) for
hazelnut, 0.17 (weak) for peach, 0.66 (moderate) for peanut, and 0.78 (strong) for walnut.

3.3. Proportion of Agreement of SPT-HEP Results with Symptoms

Sensitization in relation to food-specific symptoms (proportion of agreement) and
the confidence interval (CI) for ALK vs. HM extracts was calculated: for almond, 0.75
(CI 0.58–0.92) and 0.67 (CI 0.48–0.86), respectively; apple, 0.75 (CI 0.56–0.94) and 0.75
(CI 0.56–0.94), respectively; hazelnut, 0.84 (CI 0.73–0.95) and 0.81 (CI 0.70–0.93), respec-
tively; peach, 0.36 (CI 0.16–0.56) and 0.77 (CI 0.60–0.95), respectively; peanut, 0.50 (CI 0.30–0.70)
and 0.54 (CI 0.34–0.74), respectively; and walnut, 0.52 (CI 0.32–0.72) and 0.56 (CI 0.37–0.75),
respectively. The sensitization in relation to the symptoms and CI of all six food allergen
extracts is shown in Figure 2.
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Figure 2. SPT-HEP results of ALK and HM extracts in relation to symptoms (proportion of agreement)
and CI of 6 food allergens. ALK = Allergy Laboratories Kopenhagen, Denmark; HM = homemade.

3.4. Serum-Specific IgE Measurements

Serum-specific IgE measured by ImmunoCAP™ (monoplex, Thermo Fisher Scientific,
Uppsala, Sweden) for almond was positive in 10/27 cases. Specific IgE measured by ISAC
(multiplex, Thermo Fisher Scientific, Uppsala, Sweden) was positive in all 42 sera. Specific
IgE was positive in 18/20 for Mal d1 (apple), 40/42 for Cor a1 (hazelnut), 20/22 for Pru p1
(peach), 19/28 for Ara h8 (peanut), and 3/30 for Jug r 1 (walnut). The median and range of
all sIgE measurements are shown in Table 4.

Table 4. Serum specific IgE measurements.

Serum Specific IgE Measurements

n = Positive n = Mean ISU Range ISU

Almond * 27 10 0.60 * 0.0–2.98 *
Apple Mal d1 20 18 15.38 0–64.1

Hazelnut Cor a1 42 40 7.42 0–31.2
Cor a8 42 2 1.34 0–54.4
Cor a9 42 2 0.30 0–9.83

Cor a14 42 3 3.03 0–105.6
Peach Pru p1 22 20 7.50 0–60.9

Pru p3 22 1 0.23 0–4.67
Peanut Ara h2 28 5 1.56 0–20.3

Ara h6 28 5 1.15 0–14.4
Ara h8 28 19 2.88 0–14.0
Ara h9 28 3 3.39 0–8.29

Walnut Jug r1 30 3 2.41 0–65
Jug r3 30 0 0 0

n = number; * = measured by ImmunoCAP™ Thermo Fisher Scientific, Uppsala, Sweden

It appeared that other allergen components were only positive in a few cases; hazelnut
Cor a8 and peach Pru p3 (both lipid transfer proteins [LTP]) were only positive in two
and one patients, respectively, while major 2S albumins hazelnut Cor a 14 and peanut Ara
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h2 and Ara h6 were only positive in three, five and five cases, respectively. Proportion of
agreement calculations were not feasible for these allergen components due to low power.

The proportion of agreement of specific IgE measurements in relation to symptoms
and CI was calculated: for almond: 0.29 (CI 0.11–0.47); apple (Mal d1; PR10): 0.79
(CI 0.61–0.97); hazelnut (Cor a1; PR10): 0.80 (CI 0.68–0.93); peach (Pru p1; PR–10): 0.73
(CI 0.54–0.91); peanut (Ara h8; PR10): 0.71 (CI 0.53–0.89); and for walnut (Jug r1; 2S albu-
mine): 0.21 (CI 0.05–0.37).

3.5. Accuracy of Sensitization Measurements in Relation to Reported Symptoms

Sensitivity and specificity measurements as well as the PPV, NPV and LR of SPT results
in comparison to the reported symptoms were obtained (Table 5.) The mean sensitivity of
SPT HM extracts and ALK extracts was 0.84 and 0.73, respectively. The mean specificity of
SPT HM extracts and ALK extracts was 0.38 and 0.37, respectively.

Table 5. Accuracy of sensitization measurements in relation to reported symptoms.

Accuracy of Sensitization Measurements in Relation to Reported Symptoms

Extract Sensitivity Specificity PPV NPV LR+ LR−

Almond
ALK 1.00 0.25 0.73 1.00 1.33 0.00

HM 0.88 0.25 0.70 0.50 1.17 0.50

sIgE Almond 0.44 0.20 0.25 0.38 0.56 2.78

Apple
ALK 0.88 0.00 0.83 0.00 0.88 NA

HM 0.82 0.33 0.88 0.25 1.24 0.53

Mal d1 0.88 0.00 0.88 0.00 0.88 NA

Hazelnut
ALK 0.97 0.25 0.85 0.67 1.30 0.11

HM 0.97 0.13 0.83 0.50 1.11 0.23

Cor a1 0.82 0.50 0.97 0.13 1.64 0.36

Peach
ALK 0.19 0.83 0.75 0.28 1.13 0.98

HM 0.94 0.33 0.79 0.67 1.41 0.19

Pru p1 0.75 0.50 0.94 0.17 1.50 0.50

Peanut

ALK 0.82 0.23 0.47 0.60 1.06 0.79

HM 0.91 0.23 0.50 0.75 1.18 0.39

Ara h2 1.00 0.65 0.36 1.00 2.86 0.00

Ara h8 0.53 0.71 0.82 0.38 1.85 0.66

Walnut
ALK 0.50 0.67 0.92 0.15 1.50 0.75

HM 0.50 1.00 1.00 0.21 NA 0.50

Jug r1 1.00 0.14 0.10 1.00 1.16 0.00

ALK = Allergy Laboratories Kopenhagen, Denmark; HM = homemade; PPV = positive predictive
value; NPV = negative predictive value; LR+ = positive likelihood ratio; LR− = negative likelihood ratio;
NA = not applicable.

4. Discussion

In this study, we compared SPT results for HM food allergen extracts with results for
commercially available extracts, in patients with reported food-specific allergic symptoms,
e.g., OAS, GI symptoms, skin symptoms, and/or respiratory symptoms, after ingestion of
the suspected food. We performed SPTs in 54 patients, using both the HM extract and the
commercially available extract of the same food allergen, within the same patient, at the
same time. We found a strong correlation between both extract methods for hazelnut
and walnut, moderate correlation for peanut and apple, and weak correlation for almond
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and peach. This indicates that these HM food allergen extracts are a good to moderate
alternative in the absence of standardized commercially available extracts.

We found comparable sensitivity and specificity results for HM and ALK food allergen
extracts. As expected, the mean sensitivity was high (0.84 and 0.73, respectively), but the
specificity is considerably low for both extracts (0.38 and 0.37, respectively). Asero et al.
described this low specificity earlier for food allergen extracts [14]. In particular, the hazel-
nut extract performed poorly in both extracts. One reason might be that we compared the
results with doctor-diagnosed allergies without performing DBPCFCs. Another reason
might be that most patients are sensitized to Cor a1, and consequently we lose these labile
proteins during extraction. Interestingly, the sensitivity of the HM peach extract (0.94)
performed very well, in contrast to the ALK extract, which has a sensitivity of 0.19. These
results are in line with previous studies with fruit allergens, which point out that, in com-
mercially available extracts of fruit and vegetables, the proteins may be destroyed during
the manufacturing process [6]. A review by Foong and Santos in 2020 established higher
sensitivity and specificity of SPTs with fresh fruit and vegetables, compared to commercial
extracts, and acknowledged their importance in patients with pollen sensitization [15].

The considerable differences between SPT-HEP results of the HM and the commercially
available extract of almond (mean HEP 0.51, range 0–1.37 vs. mean HEP 0.96, range 0–4.05,
respectively) and the proportion of agreement for almond (0.67 vs. 0.75) must be seen in
perspective. The sIgE measurements in relation to symptoms (proportion of agreement)
and CI for almond (0.29 (CI 0.29–0.47)) were low. However, the perception of the patients
with symptoms due to almond consumption can be argued; being sensitization to almond is
often followed by a negative food challenge. In a cohort study by Arends et al., 189 almond
challenges among a group of Dutch children were analyzed. A positive SPT with almond
was found in 148 children (78%); 97/101 double blind placebo-controlled food challenges
(DBPCFC) were negative [16].

In the 28 SPTs we performed with the peanut extract, we found 21 (75%) positive
SPT(≥3mm) results with the commercially available extract vs. 23 (82%) with the HM
extract (p-value 0.63). Thirteen patients (46%) could consume peanut without experiencing
allergic symptoms. These outcomes were established in earlier studies; in 2005, Mortz
et al. investigated the prevalence of peanut sensitization in an unselected population
of adolescents and evaluated the clinical relevance of a positive sIgE or SPT to peanut,
and the possible correlation between peanut and pollen sensitization. In a group of Danish
adolescents, a peanut sensitization evaluated by ImmunoCAP™ and SPT of 5.8% and 3.4%,
respectively, was found, while the point of prevalence of a peanut allergy, confirmed by
oral challenge, was estimated to be 0.5%. Most peanut-sensitized adolescents had atopic
diseases; intermittent allergic rhinitis was seen in 58–74%. The possibility of correlation be-
tween peanut and pollen (grass) sensitization was suggested [17]. Food challenge is still the
gold standard for diagnosing food allergies, including suspected reaction to peanut [17–20].

HM food allergen extracts are prepared by standardized protocols. The HM allergen
extracts of nuts and peanut are in all cases defatted during pre-processing. The removal
of fat and oils, which are able to cause false positive type IV skin reactions, and other
small particles, e.g., minerals, improves the exposure of allergenic proteins and extraction
efficiency, and removes components that are insoluble in water [12,21].

Defatted and dried HM allergen material (dry powder) can be stored at −20 ◦C, which
improves the long-term stability. De Jong et al. showed good stability results with the
same method (HM), comparing fresh, 3-month-old, and 6-month-old extracts. In this
earlier study, batch-to-batch comparisons with coriander, hazelnut, peach, and sesame seed
gave coefficients of variation of 39%, 33%, 37%, and 26%, respectively. Overall, pair wise
comparison of dose response SPT results with the four different HM extracts using 5%,
10%, and 20% were significant in all cases [12]. Secondly, the HM extracts appeared to be
safe, as no adverse events occurred in the 2004 study, as well as in the current study. Finally,
the method of preparing HM extracts is clearly extremely cost-effective. An analyst can
prepare the material in the hospital laboratory, using food from the local grocery, and even
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more rare sources (e.g., new food sources such as seaweed, tropical fruits such as papaya,
and new legumes such as lentils) can be extracted easily at a low cost.

There are some limitations to this study: first, most patients included in this study
suffer from an inhalant allergy (sensitization birch pollen: 94%, grass pollen: 74%). We did
not specifically select these patients, but as we performed the study in a peripheral hos-
pital (second line), the population differs from, e.g., an Academic Center. Consequently,
the suspected food allergy in these patients was most likely caused by cross reactivity,
which could be confirmed by a high percentage of sensitization to several PR-10-specific
allergens (Cor a 1, Ara h 8, Pru p 1, Mal d 1). This might cause some bias, as we therefore
did not test the allergen extracts in patients with a primary food allergy. The low sIgE
found for LTP proteins (Cor a8, Ara h9, Jug r3, and Pru p3) confirms the population of
the included patients. Consequently, the proportion of agreement for walnut Jug r1 is
low (0.24). Finally, in a peripheral hospital, we did not perform the gold standard for the
diagnosis of food allergy; the DBPCFC. Comparing SPT results with suspected food allergy
is not in accordance to the guidelines, but must be seen as a first step in the diagnosis of a
food allergy [2].

5. Conclusions

In this study, we found that the SPT-HEP results of the HM extracts are compara-
ble with the SPT-HEP results of commercially available extracts for hazelnut and walnut,
and moderately comparable for apple and peanut. We recommend further studies with HM
extracts of food allergens in another population, e.g., children and patients with a primary
food allergy. Furthermore, we also recommend the characterization and identification
of allergenic proteins in HM food allergen extracts. Commercial food allergen extracts
will be less available in the near future, caused by new European government regulations.
Developing and validating educational tools on how to produce suitable and reproducible
HM food allergen extracts will increase the establishment of vertical and horizontal net-
works between Academic Centers of excellence, allergy specialists, and primary health care
practitioners [22]. These developments will increase the knowledge, quality, and use of
HM food allergens extracts, and might be one step forward in the complex diagnosis of
food allergies.
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Abbreviations

ACE Academic Center of Excellence
ALK Allergy Laboratories Kopenhagen
CI confidence interval
DBPCFC double blind placebo controlled food challenge
EAACI European Academy of Allergy and Clinical Immunology
e.g., exempli gratia
F female
FN false negative
FP false positive
HEP Histamine Equivalent Prick test
HM homemade
ICC intra-class correlation coefficient
IgE immunoglobulin E
ISAC immuno-solid phase allergen chip
LR likelihood ratio
LTP lipid transfer proteins
M male
Mm millimetre
n number
NA not applicable
NPV negative predictive value
Nr number
OAS oral allergy syndrome
OFC oral food challenge
PPV positive predictive value
Resp respectively
Sens sensitivity
sIgE specific immunoglobulin E
Spec specificity
SPT skin prick test
TN true negative
TP true positive
vs. versus
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Abstract: Approximately 70% of birch pollen allergic patients in Europe experience hypersensitivity
reactions to Immunoglobulin E (IgE) cross-reactive food sources. This so-called pollen-food syndrome
(PFS) is defined by allergic symptoms elicited promptly by the ingestion of fruits, nuts, or vegetables
in these patients. So far, in the literature, less attention has been given to Bet v 1 cross-reactive
symptoms caused by pear (Pyrus communis). In the Netherlands, pears are widely consumed. The
primary objective of this study was to measure the type and severity of allergic symptoms during
pear challenges in birch pollen allergic patients, with a positive history of pear allergy, using two
different pear varieties. Fifteen patients were included, skin prick test (SPT), prick-to-prick test
(PTP), specific Immunoglobulin E (sIgE), and single-blind oral challenges were performed with two
pear (Pyrus communis) varieties: the ‘Cepuna’ (brand name Migo®) and the ‘Conference’ pears. All
patients were sensitized to one or both pear varieties. A total of 12 out of 15 participants developed
symptoms during the ‘Cepuna’ food challenge and 14/15 reacted during the ‘Conference’ challenge.
Challenges with the ‘Cepuna’ pears resulted in less objective symptoms (n = 2) in comparison with
challenges with ‘Conference’ pears (n = 7). Although we did not find significance between both
varieties in our study, we found a high likelihood of fewer and less severe symptoms during the
‘Cepuna’ challenges. Consequently selected pear sensitized patients can try to consume small doses
of the ‘Cepuna’ pear outside the birch pollen season.

Keywords: birch pollen; allergy; Bet v 1; OAS; pear; oral challenge

1. Introduction

In the general population in Europe, the prevalence of birch pollen sensitization ranges
from approximately 8 to 16% [1]. The prevalence of sensitization to Bet v 1, a PR-10 allergen,
and the major allergen of birch pollen, is notably high among European patients with pollen
allergies. In a study of 260 patients with tree pollen allergy in Germany, 92% were sensitized
to Bet v 1 [2], and in a retrospective study of 854 patients with birch pollen sensitization
in Italy, sensitization to Bet v 1 ranged from 53% to 95%, depending on the region [3].
Approximately 70% of birch pollen allergic patients experience hypersensitivity reactions
to IgE cross-reactive food sources [4]. This so-called pollen-food syndrome (PFS) is defined
by allergic symptoms elicited promptly by the ingestion of fruits, nuts, or vegetables in
patients with seasonal allergic rhinoconjunctivitis (SAR) [5]. Patients are sensitized to
pollen allergenic molecules highly cross-reacting with their homologs in the offending
foods [6,7]. Symptoms of PFS are often restricted and isolated to the oral cavity and include
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labial and oropharyngeal pruritus, paraesthesia, and angioedema of the oral mucosa,
tongue, lips, palate, and oropharynx, or laryngeal tightness, which altogether are labeled
as oral allergy syndrome (OAS). Gastrointestinal symptoms and, rarely, life-threatening
wheezing and anaphylaxis, occur in less than 10% of patients [8]. Bet v 1, a PR-10 type
of protein, is the most prevalent cause of cross-sensitization. The PR-10 related reactions
are mainly in response to Rosaceae fruits (i.e., apples) and nuts (i.e., hazelnut). The most
frequently described cross-reacting fruits are apple, peach, cherry, and apricot, but a wide
range of fruits contain Bet v 1 homologs. So far, in the literature, less attention has been
given to Bet v 1 cross-reactive symptoms caused by pear (Pyrus communis). Most larger
prevalence studies in Europe did not include pear while in most apple allergic patients pear
also causes symptoms [9]. One systematic review by Zuidmeer et al. [10] found a study on
pear allergy [11] reporting 0.3% pear allergy in Germany. Furthermore, Rodriquez et al. [12]
performed skin prick tests in 26 patients in Spain with adverse reactions to Rosaceae fruits,
and 18 patients with positive SPT for apple appeared to be positive for pear as well (69%).
In the Netherlands, pears are widely consumed. Each household consumes an average
of 4.7 kilos of pear per year and pear is in a solid third place in the Dutch fresh fruit
top 10 [13]. In the Erasmus MC Rotterdam, SPT with pear is regularly positive in birch
pollen allergic patients but clinical relevance is often unclear. Diagnosis of pear allergy
has to be confirmed by a double-blind placebo-controlled food challenge. The primary
objective of this study was to measure type and severity of allergic symptoms during pear
challenges in birch pollen allergic patients, with a positive history of pear allergy, using
two different pear varieties.

2. Materials and Methods

2.1. Patients

Adult patients visiting the outpatient clinic of the department of Allergology of the
Erasmus MC with a doctor’s diagnosed birch pollen allergy and a positive history of pear
allergy were asked to participate in the study. The patients were approached from August
2019 and inclusion started on 1 October 2019 till 1 February 2020. Medical ethical approval
was received in August 2019; registered as METC NL70165.078.09. The purpose was to
perform the study just outside the ‘birch pollen season’ (February to May) to circumvent
that participating patients could not stop their anti-histamines, and/or preventing possible
bias in patients having more symptoms during that season.

2.2. Pears

Two pear (Pyrus communis) varieties ‘Cepuna’ (brand name Migo®) and ‘Conference’
pear were tested according to a normal consumer simulation consisting of simulating
refrigerated transport to the supermarket and consumer storage in a fruit bowl. Pears
were acclimatized in advance (via ‘chambreren’) by GKE NV and delivered ready for
consumption every week by courier. Pears delivered were stored in the refrigerator. The
evening before inclusion, the number of pears needed was brought to room temperature.
Before use, the pears were rinsed under the tap with water as in a home situation.

2.3. Skin Test

Skin prick test (SPT) and prick-to-prick (PTP) tests were performed with both pear
varieties on the forearm during the first day of the oral challenge, with pear juice and
fresh pears respectively, next to 2 positive controls (histamine), birch pollen extract, and a
negative control (ALK-Abello; Almere, the Netherlands). The difference between SPT and
PTP is that in the PTP test, the needle is first pricked into the fresh intact unpeeled pear
near the stalk [14] and the juice sticking to the needle is subsequently transferred into the
skin of the participant. The SPT was performed by applying a drop of whole fresh pear
juice on the skin of the volar aspect of the forearm. Twenty minutes after the skin tests, the
contours of the wheal were encircled with a fine-tip pen and transferred to a record sheet
by translucent tape [15]. Subsequently, the surface was measured with an area scanner
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and compared with the positive control which gives the HEP index score as described
by van der Valk et al. [15]. No threshold values have yet been defined for the SPT and
PTP HEP index values for pear allergy. SPT and PTP tests were considered positive when
≥3 mmØ [16,17].

2.4. Specific Serum IgE

Specific Immunoglobulin E (sIgE) antibody concentration was measured in blood
serum. Specific serum IgE for pear allergen extract (f94), birch pollen allergen component
Bet v 1 PR10 (t215), peach allergen component Pru p 3 LTP (f420), and grass pollen
allergen component Phl p 12 profilin (g212) were measured by fluorescence immunoassay
(FEIA) using the ImmunoCAP™ test system, according to the manufacturer’s instructions
(Thermo Fisher Scientific, Upsala, Sweden). sIgE concentration was considered positive
when >0.35 KU/L.

2.5. Single Blind Oral Challenges

As validated recipes for double-blind placebo-controlled food challenges with pear
do not exist, we performed single-blind oral pear challenges. The oral pear challenges
consisted of two-day admissions in the outpatient clinic, in which the pear ‘Cepuna’ was
tested on one day and the pear ‘Conference’ on the other day. For each participant, the order
in which each pear variety was tested was randomized. The single-blind oral food challenge
consisted of five doses of pear, including the peel as described by Rodriguez et al. [12].
The doses were calculated using the ‘voedingswaardetabel.nl’ site. According to this site,
pears, in general, contain 0.5 g protein/100 g pear. Following the PRACTALL guidelines,
we challenged 10 μg, 30 μg, 100 μg, 300 μg, and 1000 μg protein, which resulted in the
following dose series: 2, 6, 20, 60, and 200 g of pear. The person that weighed the pear
doses and prepared the challenge was not the same person as the one who gave the pear
pieces to the patient. So, the nurse was not blinded but was ignorant about which variety
was given to the patient. The symptoms during the challenge were recorded according to
the PRACTALL guidelines, [18] and scored as mild, moderate, or severe. The challenge
was stopped as soon as the participant responded three consecutive times with subjective
symptoms to a certain dose and was stopped immediately in case the patient reacted
with objective symptoms, as based on the reference of Sampson et al. [18]. This means
that not every patient consumed the last doses, dose four and dose five. To minimize
sensory perception between the pear varieties, patients were blindfolded and wore a nose
clip during the oral challenge (single-blind). After the challenge, participants remained
in the clinic for 2 h to monitor possible reactions. Twenty-four hours after the challenge
the patients were contacted by telephone to register possible late reactions. Subjective
symptoms were recorded as itching in the mouth and on the lips, in the ears, nose, or eyes,
and nausea. Objective symptoms are seen as the more serious symptoms and consist of
itchy skin or red skin (urticaria), wheezing, and laryngeal symptoms.

2.6. IgE-Immunoblotting/SDS Page/Electrophorese

Pears were cut into an upper and a lower part. The upper quarter of the pear, without
the inner core, was cut into pieces and snap-frozen in liquid nitrogen. From the bottom
part, only the peeled skin (still containing a little bit of flesh) was collected and combined
with the upper quarter of the pear to obtain an equal amount of flesh versus peel material.
Per variety, 10 pears were sampled to obtain a representative sample batch. Subsequently,
the sampled material was ground under liquid nitrogen using an IKA mill and the acquired
powder was stored at −80 ◦C until further use. Total protein was extracted using the
method described by Vieths et al. [19] with slight adjustments. Since pears are high
in polyphenol content, and these can interfere with protein isolation [20], ground pear
samples were homogenized in acetone/dry ice and incubated overnight while stirring
and cooled by dry ice. Precipitates were washed twice with acetone/dry ice, and once
with acetone/diethyl ether/dry ice (1:1, v/v, −60 ◦C). Subsequently, precipitates were
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filtered (Whatman®; 595 1
2 , ø240 mm, Pfullingen, Germany), lyophilized, and stored at

−20 ◦C until protein extraction. Total protein extracts were obtained by extraction with
0.001 M potassium phosphate (mix K2HPO4 and KH2PO4) buffer pH7.4, containing 0.15 M
NaCl by overnight incubation at 4 ◦C on a stirring weal (2 g of acetone powder/30 mL
extraction buffer). The next day, samples were centrifuged (4 ◦C, 60 min, 4700 rpm) and
the protein supernatants were concentrated using 3 kDa Amicon concentrators (Merck
Millipore; Tullagreen, Ireland). The protein concentration was determined using Bradford
assay (Thermo Fisher Scientific Inc., Madison, WI, USA) according to the manufacturer’s
instructions using bovine serum albumin (BSA) as a protein standard. IgE-Immunoblotting
was performed as described previously [21]. In brief, 20 μg of pear protein concentrate was
separated by SDS PAGE on BoltTM 4–12% Bis-Tris Plus gels next to a Precision Plus Protein
Dual Xtra Standard molecular weight marker (Bio-rad, Hercules, CA, USA) according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA) and either stained by Simply
Blue safe stain (Thermo Fisher Scientific Inc.) or transferred to a 0.2 μm nitrocellulose
membrane (LKB, Bromma, Sweden) by Tris-glycine buffer (25 mM Tris, 190 mM glycine,
0.1% SDS, 20% methanol) for 36 min at 70 V using a Criterion blotter (Bio-rad). The transfer
was verified using the MemCode Reversible Protein Stain Kit (Thermo Fisher Scientific
Inc.). After blocking in 3% BSA, blots were incubated overnight with 1:5 diluted patient
serum (2 mL). The first and secondary antibodies used were the polyclonal rabbit anti-IgE
antibody from Dako (1:1000; Glostrup, Denmark) and AP-conjugated polyclonal goat
anti-rabbit antibody from Sigma Aldrich (1:20,000; Saint Louis, MO, USA). Blots were
stained for 30 min in 20 mL NBT/BCIP staining solution (Sigma Aldrich; St. Louise, MO,
USA). Imaging and analysis of antibody binding were performed using a Universal Hood
III and Image Lab 4.1 software (Bio-Rad; Hercules, CA, USA).

2.7. Statistics

One of the objectives was to compare both pear varieties based on allergenicity. Cal-
culating Bayes factors compared the differences in the pear outcomes. The Bayes factor
(BF) is a likelihood ratio of a null hypothesis and an alternative [22]. Evidence for the
alternative hypothesis (H1) was set as BF > 3 (moderately), BF > 10 (strongly), BF > 30 (very
strong), and BF > 100 (extremely), and evidence for the null hypothesis (H0) was set as
BF < 1/3. Dependencies between pear outcomes were analyzed by the Fisher exact test.
The classification concerns included the difference in the amount of pear consumed and
the various scores. All calculations were performed with R, in the Fisher exact test, p < 0.05
is considered to be statistically significant.

3. Results

3.1. Patients

Based on the medical history of patients registered at Erasmus MC, a total of 74 patients
with birch pollen allergy were approached, of which 17 were included (20%). Thirty-one
patients did not want to participate despite previous symptoms while eating pear, while
28 patients had tree pollen allergies without symptoms when consuming pear or other
fruit. Of the 17 included patients, two dropped out: one patient was negative in SPT and
PTP on both pear varieties tested, and one patient did not attend the second visit. Finally,
fifteen patients were included in the study, 80% of which were female. The average age was
37 years (range 20–64 years). Eleven patients did not consume pear. Four patients indicated
eating, very occasionally, processed pears (heated, cooked). Of the eleven patients who did
not eat pears, 10 patients had eliminated pears from their diet for >3 years, and one patient
less than 3, but more than 2 years from their diet (Table 1).

3.2. SPT/PTP

The SPT HEP index for ‘Cepuna’ pear and ‘Conference’ pear was on average 0.20
(range 0–0.58) and 0.22 (range 0–0.83), respectively. The prick-to-prick (PTP) test HEP
index with ’Cepuna’ and ‘Conference’ pear averaged 0.81 (range 0–2.57) and 0.61 (range
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0.13–2.37), respectively. SPT was negative (<3 mm Ø) in 9 cases (60%) for both pear varieties.
PTP was negative with ‘Cepuna’ in 2 cases (13%) and with ‘Conference’ in 1 case (6%). All
patients were sensitized to pear in at least one of the tests (SPT, PTP, or sIgE). SPT with
birch pollen was positive in 14/15 patients with an average HEP of 1.28 (Table 2). A test
of difference produced a BF of 29 (BF > 10 = strongly) in favor of a PTP being larger than
SPT in ‘Cepuna’ as well as ‘Conference’. The mean of SPT and PTP did not differ between
‘Cepuna’ and ‘Conference’ (BF = 1.35). SPT and PTP were not associated with the challenge
outcomes for ‘Cepuna’ as well as ‘Conference’ pears (p = 0.13 to 1.0 resp.).

Table 1. Characteristics of the patients.

n %

Numbers included 15

Patients Female 12 80%

Mean age/range 37 18–65

Inhalant allergy HDM 11 73%

GP 11 73%

BP 15 100%

Food allergy >1 allergen 1 7%

>2 allergens 1 7%

>3 allergens 13 87%

Current Pear consumption No 11 73%

Yes (processed) 4 27%

History of Symptoms Itchy mouth 14 93%

Skin 0 0%

Wheeze 3 20%

Anti-allergic medication use 12 80%
HDM: house dust mite; BP: birch pollen; GP: grass pollen.

Table 2. Results of the SPT, PTP, sIgE, and open single-blind challenges.

SPT PTP SPT PTP SPT sIgE sIgE Single Blind Oral Challenge

Cepuna Conference Bp Pear Bp Cepuna Conference

nrs HEP HEP HEP HEP KU/L KU/L KU/L pos/neg dose* pos/neg dose*

1 neg 0.90 neg 0.25 0.61 0.6 19.2 pos 3 pos 1
2 neg 0.40 neg 0.28 1.32 2.1 12.4 pos 1 pos 1
3 0.58 2.57 0.83 1.17 5.06 0.4 16.2 pos 1 pos 5
4 0.50 1.21 neg 2.37 2.42 16.7 102.5 pos 1 pos 1
5 neg 0.51 neg 0.88 0.16 0.8 29.6 neg neg pos 1
6 neg 0.30 neg 0.38 1.02 neg 11.3 neg neg pos 2
7 0.25 1.09 0.46 0.77 1.52 0.7 15.6 pos 1 pos 2
8 neg 0.71 neg 0.24 neg neg 8.8 pos 4 pos 3
9 neg neg 0.14 0.34 0.61 NA NA pos 2 neg neg

10 neg 1.33 neg 0.14 0.62 8.6 3 pos 1 pos 1
11 neg neg neg neg 1.43 5.1 46.3 pos 1 pos 1
12 0.38 1.32 0.37 0.89 1.18 neg 51.5 neg neg pos 1
13 neg 0.32 neg 0.35 0.71 2.1 25 pos 5 pos 2
14 0.22 0.38 0.21 0.37 1.20 neg 6.7 pos 1 pos 1
15 0.24 0.53 0.20 0.69 0.94 0.6 neg pos 5 pos 1

SPT: skin prick test; PTP: prick-to-prick test; sIgE: serum immune globulin E; HEP: histamine equivalent prick
index; pos: positive; Neg: < 3 mmØ; dose*: lowest dose during the pear challenge that the patient reacted to; NA:
not available. Bp: birch pollen.
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3.3. sIgE

One patient refused to give blood (nr 9), so 14 sera for sIgE measurements were
available (Table 2). The sIgE serum concentration for pear was on average 2.91 KU/L
(range 0–16.7 KU/L) and was negative (<0.35 KU/L) in four cases (29%). These patients
may be solely sensitized to Pyr c 1, and it is not clear whether it is in the f94 pear extract.
For Bet v 1 (PR10) sIgE, the average was 24.86 KU/L (range 0–102.5 KU/L) and negative
in one case (7%). Furthermore, sIgE to Pru p 3 (LTP) was positive in 2 patients, nr 1 and
10 with values of 2.1 KU/L and 91.6 KU/L respectively. SIgE to Phl p 12 (profilin) was
also positive in 3 cases: nrs 5, 13 and 15: 4.8; 0,7 and 27.2 KU/L respectively. SIgE serum
concentration was not associated with SPT, PTP, and challenges for both the ‘Cepuna’ and
‘Conference’ pear (p = 0.15 to 1.0).

3.4. Pear Challenge

Twelve out of fifteen participants (80%) developed symptoms during the ‘Cepuna’
food challenge. Three participants could eat the whole ‘Cepuna’ pear without symptoms
(nrs 5, 6, and 12). Fourteen out of fifteen participants (93%) developed symptoms during
the ‘Conference’ food challenge, in which only one participant (nr 9) could eat the whole
pear without symptoms. None of the patients showed a late reaction (24 h after the food
challenge) after either challenge. The BF of a reduced number of positive challenges was 8
for ‘Cepuna’ pear, and 0,4 for ‘Conference’ pear (Table 2).

Challenges with the ‘Cepuna’ pears resulted in less objective symptoms (two patients)
in comparison with challenges with ‘Conference’ pears (seven patients) (BF = 4192). Most
of the scores were assessed as mild (score 1). During the ‘Cepuna’ challenge, four patients
scored moderate (score 2) for itchy mouth (nrs 3, 8, 9, and 14) and one patient scored
moderate (score 2) for wheeze and larynx symptoms (nr 4). During the ‘Conference’
challenge, three patients scored moderate (score 2) for itchy mouth (nrs 7, 12, and 15) and
one patient for nose and/or ears symptoms (nr 7). One patient scored severe (score 3) for
itchy mouth (blisters) (nr 6) (Table 3).

Table 3. Symptoms during pear challenges.

‘Cepuna’ ‘Conference’

PT nr Subjective Objective Subjective Objective

1 IM IM SK, LA
2 IM, IE IM, IE LA
3 IM/2, IN IM
4 IM WH/2, LA/2 IM
5 ——- IM
6 ——- IM/3
7 IM, IE, IN IE, IN/2 WH, LA
8 IM/2 IM
9 IM/2 ——–
10 IM LA IM LA
11 IM, IN IM, IN SK, LA
12 ——– IM/2, IN WH
13 IM IM, N
14 IM/2, IN, N IM, IN, N LA
15 IM IM/2

Score: All patients score mild/1, except when given/2 for moderate, or/3 for severe. IM: itchy mouth; IE: itchy
ears; IN: itchy nose and ears; N: nausea; SK: skin; WH: wheeze; LA: laryngeal.

Overall, four patients were treated with antihistamine for their allergic reaction (nrs 1,
2, 3, and 4) because they asked for it. The wheeze and larynx symptoms were mild and
consequently, no adrenaline or corticosteroids were administered.
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3.5. Immunoblotting

For Western blot analysis, 15 μg of total protein concentrates were separated on SDS
PAGE under reducing conditions and transferred to membranes that were subsequently
incubated with the serum of each of the participating patients (except for pt nr 9).

The blots incubated with patient sera indicate that most pear allergic individuals carry
IgE antibodies against relatively moderate molecular weight (MW) proteins (between 25
and 75 kDa) while a few patients also react to proteins in the small MW range of 15–25 kDa
(Figure 1 and Supplementary Table S1).

 

Figure 1. Western blots (WB) of ‘Cepuna’ and ‘Conference’ pear total protein concentrate using the patient serum. The WB
control blot was exposed to buffer instead of serum. Patient numbering is indicated by #.

All patients, except patient nr 15, seem to have IgE antibodies that bind (in more
or less intensity) a protein band with an estimated MW of ~45 kDa. The majority of
patient sera bound to protein bands with an estimated MW of ~19 kDa and ~55 kDa
(Table S1 Supplementary).

Patients nrs 5, 6, and 12 did not show an allergic response to the consumption of
‘Cepuna’ pear while responding to ‘Conference’ pear upon the first or second dose. How-
ever, in Western blot, these patient sera recognized the ~45 kDa band with almost equal
intensity for both pear varieties, suggesting that IgE binding to this protein band might be
clinically irrelevant.

Up till today, four allergens are officially identified in pear: Pyr c 1.0101, Pyr c 3.0101,
Pyr c 4.0101, and Pyr c 5.0101, which represent the protein allergen types Bet v 1-like,
non-specific lipid transfer protein (nsLTP), profilin and isoflavone reductase, respectively
(Table 4). In apple, another protein allergen type is known, named thaumatin, which might
also be present in pear but has not yet been identified.
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Table 4. Pear (Pyrc) and apple (Mald) allergens described in the Allergome database (http://www.allergome.org/index.php,
accessed on 10 October 2020).

Allergen Name Protein Type kDa Based on AA Sequence kDa without Signal Peptide

Pyr c 1.0101 Bet v 1-like 17,581
Pyr c 3.0101 nsLTP 11,463 9125
Pyr c 4.0101 Profilin 14,064
Pyr c 5.0101 Isoflavone reductase 33,823
Mal d 2.0101 Thaumatin 25.7 23,211

The estimated ~35 kDa band, recognized by patient sera nr 10 and nr 14, might be Pyr
c 5.0101 or another isoflavone reductase isoform, based on the similarity of MW. The Bet
v-like allergen in pear, Pyr c 1.0101, might represent the ~19 kDa band on gel, while profilin
(Pyr c 4.0101) might represent the estimated ~15 kDa band, slightly bound by patient serum
nr 6. The birch pollen sIgE measurements back up the hypothesis that the ~19 kDa band
might represent Pyr c 1.0101, as patient nr 4, who showed the highest amount of birch
pollen sIgE (102.5 kU/L), also showed the highest band intensity on the blot. Serum IgE
from patient nr 8 seems to bind a ~2 kDa protein band, which might represent a thaumatin
type of protein, as identified as an allergen in apple (Mal d 2.0101). The identity of the high
MW bands bound by the patient sera IgE is impossible to estimate but could be identified
in the future by performing an LC-MS/MS analysis.

4. Discussion

In this study, we describe a group of birch pollen allergic patients, suffering from oral
allergy symptoms during the consumption of pear. This Bet v 1 (PR-10) related fruit allergy
is hardly described. According to Beyer et al. [23], the foods that most frequently elicit
allergic reactions in birch pollen allergic patients were apple (78%), carrot (52%), and peach
(49%). However, in the same study, pear comes close to these numbers at 36%. This study in
Germany focused on food allergy-related quality of life (FAQL) in birch pollen-associated
food allergy (FA) symptoms. The mean food allergy Quality of Life Questionnaire—Adult
form (FAQLQ-AF) score was 3.7. This shows the extent of everyday impairment in this
group of patients with food allergies.

Pear is becoming popular in Europe and consumed widely because of its nutritional
benefits [24]. We included patients who previously reported symptoms after consumption
of pear and in most cases, this could be confirmed in the single-blind oral challenges. Four
patients had a negative challenge to one of both varieties, of which two patients appeared
to have low to negative sensitization profiles. At the same time, all patients reacted to
one of both pears, irrespective of their sensitization pattern. Remarkably, most patients
experienced subjective symptoms directly after consuming dose one (10 μg pear). Patients
with OAS recognized these symptoms; however, challenges were continued with the next
doses, as subjective symptoms should occur on three consecutive doses to be positive,
following the PRACTAL guidelines. Nevertheless, v. Erp et al. showed that subjective
symptoms are significantly associated with disagreement when assessed by different
clinical experts [25]. So, variability in the interpretation of food challenge outcomes exists,
especially when objective symptoms are absent.

Overall, in this study, besides subjective symptoms, objective symptoms also occurred
in seven cases, but we cannot neglect that subjective symptoms are prone to interpretation
bias by the patient as well as the researcher. Furthermore, a shortcoming in this study
might be the open challenges. As earlier described, up to 12.9% of placebo reactions can
appear during food challenges and this is usually captured by performing double-blind
placebo-controlled food challenges (DBPCFC) [26]. Unfortunately, double-blind challenges
with pear were not possible, as validated recipes with e.g., the right matrix do not exist.
To capture this problem the patients were blindfolded and used a nose clip, and the nurse
who provided the pear doses was not the same as the nurse who assessed the symptoms.
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Nevertheless, we are aware the study is most likely somewhat biased by this phenomenon
and that taste preference could have played a role in the assessment of the symptom scores.

To statistically compare the several types of data we used the Bayes factor (BF), which
is a weighted average likelihood factor of a particular hypothesis. The BF of a reduced
number of positive challenges was 8 for ‘Cepuna’ pear, and 0.4 for ‘Conference’ pear and
challenges with the ‘Cepuna’ pears resulted in less objective symptoms in comparison with
challenges with ‘Conference’ pears (BF = 4192 (extremely strong)). In both cases, the data
are in favor of the ‘Cepuna’ pear in comparison to the ‘Conference’ pear. Particularly, the
likelihood of a difference is extreme in the case of objective symptoms.

SPT was negative in nine cases with both pear varieties, while PTP was only negative
in two cases. In two of those negative SPTs, a negative challenge confirmed the negative
sensitization, but the other seven cases were positive in the oral challenge. A test of
difference produced a BF of 29 in favor of a PTP being larger than SPT in ‘Cepuna’ as well
as ‘Conference’. So far, these comparisons of skin tests with pear have never been made.
PTP is widely accepted as a reliable tool for measuring sensitization to fruits in patients
with OAS [27]. Our results also tie in well with the study of Vlieg-Boerstra et al. who
concluded that SPT was not useful to assess the allergenicity of 68 apple cultivars [28].
So, in this study, we again confirmed that PTP with fresh fruit is the best method to be
used in the diagnosis of fruit food allergy. The study was performed in birch pollen
allergic patients and cross-sensitization to PR-10 allergens are most likely. Symptoms
caused by these PR-10 allergens are often subjective and mild (OAS) [29]. Unfortunately,
we could only slightly confirm the presence of these PR10 antibodies in the sera of the
patients in immunoblot, as binding at 17.5–19 kDa was only evident in a few patients.
This might be caused by the extraction method of the pears, which was not described
in earlier literature, and apple protocols were used as an alternative [19], which might
have resulted in an underrepresentation of Pyr c 1 in our extract [18]. Such is also often
the case in commercial diagnostic fruit extracts including f94, which might also explain
why four patients were negative for the pear f94 sIgE measurements while being positive
for birch pollen sIgE (Table 2). Another explanation could be that most of these patients
recognize PR-10 conformational epitopes, which are (partly) destroyed under reducing
SDS PAGE conditions. In follow-up studies, native or non-reducing conditions might be
considered to study Pyr c 1 IgE binding in more detail. Furthermore, it might be possible
that the patients are sensitized to proteins in the pear with a higher molecular weight, e.g.,
Pyr c 5.0101 as in some cases, binding in immunoblot is present to high molecular weight
proteins. We did not quantify sIgE to this 33.8 kDa protein. However, as these patients
are all birch pollen allergic, their pear allergy is most likely caused by cross-reactivity to
PR10 allergens [4]. Although sensitized to PR-10 allergens, several patients in this study
also reacted with objective symptoms, which are usually seen as more severe. This is
quite remarkable. These objective symptoms are often caused by non-PR-10 allergens e.g.,
nsLTPs. In our study, only one patient (nr 10) was sensitized to nsLTP (Pru p 3) allergens
with a high sIgE value of 91.6 KU/L. This patient reacted on dose 1 with subjective as
well as objective symptoms (laryngeal symptoms) to both pear varieties. In contrast, in
immunoblot, we could not detect IgE binding at an MW band migrating at around 11.4 kDa
(nsLTP). Le et al. [30] found comparable results in a Dutch population suffering from birch
pollen-related apple allergy. Of the 14 patients, only one was positive for nsLTP (Pru p 3)
sIgE. Although anaphylaxis did not occur in our study with pear challenges, especially
for the ‘Conference’ pear we found seven patients with skin symptoms, wheeze, and
laryngeal symptoms. The wheeze and larynx symptoms were mild and consequently, no
adrenaline or corticosteroids were administered; nevertheless, PR-10 pear proteins appear
to be able to cause these objective symptoms after pear consumption [31]. On Western
blot, most patient sera bound ‘Cepuna’ and ‘Conference’ protein bands in equal intensity,
making it difficult to correlate these IgE binding results to the single-blind oral challenge
results or the PTP, SPT, or sIgE measurements. Although the protein content in both pear
varieties differed only slightly (0.315% ± 0.007% and 0.330% ± 0.006% for ‘Cepuna’ and
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‘Conference’, respectively (DUMAS, Nf6.25); p < 0.05), the protein yield differed by a factor
of 1.6 (2.8 mg versus 4.5 mg respectively), which might indicate that proteins in ‘Cepuna’
are more difficult to extract or less bio-available. This difference in protein availability
might perhaps also occur when pears are eaten, but proving this would require further
research. Differences in allergenicity may also be influenced by matrix components other
than allergen content, e.g., the polyphenol content [32], which was not tested for in this
study. We are aware that the applied enzyme-based immunoblot detection technique limits
the sensitivity of the overall detection signal which could have restricted our data analysis
especially in the case of low KU/L sIgE titers. To circumvent these limitations, future
studies could consider X-ray film using radio-labeled antibodies to increase detection
sensitivity. In addition, gradient gels specifically for low MW protein separation can
be considered to increase sensitivity in the 7–35 kDa range, given that the known pear
allergens Pyr c 1 to 5 run in this range (Table 4). We compared two pear varieties. This
study was industry initiated and their hypothesis was that the ’Cepuna’ pear was less
allergenic. They regularly received signals from allergic patients in the Netherlands who
experienced less to no symptoms during consumption of this pear. There was a very strong
likelihood of fewer symptoms during ‘Cepuna’ pear challenges and even negative in three
cases. In addition, the ‘Cepuna’ pear caused objective symptoms in only two patients,
versus seven patients during the ‘Conference’ challenge. The burden of pollen-related food
allergy is often underestimated in patients with a multi-fruit allergy, and therefore it is
of the highest interest to find one fruit that can be consumed. Fruits contain all kinds of
nutrients and vitamins that are indispensable in the daily diet. Food allergic patients are
interested in having low-allergen food available and want to eat the food they are allergic
to [33]. Kootstra et al. [34] compared different apple cultivars and found that more than
half (53%) of the patients (n = 15) could consume the ‘Santana’ apple without symptoms
(p = 0.02) [34].

5. Conclusions

Although we did not find a significant difference in symptoms during single-blind
oral challenges between both pear varieties in our study, we found a very high likelihood
of fewer symptoms during the ‘Cepuna’ challenges. Consequently selected patients can try
to consume small doses of the ‘Cepuna’ pear outside the birch pollen season.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13041355/s1. Table S1: Indicative molecular weight of protein bands bound by IgE
antibodies in patient sera; protein bands corresponding to the Western blots in Figure 1. Ce: ‘Cepuna’
pear; Co: ‘Conference’ pear; WB: Western blot; the number of x’s indicate the (by eye) estimated
intensity of the coloration. Serum nr 9 was not available for Western blotting.
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Abstract: Oral food challenges (OFC) confirm or exclude the presence of a food allergy. The outcome
can be positive (allergic symptoms), inconclusive, or negative (no symptoms). In the case of a negative
OFC, parents and children are advised to introduce the challenged food allergen into their diet.
However, previous studies showed difficulties in a successful introduction at home. The aim of
this prospective non-randomized intervention study is to evaluate the effect of a new strategy with
more guidance regarding the dietary introduction after a negative food challenge test. We compared
two cohorts: an historical (retrospective) control group of 157 children, previously described,
who did not receive any special advice after a negative OFC, versus a new cohort consisting of
104 children, who were guided according to our new strategy of written introduction schemes,
food diaries, and several phone calls. In the historical control group, introduction was successful in
56%, partially successful in 16%, and 28% failed to introduce at home. After introduction of our new
strategy, complete introduction was found in 82%, 11% had partially introduced, and only 8% failed
to introduce the allergen. In conclusion, comprehensive advice and dietary recommendation after
a negative OFC results in an increase in successful home introduction. Therefore, more attention,
guidance, and follow-up of children and parents are desirable after a negative OFC.

Keywords: oral food challenge; successful introduction; children; food allergy; allergy; cow’s milk;
hens egg; peanut; hazelnut

1. Introduction

Food allergy is a well-known worldwide health problem. Prevalence numbers vary from 1–11%
with patient self-reported food allergy up to 35% [1–3]. The most common food allergens in young
children are cow’s milk (2.5%), egg (1.3%), peanut (0.8%), wheat (0.4%), soy (0.4%), and tree nuts
(0.2%) [4]. The gold standard for the diagnosis of food allergy is an oral food challenge test (OFC).
Besides diagnosing an allergy, OFCs are also frequently performed to examine whether tolerance is
developed in children who have a history of food allergy. After a positive outcome of a food challenge,
a specific diet avoiding the culprit allergen is advised in order to prevent allergic reactions. This diet has
a high impact on the quality of life of allergic children and their parents and deserves medical attention
and guidance in order to avoid dietary shortage, malnutrition, or excessive avoidance behavior [5,6].

After a negative outcome of a food challenge test, it is recommended that children should
(re)introduce the investigated allergen into their diet to improve dietary management and consequently
to improve their quality of life. However, usually fewer consultations and follow-ups take place after
a negative OFC. Recurrence of allergy is described in patients with a peanut allergy. These patients
passed a food challenge test but failed to consume peanut frequently and had a recurrence of their
allergy [7–9]. In addition, there is increasing evidence that atopic children who avoid allergenic foods
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for which they are sensitized are at increased risk of developing an acute allergy with the possibility
of a severe allergic reaction in such cases [10]. Therefore, unnecessary elimination diets should be
avoided as much as possible. For these reasons, a negative OFC can only be considered successful if it
is followed by a successful introduction in the diet. Unfortunately, failure of introduction is reported
frequently in the literature due to several reasons [9,11–14]. Reasons for (re)introduction failure are:
symptoms during introduction, aversion of the food, fear of the child or parents, habit of not eating
the food, other allergies, positive challenge test in patients or parents’ experience, and allergy in the
family [11].

The aim of this study is to evaluate whether new comprehensive advice and a written
allergen-specific introduction protocol can increase the rate of a successful allergen introduction
after a negative OFC for cow’s milk, hen’s egg, peanut, or hazelnut.

2. Materials and Methods

This prospective non-randomized intervention study was conducted between 16 March and
18 May at the Erasmus Medical Center, Sophia Children’s Hospital in Rotterdam, The Netherlands.
Approval of the Dutch medical ethical committee was received (MEC-2016-597). There were 104 children
aged 0–18 years with a negative OFC to cow’s milk, hen’s egg, peanut, and hazelnut included in the
study. OFCs were either open or double-blinded placebo-controlled. Outcomes were assessed and
compared before and after the intervention.

2.1. Food Challenges and Intervention

Van der Valk et al. conducted a retrospective study in the same population and clinic from
2008–2013 [11]. A total of 188 negative OFCs were performed in 157 children. None of the children and
parents received any special advice after their negative challenge test. The percentage of successful
introductions after negative OFCs and reasons of introduction failure were examined. Since this
investigated historical group is similar to our enrolled group of children, these results were used as a
baseline prior to our intervention.

For this interventional study, parents and children were asked to participate after a negative OFC
with one of the following allergens: cow’s milk, hen’s egg, peanut, or hazelnut (study group). OFC were
either open, where the child received an unmasked food (the suspected allergen), or double-blinded
(DBPCFC) with the allergen hidden and processed in a matrix. The matrix used for egg, peanut,
and hazelnut was gingerbread; for cow’s milk the matrix was soymilk, rice milk, or the hydrolyzed
formula the child was using at that time. In the DBPCFC the child received on one day the placebo and
the other day the suspected allergen. Blinding was guaranteed for the physician, the nurse, and the
patient. Blinding was broken 24 h after the challenge. The food challenge test consisted of a six-step
doses regime with increasing dosages every 20–30 min of 1, 3, 10, 30, 100, 300, and 1000 mg protein
equivalent. Cumulatively, these dose were comparable to 50 mL of cow’s milk, one fifth of hen’s
egg, seven peanuts, or ten hazelnuts. The challenge was discontinued and scored positive when
objective allergic symptoms occurred, or subjective allergic symptoms occurred twice on two successive
administrations of the challenge material. Objective symptoms and signs were defined as angioedema,
urticaria, significant increase in eczema, rash, vomiting, diarrhea, rhinoconjunctivitis, stridor, coughing,
wheezing, hoarseness, collapse, tachycardia, and hypotension. Subjective symptoms were defined as
exacerbation of generalized itch (in the case of atopic eczema), abdominal pain, nausea and/or cramps,
oral allergy symptoms, itchy throat or sensation of throat swelling, difficulty in swallowing, and ‘other’
symptoms such as drowsiness and irritability. Patients were observed for at least 1 h after the last
dosage before discharge.

After inclusion, children and parents received a written step-wise introduction protocol concerning
the challenged allergen. The protocol contained a list of several products containing the food allergen
with stepwise advice on how to introduce carefully and in a well-controlled way. Additionally,
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parents were asked to fill in a food diary in order to assess the amount and frequency of the introduced
allergen (see Files S1–S4).

The food diary was returned after 6 weeks and evaluated by a telephone consultation with the
parents. A questionnaire of 40 questions was carried out during this consultation (see File S5).

2.2. Success of Introduction

Level of introduction was categorized into 3 groups: complete introduction, partial introduction,
and failed introduction. Complete introduction was defined as regular (at least once a week) unlimited
intake of the pure allergen. Partial introduction was defined as consuming small amounts of allergen
in pure or processed products. Children with a failed introduction did not succeed in introduction and
were still avoiding the tested allergen.

2.3. Questionnaires

The questionnaire contained a total of 40 questions (File S5). The first part concerned the patient
and their family characteristics. The middle part of the questionnaire contained questions regarding
symptoms before, during, and after the challenge test. The last part of the questionnaire focused on
the successful or failed introduction of the investigated food and the parental experience of the new
introduction protocol.

2.4. Data Analysis

Rate of successful dietary introduction was compared between the control group and the study
group. Data were collected and processed in IBM SPSS Statistics (Version 25, North Castle, New York,
USA). The data were analyzed by means of frequencies, differences, and coherence. Differences in
introductions between the control group and the research group were analyzed using a chi-square test.
Multivariable logistic regression analysis was performed to study the effect of the intervention and
several covariables on the introduction of the allergen. Significance was defined as a p-value < 0.05.

3. Results

3.1. Population

A total of 104 children participated in the current study and 157 children in the control group. No
patients were lost to follow-up. Baseline characteristics are presented in Table 1.

In the control group, a total of 188 negative food challenge tests were analyzed for either cow’s
milk, chicken’s egg, peanut, or hazelnut. In the study group, a total of 104 food challenge tests were
analyzed and performed in the period. Most challenge tests were DBPCFC (73%) and a minority (27%)
were open. Patient’s characteristics for both groups are shown in Table 1. The majority of the children
(86% and 87%) were sensitized to the tested food allergen (sIgE detectable or positive SPT). Almost half
of the patients (41%) had never consumed the allergen before, 41% of the patients had IgE mediated
symptoms in their history, 10% had non-IgE mediated symptoms, and 8% did not consume the allergen
for a longer period and a sensitization was found. For cow’s milk allergy in the study group, only 45%
of patients were sensitized, 27% of patients had symptoms of an IgE mediated cow’s milk allergy,
and 73% had non-IgE mediated allergy in their history. In both control and study groups, most children
(94% and 90%) had other features of the atopic syndrome (asthma, rhinoconjunctivitis, eczema). In the
study group there were more peanut challenge tests and less cow’s milk tests. Patients were on average
a little younger and fewer patients had eczema.
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Table 1. Characteristics of the control and study group.

Control Group n (%) Study Group n (%) p Value

Total number 188 104

Boys 112 (60%) 69 (66%) p = 0.31

Girls 76 (40%) 34 (33%)

Age (year) 7.5 (5.5–11.3) * 5.0 (3.0–8.0) p ≤ 0.01

Atopy
Asthma 63 (40%) 39 (39%) p = 1

Rhinoconjunctivitis 74 (47%) 53 (55%) p = 0.26
Eczema 136 (87%) 74 (74%) p = 0.02

No atopic characteristics 10 (6%) 9 (9%) p = 0.41
Positive Sensitization (SPT/ IgE) 156 (86%) 84 (87%) p = 0.98

Food challenge test
DBPCFC 146 (78%) 76 (73%) p = 0.46

Open 42 (22%) 28 (27%)

Tested allergen
Cow’s milk 41 (22%) 11 (11%)

p = 0.04Egg 39 (21%) 24 (23%)
Peanut 82 (20%) 32 (31%)

Hazelnut 70 (37%) 37 (36%)

* =median (range), SPT = Skin prick test, IgE = Immunoglobulin E, DBPCFC = Double-blind placebo-controlled
food challenge.

3.2. Success and Failure of Introduction

A significant improvement of successful introduction was found in the study group compared
to the control group (Table 2, p < 0.01 and Figure 1). In this study group, failure of introduction was
highest in hen’s egg (17%), followed by hazelnut (8%), peanut (3%), and no failure was seen with
the introduction of milk after a negative challenge test. In the control group, the highest failure of
introduction was seen for peanut (61%), followed by hazelnut (52%), followed by cow’s milk (32%)
and the lowest failure of introduction was seen with egg (26%). Reasons for introduction failure are
depicted in Table 3.

Table 2. Success of introduction.

Control Group N = 188 (%) Study Group N = 104 (%)

Successful introduction 106 (56%) 85 (82%) p < 0.01

Partly introduction 30 (16%) 11 (11%)

Failed introduction 52 (28%) 8 (8%)

After introduction of our new strategy, dietary introduction was not successful in only eight
children: four patients with hen’s egg, three patients with hazelnut, and one patient with peanut.
Egg introduction failed in two cases because of stomach ache and vomiting after eating boiled egg
(challenge test was with baked egg), one patient failed due to fear after an anaphylactic reaction
to another allergen and the fourth one was unsuccessful because of social issues in the family.
Hazelnut introduction failed because of parental interpretation of subjective symptoms during the
challenge test that they believed to be caused by the hazelnut (twice) or social issues in the family.
The reason for failure of peanut introduction was fear.

Multivariable logistic regression analysis showed that gender, age, asthma, rhinoconjunctivitis,
type of challenge test, and sensitization were not associated with a higher success of introduction.
The intervention of our new strategy again was significant in this analysis (p = 0.0001). Eczema was
found to be associated with successful introduction with an odds ratio of 4.1 (95% CI 1.4, 11.9) (p= 0.009),
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but also the patients with no atopic features were more successful in this analysis (OR 8.1; 95% CI 1.2,
52.2; p = 0.00288).

 

Figure 1. Percentages of success rate of introduction. ** p < 0.01.

Table 3. Reasons of failed introduction.

Control Group N = 52 (%) Study Group N = 8 (%)

Symptoms at introduction 12 (23%) 4 (50%) p = 0.15

Aversion of the food 11 (21%) 0

Symptoms during OFC 2 (4%) 1 (10%)

Fear for reaction (child) 7 (14%) 2 (20%)

Dietary habit of avoidance 6 (13%) 0

Fear for reaction (parents) 5 (10%) 0

Other/unknown 9 (15%) 1 (10%)

OFC: Oral food challenges.

3.3. Parental Experience Regarding the New Introduction Protocol

Most parents (74%) reported in the questionnaire that the introduction protocol was clear,
informative, and helpful. Furthermore, they reported that this approach contributed to the introduction
of the investigated allergen. Two thirds of the parents (65%) reported that the diary was also helpful
with introduction.

4. Discussion

This is the first study showing that intensive guidance of allergen introduction after a negative
challenge test results in a higher rate of successful introduction at home. In this prospective
non-randomized intervention study, a written introduction protocol was used for cow’s milk, hen’s egg,
peanut, and hazelnut. Together with the use of a diary and regular phone call appointments,
introduction of allergens was significantly improved.
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The 82% success rate in this study is higher compared to most other studies in the literature for
these allergens. Eigenmann et al. reported 74.6% of successful introduction in 73 patients with a
negative food challenge test of several allergens including milk, egg, and peanut [12]. In a Dutch study
by van Erp et al., 68% of 103 children with a negative peanut challenge test failed to introduce peanut
at home [9]. Whether an introduction is successful also seems to depend on the type of allergen tested,
with milk giving the best outcome. Flammarion et al. studied the frequency of recurrent reactions
during the introduction of cow’s milk and its consequences for daily life in 67 children and reported a
successful introduction in 83% of patients [13]. An additional study that investigated introduction after
a negative cow’s milk challenge test reported successful introduction of 80% [14]. In our study milk
was best introduced as well, with 100% successful introduction in this group. Perhaps the nutritional
importance of daily intake for milk is the explanation for this or less fear for introduction compared to
peanut and tree nuts. In addition, in the Dutch diet a lot of dairy products are used like cheese and
yoghurt. Comparative studies with high successful rates for milk introduction were performed in
France with also a high dairy intake and the Netherlands. Perhaps in Asian and African countries,
where the dairy intake is lower, these percentages would be lower.

All the above studies provide little to no information about the given advice and guidance
by the medical staff or dietician after a negative challenge test. Schrijvers et al. studied the effect
of personal follow-up and follow-up by phone after a negative cow’s milk challenge test in Dutch
children. They found an increase of 22% in both personal and follow-up by phone approaches (91%)
compared to follow-up by phone alone (69%) [15]. No additional written advice was given in this study.
We hypothesize that the tailored approach for each patient contributed to the success of introduction.
The importance of introduction was highlighted for each patient. Patients were able to ask questions
at several time points. They were reminded of the introduction in the extra contact moments and in
addition in the diary that needed to be completed at home. The food diaries contained examples of food
products that helped the parents in the selection of other products in case of food aversion, picky eaters,
and dietary habits. The diaries are easy and a good way for the medical staff to check the amount and
frequency of introduction with possible symptoms occurring that might influence introduction.

In addition to the written advice in the protocol and diary, there were also two telephonic
consultations in follow-up of the challenge test with the medical staff including a dietician in some of
the cases. Additional contact with a dietician resulted in a more successful introduction. An extra
telephonic consultation is a good way to check whether introduction has succeeded, to help with
problems, and to remind parents to introduce the allergen regularly into the child’s diet.

In both groups the most important cause for a failed introduction were symptoms occurring during
introduction at home. This might be caused by a false negative challenge test (due to desensitization
during the challenge test) or by symptoms occurring after ingestion of higher dosages or less heated
products in the case of milk and egg in which it is known that heating decreases their allergenic
potential. Challenge tests for egg were performed with baked (well heated) egg and therefore less
heated egg at home could still cause an allergic reaction. Milk OFCs were done with pure non-heated
milk. It is important to evaluate these reactions with a pediatric allergist. In a few cases a re-challenge
may be necessary for the culprit food. Other causes for a failed introduction were increase in eczema,
fear from children or parents, complaints during the food challenge test, or no clear excuse was
reported, but parents reported that there was simply no time. The same reasons were reported in
other studies as well [9,11]. All the factors described can easily be clarified and addressed if this is
acknowledged by the medical staff. In particular, fear is known to be present in a high percentage
of allergic patients and this can have a large effect on quality of life. When this is recognized, it can
be discussed, introductory steps can be taken more slowly, and psychological help can be offered
when necessary.

Patient-related characteristics like asthma, gender, ethnicity, or age did not influence the rate of
introduction in this study. This is in contrast to the study of Eigenmann et al. that reported more
successful introduction in boys [12]. Another Dutch study regarding cow’s milk introduction after a
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negative challenge test supported our findings and did not find an association between age and gender
on the rate of successful introduction as well [16]. Eczema was found to be associated with more
success of introduction. This is surprising since eczema is a chronic disease with frequent exacerbations
in time and known by clinicians to complicate the introduction process. Parents confuse eczema with
allergy symptoms. It is important for the medical staff to treat eczema properly and aim for optimal
control with a dermatologist in consultation when necessary. However, in this study it was not found
to be an important risk factor.

The number of patients in this study and in the subgroups consisted of a relatively small number
of children, which might have affected the results. However, previously described comparative
studies are even smaller. The current study is a prospective non-randomized intervention study and is
compared to a previous retrospective study performed in the same hospital. The studies were not
blinded and not placebo controlled. Since both groups are from the same hospital with the same
medical staff and same food challenge protocols, it is likely that the intervention was the main cause of
this increase in successful introduction.

Finally, our advice is to implement this new strategy in more Dutch Centers where allergic
patients are treated and challenge tests are performed to test its national effectiveness. Furthermore,
protocols can be translated and adapted to international dietary habits for other countries. In order to
keep up to date, it may be possible to realize a digital protocol and/or app to advise patients and parents.

5. Conclusions

Dietary introduction after a negative food challenge is not always successful. Extra comprehensive
advice and dietary recommendation from the medical staff results in a significant increase of allergen
introduction into the diet. More guidance is advised for follow-up after negative food challenge tests.
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Abstract: Dry heating of cow’s milk protein, as applied in the production of “baked milk”, facilitates
the resolution of cow’s milk allergy symptoms upon digestion. The heating and glycation-induced
changes of the protein structure can affect both digestibility and immunoreactivity. The immunological
consequences may be due to changes in the peptide profile of the digested dry heated milk protein.
Therefore, cow’s milk protein powder was heated at low temperature (60 ◦C) and high temperature
(130 ◦C) and applied to simulated infant in vitro digestion. Digestion-derived peptides after 10 min
and 60 min in the intestinal phase were measured using LC-MS/MS. Moreover, digests after 10 min
intestinal digestion were applied to a Caco-2 cell monolayer. T-cell epitopes were analysed using
prediction software, while specific immunoglobin E (sIgE) binding epitopes were identified based on
the existing literature. The largest number of sIgE binding epitopes was found in unheated samples,
while T-cell epitopes were equally represented in all samples. Transport of glycated peptide indicated
a preference for glucosyl lysine and lactosyl-lysine-modified peptides, while transport of peptides
containing epitope structures was limited. This showed that the release of immunoreactive peptides
can be affected by the applied heating conditions; however, availability of peptides containing
epitopes might be limited.

Keywords: cow’s milk protein; peptides; Caco-2 cell; immunogenicity; allergenicity; glycation

1. Introduction

Cow’s milk protein consists of two major protein fractions, casein and whey protein, and is
an important protein source in infant nutrition. Heating and glycation of cow’s milk protein (MP) has
been shown to alter its digestibility and immunogenicity. Dry heating, as applied in this study, is not
commonly used in the dairy industry; however, it has an important role in mimicking the heat treatment
when MP powder is baked into a muffin or waffle. These products are often referred to as “baked
milk” and have been shown to accelerate the resolution of cow’s milk allergy symptoms in allergic
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children [1]. Under these heating conditions (low aw-level, high sugar content, high temperature),
protein aggregation and modifications via the Maillard reaction (MR) are favored [2]. The MR is the
reaction between primary amino-groups of proteins, peptides and amino acids and the reactive carbonyl
group of reducing sugars, for instance lactose. During the early stage of the MR, the initial condensation
to the Amadori product occurs followed by a rearrangement to lactosyl lysine or glucosyl lysine. In the
advanced stage of the MR, a pool of different advanced glycation end products (AGEs) are formed [3].
Amongst these, Nε-carboxymethyllysine (CML) has been used as a marker for the advanced stage of the
MR and is one of the most abundant AGEs in processed dairy products [4,5]. The extent of the MR can
affect the digestibility and immunoreactivity of MP. With respect to digestibility, the effect of thermal
processing of milk and dairy products on peptide generation during gastrointestinal digestion in vitro
and in vivo has been subject to several studies [6–11]. Moreover, it was shown that lysine blockage via
the MR affects peptide size distribution after simulated infant in vitro digestion of infant formula [12]
and that glycation of isolated milk proteins changes the composition of the peptides in digestion [13].
Heating and glycation can also affect immunogenicity and allergenicity of MP [14]. For example,
binding of specific immunoglobulin E (sIgE) to either isolated MP or MP in mixture has been shown to
decrease for extensively glycated milk proteins, possibly related to a masking effect on epitopes [15–17].
However, the effects of glycation and protein aggregation under the applied heating conditions are
difficult to disentangle and can both affect sIgE binding [18]. Corzo-Martínez et al. [19] also showed that
impaired digestibility may increase the residual allergenicity after in vitro digestion, when comparing
heat-glycated and unheated β-lactoglobulin. Differences in the peptide profiles after ingestion of dry
heated MP vs. unheated MP could affect the immunological response by differential preservation or
glycation induced-modification of linear sIgE binding epitopes. Moreover, the generation of peptides
carrying a glycation structure can modulate the inflammatory response by binding to the receptors
for AGEs on antigen presenting cells [14,20]. Binding of AGEs to AGE receptors has particularly
been shown for protein-bound CML and pyrroline [21,22], while for peptide bound AGEs this was
only demonstrated for CML [20]. The availability of AGE-modified peptides to the gastrointestinal
immune system by means of translocation across the epithelial barrier is an important determinant in
the immunological response to a foreign antigen. The metabolic transit of AGEs has been shown in
previous literature on the excretion of CML and pyrroline in urine [23,24]. Moreover, translocation
across the Caco-2 cell monolayer has been shown for lactosylated and CML-modified dipeptides [25].
As reviewed by O’Hagan et al. [26], the literature reports that small quantities of intact proteins,
other macromolecules, and intact antigens can pass the intestinal epithelial layer in vivo. Furthermore,
the identification of cow’s milk derived peptides, ranging from 6 to 17 amino acids, in human milk has
recently been described, indicating their absorption via the gastrointestinal tract [27]. However, to our
knowledge the transport of food derived glycated peptides larger than two amino acids has not yet
been investigated. Transport of larger glycated peptides can be an important factor for the binding of
AGE-modified peptides as it has been suggested that CML is more abundant in fractions of in vitro
digests that are larger than 1 kDa [28]. Therefore, transport of larger AGE-modified peptides could also
contribute to the pool of dietary derived AGEs. This could be crucial as it has been shown with the
example of CML that binding to AGE receptors is dependent on the concentration in which the CML
is present in the vicinity of the receptors [22]. In this study, the peptide profiles of low temperature
(LT) and high temperature (HT) heated MP after simulated infant in vitro digestion was compared to
that of non-treated milk (NT). The most abundant glycation induced post translational modifications
(PTMs), including CML and pyrroline as potential AGE receptor ligands, were monitored before and
after transport across a Caco-2 cell monolayer. Special attention was given to sIgE binding epitopes
and T-cell epitopes to assess immunomodulatory potential of the digest on the peptide level.
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2. Materials and Methods

2.1. Chemicals

Dulbecco’s Modified Eagles Medium supplemented with high glucose, HEPES, l-glutamine
(42,430,082), both with and without phenol red as well as trypsin-EDTA (0.25%) with phenol red,
and HyClone™ Fetal Bovine Serum were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). All other chemicals were obtained from Merck KGaA (Darmstadt, Germany).

2.2. Preparation of Milk Powders and Heat Treatment

Liquid raw cow’s MP concentrate was obtained from FrieslandCampina (Wageningen,
The Netherlands) and was composed of micellar casein (MCI88 liquid) and whey protein (acid
WPC80 liquid) in the ratio 80:20. After the addition of lactose in the ratio 1:1.5 (protein/lactose),
the solutions were freeze dried.

Heat treatment was applied at two different temperatures and durations as described elsewhere [29].
Briefly, for LT heated MP (LT-MP), the powder was heated for three weeks at 60 ◦C (aw 0.23) and for
HT heated MP (HT-MP) the powder was heated for 10 min at 130 ◦C (aw 0.23). An unheated part of
the milk powder was used as heating control (NT-MP).

2.3. Infant In Vitro Digestion

Simulated infant in vitro digestion was conducted in duplicate and was based on the protocol by
Ménard et al. [30] with adaptations specific for the type of product described elsewhere. Compared to
the adult digestion model, pH in the gastric phase (GP) was higher, while pH in the intestinal phase
(IP) was lower. At the same time, enzyme concentrations were lower compared to the adult model [29].
Briefly, protein concentration of the meal was set to 1.2%. Digestion in the GP was conducted for 60 min
with a pepsin activity set to 268 U/mL and at pH 5.3, but without the use of gastric lipase, as the milk
powder contained <1% fat. Digestion in the IP was conducted for 60 min using pancreatin adjusted for
its trypsin activity set to 16 U/mL digest and at pH 6.6. Samples were taken after 10 min and 60 min in
the IP and stopped by the addition of 0.5 mM Pefabloc in the ratio Pefabloc/digest of 1/20 (v/v).

2.4. Caco-2 Cell Culture

The Caco-2 cell line was purchased from the American Type Culture Collection (Manassas,
VA, USA), cultured in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% heat
inactivated fetal bovine serum (FBS Hyclone) at 37 ◦C and in a humidified atmosphere containing 5%
CO2. Cells were sub-cultured weekly upon confluence 85–95% using trypsination. Caco-2 cells were
used from passage 30–40 and seeded into 24-well trans-wells (Greiner Bio-One, Kremsmünster, Austria)
at a concentration of 0.225 × 106 cells/mL in DMEM with 10% heat inactivated FBS. The medium was
changed (apical (150 μL) and basolateral (700 μL)) every two–three days and cells were used for the
transport experiment after 21 days of incubation. Before transport experiments, the transepithelial
electrical resistance (TEER) value was measured and only wells with a TEER value higher than
750 Ω·cm2 were used.

2.5. Transport across the Caco-2 Cell Monolayer

Digest of one of the in duplicate in vitro digestions were diluted 1:1 with DMEM without phenol
red, supplemented with 0.1% penicillin-streptomycin (10,000 U/mL) and applied to the apical side of
the Caco-2 cell monolayer. TEER was measured at 37 ◦C using a Millicell-ERS ′Ω Meter (Millipore,
Molshein, France) and samples were incubated for 2 h with Caco-2 cells at 37 ◦C and 5% CO2 saturation.
TEER was then measured and samples were taken from the basolateral side. Each sample was applied
in duplicate. Samples were kept at −20 ◦C until further analysis.
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2.6. Peptide Analysis

Digests after 10 min in the IP contained 3.6 mg/mL, 3.7 mg/mL, 3.6 mg/mL protein in NT-MP, LT-MP,
and HT-MP, respectively. Digest after 60 min in the IP contained 4.2 mg/mL, 3.5 mg/mL, 3.8 mg/mL
protein in NT-MP, LT-MP, and HT-MP, respectively. Samples were mixed 1:1 with trichloroacetic acid
(20%) and centrifuged (10 min, 3500× g, 4 ◦C). The supernatants were cleaned using an in-house stage
tip following a protocol described by Dingess et al. [31]. All samples were concentrated to compensate
for the dilution during trichloroacetic acid precipitation.

Peptides were analysed on a Thermo nLC 1000 system (Thermo, Waltham, MA, USA) coupled to
a LTQ orbitrap XL (Thermo Fisher Scientific, Breda, The Netherlands) for peptides in the in vitro digest,
or Q Exactive HF-X X (Thermo Fisher Scientific, Breda, The Netherlands) for peptides on the basolateral
side, as well as glycated peptides. Each sample was measured once. Chromatographic separation
was conducted over a 0.10 × 250 mm ReproSil-Pur 120 C18-AQ 1.9 μm beads analytical column.
A gradient consisting of acetonitrile in water spiked with 0.1% formic acid was used. Acetonitrile
increased from 9% to 34% within 50 min using a flow rate of 0.5 μL/min. Full scan positive mode
spectra (FTMS) were measured in the Orbitrap between m/z 380 and 1400 using high resolution (60,000).
Collision-induced dissociation (LTQ) or Higher-energy collisional dissociation (Q Exactive HF-X)
fragmentation was applied using an isolation width of 2 m/z and 1.2 m/z, respectively and 30 % and
24% normalized collision energy, respectively. MSMS scans were recorded in the data dependent mode
for 2–3 2–5+charged peaks in the MS scan. For glycated peptides measured by the Q Exactive HF-X, a
stepped collision energy (sCE 20-30-40) was used based on the method published by Liu et al. [32].
LC-MS/MS runs were processed using the MaxQuant version 1.6.3.4 with the Andromeda search
engine [33]. Digestion mode was set to “unspecific”. A fixed modification was set for the formation
of propionamide on cysteines, while variable modifications were set for acetylation of the peptide
N-terminus, deamidation of asparagine and glutamine, and oxidation of methionine.

Peptides were identified using a bovine database from Uniprot (https://www.uniprot.org) that
includes all the bovine milk proteins observed by Boggs et al. [34] (PRIDE PXD003011) in combination
with a database for common contaminants. For peptide identification in MaxQuant with unspecific
enzyme cleavage, peptides with a minimum length of 8 amino acids and maximum peptide length of
25 amino acids were identified to limit false identifications. Both peptide and protein false discovery
rates were set to 1%. Post translational modifications were included for lactosylation (+324 Da), hexose
modification (+162 Da), Nε-carboxymethyllysine modification (+58 Da), and pyrroline modification
(+108 Da). For simplicity glucosyl lysine was used to refer to the hexose modification, although
other hexoses could also result in this mass shift. Phosphorylated and glycated peptides were not
included in the quantitation during the MaxQuant search. Due to the limited number of measurements,
as well as the limitations in obtaining quantitative data from glycated peptides, data were reported as
peptide count.

2.7. Data Analysis

Data were filtered for peptides derived from the six major milk proteins: αs1-casein, αs2-casein,
β-casein, κ-casein, β-lactoglobulin, and α-lactalbumin. All peptides with score >80 were used for the
overall peptide profiles, while for the sIgE binding epitopes and T-cell epitopes, only peptides with
a score >100 were used. For total peptide count per sample in the digest, each duplicate digestion
was filtered separately for non-modified peptides (intensity >0) and for phosphorylated and glycated
peptides (identification by matching and/or by MS/MS). For all further analysis, only peptides identified
in both duplicate digestions of the same heat treatment were reported.
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2.8. sIgE Binding Epitope Identification

sIgE binding epitopes were identified by comparison of digestion-derived peptide sequences with
sIgE binding epitopes as reviewed previously [35]. Peptides were reported as potential sIgE binding
epitopes if their sequence matched ≥80% of the sequence of a known sIgE binding epitope.

2.9. T-Cell Epitope Prediction

T-cell epitopes were predicted using IEDB MHC Class II Binding Prediction software (http:
//tools.iedb.org/mhcii/, 02.06.2020) where an MHC class II allele reference set was obtained from (https:
//help.iedb.org/hc/en-us/articles/114094151851, 02.06.2020). The default method “IEDB recommended
2.2” was used for T-cell epitope predictions. All peptides within the size range 15–24 amino acids,
which was previously reported as the size range for T-cell epitopes, were applied to the prediction
software [36]. Peptides were reported as potential T-cell epitopes following the recommendations
of the prediction tool, where each peptide reaching a percentile rank <10.0% can be considered as
potential T-cell epitope.

3. Results

3.1. Identification of Peptides in In Vitro Digests

Peptides released upon infant in vitro digestion after 10 and 60 min in the IP were analysed using
LC-MS/MS. Only peptides derived from the six major MPs, αs1-casein, αs2-casein, β-casein, κ-casein,
β-lactoglobulin, and α-lactalbumin were considered in the data analysis. Dry heating of MP decreased
the number of peptides released upon infant in vitro digestion (Figure 1), where HT heating resulted
in even less peptides than LT heating after 10 min (315 ± 36 vs. 369 ± 26 peptides) and 60 min (207 ± 1
vs. 246 ± 7 peptides) in the IP.

 
(a) (b) 

Figure 1. Total count of non-modified, glycated and phosphorylated digestion-derived peptides
derived from cow’s milk protein. Samples were non-treated (NT), heated at low temperatures (LT),
and heated at high temperature (HT) (a) after 10 min in the intestinal phase and (b) after 60 min in
the intestinal phase. Number of peptides without post translational modification (noPTM), glycated,
and phosphorylated peptides were compared. The minimum length for identification was eight amino
acids. Error bars represent the standard deviation of duplicate digestions. The mean (M) of the total
count of peptides per treatment and digestion time point ± standard deviation for duplicate digestions
is shown above the bars.

Differences in the modification state of the peptides (non-modified vs. glycated vs. phosphorylated
peptides) were higher after 10 min than after 60 min in the IP. Heated samples showed comparable levels
of glycated and non-modified peptides, while the NT-MP sample had two-fold more non-modified
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peptides than glycated peptides, after 10 min in the IP. At the same time, the number of phosphorylated
peptides was 4.6-fold lower in HT-MP compared to NT-MP after 10 min in the IP, while LT-MP only
showed a 1.6-fold decrease. This trend continued until 60 min in the IP, however to a lesser extent.
Most peptides after 10 min in the IP were derived from β-casein, followed by β-lactoglobulin and
αs1-casein, while a smaller number of peptides originated from αs2-casein, followed by κ-casein,
and α-lactalbumin (Supplementary Materials: Figure S1a). This trend did not change after 60 min in
the IP (Supplementary Materials: Figure S1b).

In line with the number of peptides per protein, peptides generated after 10 min in the IP covered
large parts of the protein sequences of β-casein, β-lactoglobulin, and α-caseins (Figure 2a).

(a) 

(b) 

Figure 2. Sequence coverage of the six main milk proteins by digestion-derived peptides with and
without posttranslational modification derived from in vitro digests of cow’s milk protein. Samples
were non-treated (NT), heated at low temperature (LT), and heated at high temperature (HT) (a) after
10 min in the intestinal phase and (b) after 60 min in the intestinal phase.

Sequence coverage was higher for NT-MP compared to LT-MP and HT-MP. This difference was
highest for the α-caseins and β-lactoglobulin, while β-casein showed no changes. After 60 min in the
IP, only αs2-casein showed remarkably lower sequence coverage in HT-MP compared to NT-MP and
LT-MP (Figure 2b). Due to the larger differences observed after 10 min in the IP, and the possibility of
an immune response already at this stage of digestion, we focused mainly on the samples from 10 min
in the IP.
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In Figure 3, peptide sequence alignment is shown for peptides generated after 10 min in the IP.
Independent from the heat treatment, all proteins showed specific regions that were similarly covered
in all samples, but with different numbers of peptides generated in the same region.

 
(a) 

 
(b) 

Figure 3. Cont.
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(c) 

 
(d) 

Figure 3. Cont.
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(e) 

 
(f) 

Figure 3. Sequence alignment of digestion-derived peptides identified after 10 min in the intestinal
phase. Peptides derived from (a) αs1-casein, (b) αs2-casein, (c) β-casein, (d) κ-casein, (e) β-lactoglobulin,
(f) α-lactalbumin identified after simulated infant in vitro digestion of non-treated cow’s milk protein
(full line), heated at low temperature (dotted line), and heated at high temperature (dashed line).
Glycated peptides (orange), phosphorylated peptides (blue), trypsin cleavage sites (thick grey down
arrow), chymotrypsin cleavage sites (thin black down arrow). Trypsin and chymotrypsin cleavage sites
were determined using Expasy Bioinformatics Resource Portal (https://web.expasy.org/peptide_cutter/
last visited 08.06.2020).
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In all proteins, the most differences in peptide distribution along the protein sequence were
observed between HT-MP and the other samples. The peptides derived from β-lactoglobulin (Figure 3e)
came from three main regions (f17–39, f56–73, and f138–161) and only minor differences were observed
between heat treatments in f56–73, while in f17–39 and f138–161 much fewer peptides were found in
HT-MP compared to NT-MP and LT-MP. In contrast, peptides derived from αs2-casein and β-casein
where distributed all over the amino acid chain. Interestingly, most differences in caseins were observed
as a result of the absence of phosphorylated peptides in HT-MP. In αs1-casein (Figure 3a), the region
between f52–92 was mostly covered by phosphorylated peptides in NT-MP and LT-MP, while this
region did not lead to the formation of peptides in HT-MP. Moreover, the number of peptides covering
the same sequence part f52–92 was much lower in LT-MP than NT-MP. Similar observations, where the
number of phosphorylated peptides was lower in at least one of the heated samples compared to
NT-MP, were also made for αs2-casein f16–32, f68–84, f141–161(Figure 3b), β-casein f22–39 and f48–66
(Figure 3c), and κ-casein f165–182 (Figure 3d). In contrast, glycated peptides only had a minimal effect
on differences in sequence coverage when comparing samples. In αs1-casein (Figure 3a), the regions
f135–138 and f210–213 and in β-casein (Figure 3c) the region 191–197 were covered in LT-MP and
HT-MP as a result of the presence of glycated peptides. The presence of glycated peptides, however,
affected the number of peptides which arise from specific areas of the proteins. This was especially
seen for the region f140–155 of αs1-casein in NT-MP, f113–128 of αs2-casein, and f179–197 of β-casein in
both LT-MP and HT-MP.

While progressing intestinal digestion, only small changes were observed in the peptide alignment
along the protein sequence of αs1-casein, β-casein, κ-casein, and α-lactalbumin (Supplementary
Materials: Figure S2). In contrast, β-lactoglobulin showed two resistant areas f57–73 and f139–154 as
well as αs1-casein at f119–134.

3.2. Identification of sIgE Epitopes and T-Cell Epitopes in the In Vitro Digest

sIgE binding epitopes were identified by comparison with known epitopes from the literature
(Table 1) [35]. Peptides were reported as potential sIgE binding epitopes when at least 80% of the
peptide sequence matched a known sIgE epitope sequence. Peptides derived from β-lactoglobulin
contained 18 sIgE epitopes, followed by 16 derived from αs1-casein, 14 from β-casein, 3 from αs2-casein,
and 1 from α-lactalbumin and κ-casein, respectively. The majority of sIgE epitopes were found in
peptides derived from NT-MP; however, up to 69% of αs1-casein derived sIgE epitopes and 77% of
β-casein derived sIgE epitopes were also found in either one or both heated samples. The peptides
αs1-casein f189–213, αs2-casein f116–128, and β-casein f96–110 were only found in heated samples;
however, their length only differed by a maximum of four amino acids from a similar peptide found
in NT-MP and those four amino acids were not covering an additional sequence part of the sIgE
binding epitope.

Additionally, glycated peptides that matched sequence parts of sIgE binding epitopes were
identified after 10 min in the IP (Table 2). Most of such peptides were found in β-lactoglobulin;
however, only five of them were exclusively found in heated samples and covered similar sequence
parts as peptides that were also found in NT-MP. Glycated peptides matching the sequence of an sIgE
binding epitope from αs2-casein and β-casein were exclusively found in heated samples. For αs1-casein,
three out of four glycated peptides with sequence homology to an sIgE binding epitope were only
found in HT-MP.
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Table 1. sIgE binding epitopes 1 identified in digestion-derived peptides after 10 min in the intestinal
phase. Peptides were identified in cow’s milk protein, non-treated (NT), heated at low temperature
(LT), and heated at high temperature (HT), after simulated infant in vitro digestion and derived from
casein (cn), β-lactoglobulin (lg), and α-lactalbumin (lac). Peptides matching exactly the sIgE binding
epitope sequence are indicated (*). Amino acids (AAs) position indicates the position within the
proteins including the signal peptide. Peptides carrying a post translational modifications (PTM) are
marked with phosphorylation (Phos), whereas phosphorylated serine (S) and threonine (T) residues
are highlighted in bold and underline.

Protein Sample Peptide Sequence AAs Position
sIgE Epitope
AAs Position

PTM

αs1-cn NT, LT, HT VNELSKDIGSESTEDQ 52–67 54–63 Phos
NT, LT, HT VNELSKDIGSESTEDQAMEDIK 52–73 54–63 Phos
NT, LT, HT KVPQLEIVPNSAEE 120–133 124–135 Phos
NT, LT, HT KVPQLEIVPNSAEER 120–134 124–135 Phos

NT, LT VPQLEIVPNSAEER 121–134 124–135 Phos
NT, LT, HT LEIVPNSAEE 124–133 124–135 Phos
NT, LT, HT LEIVPNSAEER 124–134 124–135 Phos

NT EIVPNSAEER 125–134 124–135 Phos
NT KEGIHAQQKEPMIGV 139–153 137–147 N/A
NT EGIHAQQKEPMIGV 140–153 141–155 N/A

NT, HT GTQYTDAPSFSDIPNPI 185–201 186–200 N/A
NT, LT, HT QYTDAPSFSDIPNPI 187–201 186–200 N/A

NT QYTDAPSFSDIPNPIGSENSEK 187–208 188–209 N/A
NT, LT, HT TDAPSFSDIPNPIGSENSEK 189–208 188–209 N/A
NT,LT,HT TDAPSFSDIPNPIGSENSEK 189–208 188–209 Phos

NT TDAPSFSDIPNPIGSENSEKT 189–209 188–209 N/A

αs2-cn NT KNTMEHVSSSEESIISQ 16–32 16–35 Phos
NT KNTMEHVSSSEESIISQET 16–34 16–35 Phos
HT QGPIVLNPWDQVK 116–128 120–129 N/A

β-cn NT, LT RELEELNVPGEIVE 16–29 16–31 N/A
NT RELEELNVPGEIVESL 16–31 16–31 Phos *
NT ELEELNVPGEIVESL 17–31 16–31 Phos
NT TEDELQDKIHPFA 56–68 60–69 N/A

NT, LT, HT SLVYPFPGPIPNS 72–84 70–85 N/A
NT, LT, HT PVVVPPFLQPE 96–106 98–107 N/A
NT, LT, HT PVVVPPFLQPE 96–107 98–107 N/A
NT, LT, HT PVVVPPFLQPEVMG 96–109 98–107 N/A

LT, HT PVVVPPFLQPEVMGV 96–110 98–107 N/A
NT, LT, HT VVPPFLQPE 98–106 98–107 N/A
NT, LT, HT VVPPFLQPEV 98–107 98–107 N/A *
NT, LT, HT EMPFPKYPVEPF 123–134 122–135 N/A

NT, LT QPLPPTVMFPPQS 164–176 164–179 N/A
NT, LT, HT QPLPPTVMFPPQSV 164–177 164–179 N/A

κ-cn NT KNQDKTEIPTINT 133–145 132–147 N/A

β-lg NT LIVTQTMKGLDIQ 17–29 17–32 N/A
NT LIVTQTMKGLDIQKV 17–31 17–32 N/A
NT LIVTQTMKGLDIQKVA 17–32 17–32 N/A
NT LIVTQTMKGLDIQKVAGT 17–34 17–32 N/A
NT LIVTQTMKGLDIQKVAGTWYS 17–37 17–32 N/A
NT LIVTQTMKGLDIQKVAGTWYSLA 17–39 17–32 N/A
NT IVTQTMKGLDIQKVAGT 18–34 17–32 N/A
NT IVTQTMKGLDIQKVAGTWYSLA 18–39 17–32 N/A
NT VTQTMKGLDIQKVAGT 19–34 17–32 N/A
NT VTQTMKGLDIQKVAGTWYSLA 19–39 17–32 N/A

NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 N/A
NT, LT, HT VYVEELKPTPEGDLEI 57–72 56–70 N/A

NT, LT VYVEELKPTPEGDLEIL 57–73 56–70 N/A
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 N/A
NT, LT, HT YVEELKPTPEGDLEI 58–72 56–70 N/A

NT, LT YVEELKPTPEGDLEIL 58–73 56–70 N/A
NT LVRTPEVDDEALEK 138–151 136–150 N/A
NT LVRTPEVDDEALEKFDK 138–154 137–156 N/A

α-lac NT KILDKVGIN 113–121 112–121 N/A
1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE
binding epitope.
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Table 2. sIgE binding epitopes 1 identified in glycated digestion-derived peptides after 10 min in
the intestinal phase. Peptides were identified in cow’s milk protein, non-treated (NT), heated at low
temperature (LT), and heated at high temperature (HT), after simulated infant in vitro digestion and
derived from casein (cn) and β-lactoglobulin (lg). Amino acids (AAs) position indicates the position
within the proteins including the signal peptide. Peptides containing post translational modification
(PTM) to lactosyl lysine (Lac), glucosyl lysine (Gluc), Nε-carboxymethyllysine (CML), and pyrroline
(Pyr) on lysine (K) are indicated, and modified K residues are highlighted in bold and underlined with
modification site probability given in brackets if multiple options were identified.

Protein Sample Peptide Sequence AAs Position
sIgE Epitope
AAs Position

PTM

αs1-cn NT, LT EGIHAQQKEPMIGV 140–153 141–155 Lac
HT TDAPSFSDIPNPIGSENSEK 189–208 188–209 Lac
HT TDAPSFSDIPNPIGSENSEKTTMPL 189–213 188–209 Gluc
HT TDAPSFSDIPNPIGSENSEKTTMPL 189–213 188–209 Lac

NT, LT EGIHAQQKEPMIGV 140–153 141–155 Lac

αs2-cn LT, HT LYQGPIVLNPWDQVK 114–128 120–129 Lac
LT, HT LYQGPIVLNPWDQVK 114–128 120–129 Gluc
LT, HT LYQGPIVLNPWDQVK 114–128 120–129 CML
LT, HT LYQGPIVLNPWDQVK 114–128 120–129 Pyr
LT, HT YQGPIVLNPWDQVK 115–128 120–129 Lac
LT, HT YQGPIVLNPWDQVK 115–128 120–129 Gluc
LT, HT YQGPIVLNPWDQVK 115–128 120–129 CML

HT QGPIVLNPWDQVK 116–128 120–129 Lac
HT QGPIVLNPWDQVK 116–128 120–129 Gluc
HT QGPIVLNPWDQVK 116–128 120–129 CML
HT QGPIVLNPWDQVK 116–128 120–129 Pyr

β-cn LT, HT EMPFPKYPVEPF 123–134 122–135 Lac
LT, HT EMPFPKYPVEPF 123–134 122–135 Gluc

HT SLSQSK(1)VLPVPQK(1)AVPYPQ 179–197 182–199 Lac

β-lg LT, HT LIVTQTMKGLDIQ 17–29 17–32 Lac
NT LIVTQTMK(1)GLDIQK(1)VAGT 17–34 17–32 Lac
LT RVYVEELKPTPEGDLE 56–71 56–70 Lac
NT RVYVEELKPTPEGDLEI 56–72 56–70 Lac
NT VYVEELKPTPEGDLE 57–70 56–70 Lac

NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 Lac
NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 Gluc
NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 CML
NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 Pyr
NT, LT, HT VYVEELKPTPEGDLEI 57–72 56–70 Lac
NT, LT, HT VYVEELKPTPEGDLEI 57–72 56–70 Gluc
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 Lac
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 Gluc
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 CML
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 Pyr

LT, HT YVEELKPTPEGDLEI 58–72 56–70 Lac
LT, HT YVEELKPTPEGDLEI 58–72 56–70 Gluc
LT, HT YVEELKPTPEGDLEI 58–72 56–70 CML
NT, HT YVEELKPTPEGDLEIL 58–73 56–70 Lac

NT LVRTPEVDDEALEK(1)FDK(1) 138–154 137–156 Lac
NT LVRTPEVDDEALEK(1)FDK(1) 138–154 137–156 Pyr

NT, LT LVRTPEVDDEALEK(1)FDK(1)ALK(1)ALPM 138–161 137–156 Lac
NT, LT LVRTPEVDDEALEKFDK(0.8)ALK(0.2)ALPM 138–161 137–156 Gluc
NT, LT LVRTPEVDDEALEK(1)FDKALKALPM 138–161 137–156 CML
NT, LT LVRTPEVDDEALEK(1)FDK(1)ALKALPM 138–161 137–156 Pyr

1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE
binding epitope.

T-cell epitopes were predicted using IEDB MHC Class II Binding Prediction software. All modified
and non-modified peptides that were predicted as potential T-cell binding epitopes are shown in
Table 3.
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Table 3. Potential T-cell epitopes identified after 10 min in the intestinal phase. Peptides were
identified as potential T-cell epitopes using IEDB MHC Class II Binding Prediction software (http:
//tools.iedb.org/mhcii/). Digestion-derived peptides identified from cow’s milk protein, non-treated
(NT), dry heated at low temperature (LT), and dry heated at high temperature (HT) applied to simulated
infant in vitro digestion, derived from casein (cn) and β-lactoglobulin (lg). Peptides matching exactly
the sIgE binding epitope sequence are indicated (*). Amino acids (AAs) position indicates the position
within the proteins including the signal peptide. Unmodified peptides and peptides with post
translational modifications (PTM), via phosphorylation (Phos), as well as modification to glucosyl
lysine (Gluc), lactosyl lysine (Lac), Nε-carboxymethyllysine (CML), and pyrroline (Pyr) were reported.
Modified amino acids are highlighted in bold and underlined.

Protein Sample Sequence HLA-Allele AAs Position PTM Perc. Rank

αs1-cn NT, LT EAESISSSEEIVPNSVEQ HLA-DQA1*03:01/DQB1*03:02;
76–93 Phos

2.5
HLA-DQA1*04:01/DQB1*04:02 5.3

NT, LT YKVPQLEIVPNSAEE
HLA-DRB1*04:05;

119–133 Phos
1.9

HLA-DQA1*04:01/DQB1*04:02; 4.1
HLA-DQA1*03:01/DQB1*03:02 5.8

NT, LT, HT YKVPQLEIVPNSAEER
HLA-DRB1*04:05;

119–134 Phos
2.2

HLA-DQA1*04:01/DQB1*04:02; 5.9
HLA-DQA1*03:01/DQB1*03:02 6.5

NT, LT, HT KVPQLEIVPNSAEER
HLA-DRB1*04:05;

120–134 Phos
1.9

HLA-DQA1*04:01/DQB1*04:02; 5.6
HLA-DQA1*03:01/DQB1*03:02 5.9

αs2-cn NT, LT, HT SIGSSSEESAEVATEEV
HLA-DQA1*04:01/DQB1*04:02;

68–84 n.a. 0.14
HLA-DQA1*03:01/DQB1*03:02 0.18

LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114–128 Gluc 9.7

LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114–128 Lac 9.7

LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114–128 CML 9.7

LT, HT LYQGPIVLNPWDQVK HLA-DRB1*13:02 114–128 Pyr 9.7

β-cn HT SLTLTDVENLHLPLP HLA-DPA1*03:01/DPB1*04:02 139–153 N/A 6.3

β-lg NT VTQTMKGLDIQKVAGT HLA-DRB4*01:01 19–34 N/A 7.9

NT ASDISLLDAQSAPLRV

HLA-DRB4*01:01;

42–57 N/A

4.0;
HLA-DRB1*01:01; 6.6;
HLA-DRB1*13:02; 7.9;
HLA-DRB1*12:01 8.2;

HLA-DQA1*03:01/DQB1*03:02 9

HT SDISLLDAQSAPLRV

HLA-DRB4*01:01;

43–57 N/A

3.3
HLA-DRB1*01:01; 4.4
HLA-DRB1*12:01; 6.2
HLA-DRB1*13:02; 6.3
HLA-DRB1*09:01 7.2

Overall, 13 potential T-cell epitopes were found in the digest, with most epitopes deriving from
αs1-casein and αs2-casein, followed by β-lactoglobulin, and β-casein. In the digest of NT-MP, 7 T-cell
epitopes were found, of which five were also found in at least one of the heated samples. LT and HT
heating resulted in the release of nine T-cell epitopes, respectively, with six solely found in heated
samples. Of these, 40% were found in the digest of LT-MP and HT-MP were also glycated.

3.3. Peptides Identified at the Basolateral Compartment of the Caco-2 Cell Monolayer

To study the epithelial transport, in vitro digests sampled after 10 min in the IP were applied
to a Caco-2 cell monolayer. The number of peptides found in the basolateral compartment for each
sample decreased with heating intensity. Observed were 181, 129, and 121 peptides in NT-MP, LT-MP,
and HT-MP, respectively. Moreover, most peptides were derived from αs1-casein, β-casein, and
β-lactoglobulin (data not shown). Independent from the heat treatment, the majority of peptides were
found in the size range between 8–10 and 11–13 amino acids (Figure 4). Compared to the composition
in the digest before transport, relatively higher numbers of peptides in the size range between 8–10
and 11–13 were found (Figure 4 and Supplementary Materials: Figure S3). Interestingly, peptides up
to 24 amino acids long were identified on the basolateral side of the Caco-2 cell monolayer, however at
low numbers.
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Figure 4. Peptide length distribution on the basolateral side of digestion-derived peptides, sampled after
10 min in the intestinal phase from simulated infant in vitro digests of cow’s milk protein, non-treated
(NT), heated in the presence of lactose at low temperature (LT), and high temperature (HT), expressed
as peptide count relative to the total number (NT: 181, LT: 129, HT: 121) of peptides in one sample.

In NT-MP, less glycated peptides were found on the basolateral side (37%), compared to LT-MP
(50%) and HT-MP (56%). This relative number of glycated peptides on the basolateral side increased in
all samples compared to the digest before transport (35 ± 0%, 47 ± 1%, 49 ± 5% for NT-MP, LT-MP,
and HT-MP, respectively). In all samples, the majority of those glycated peptides was modified
to lactosyl lysine, followed by modification to glucosyl lysine, pyrroline and CML. Interestingly,
the largest increase on the basolateral side was observed for the relative number of lactosyl lysine
with 3%, 5%, and 5% increase and glucosyl lysine modified peptides with 5%, 7%, and 8% increase in
NT-MP, LT-MP, and HT-MP, respectively (Supplementary Materials: Figure S3). This effect was larger
in heated samples than in NT. HT-MP also showed 5% higher relative numbers of CML-modified
peptides on the basolateral side, while the relative numbers of pyrroline-modified peptides shown
were comparable to the digest.

3.4. sIgE Binding Epitopes on the Basolateral Side of the Caco-2 Cell Monolayer

Peptides identified at the basolateral side that carried at least 80% of the sequence of a known sIgE
epitope are shown in Table 4. Similar to the observations in the digest (Table 2), most epitopes were
found in peptides derived from β-lactoglobulin; however, only two of these peptides were unmodified.
Moreover, only 19% of the glycated and non-glycated sIgE binding epitopes found in the digest
(Tables 1 and 2) were also found on the basolateral side (Table 4). Contrastingly, on average the total
number of glycated and non-modified peptides found on the basolateral side corresponded to 49% of
the number of glycated and non-modified peptides in the digest. Two of the peptides containing a sIgE
epitope derived from αs1-casein (f52–67 and f123–133) were not identified in the digests before the
Caco-2 cell experiment (Table 1). However, these peptides could derive from other precursor peptides
(e.g., phosphorylated f56–67 and f124–133). Additionally, a peptide derived from β-lactoglobulin
(f57–71) in non-modified and glycated form was previously found in all samples, while identification
on the basolateral side was only possible in NT-MP.
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Table 4. Digestion-derived peptides covering sIgE binding epitope sequences 1, identified on the
basolateral side of the Caco-2 cell monolayer. Peptides were generated after digestion of cow’s milk
protein, non-treated (NT), heated at low temperature (LT), and heated at high temperature (HT), in an
infant in vitro model. Amino acids (AAs) position indicates the position within the proteins including
the signal peptide. Peptides derived from αs1-casein (αs1-cn), β -casein (β-cn), and β-lactoglobulin
(β-lg). Peptides with and without post translational modification (PTM) to lactosyl lysine (Lac), glucosyl
lysine (Gluc), Nε-carboxymethyllysine (CML), and pyrroline (Pyr) are shown. Digestion-derived
peptides covering the exact sequence of a sIgE binding epitope are indicated with *.

Protein Sample Peptide Sequence AAs Position sIgE Epitope AAs Position PTM

αs1-cn NT, LT VNELSKDIGSESTEDQ 52–67 54–63 N/A
NT, LT KVPQLEIVPNSAEE 120–133 124–135 N/A
NT, LT QLEIVPNSAEE 123–133 124–135 N/A

NT, LT, HT LEIVPNSAEER 124–134 124–135 N/A

β-cn NT, LT PVVVPPFLQPEV 96–107 98–107 N/A
NT, LT, HT VVPPFLQPE 98–106 98–107 N/A
NT, LT, HT VVPPFLQPEV 98–107 98–107 N/A *

β-lg NT, LT, HT VYVEELKPTPEGDLE 57–71 56–70 N/A
NT VYVEELKPTPEGDLE 57–71 56–70 CML
NT VYVEELKPTPEGDLE 57–71 56–70 Lac
NT VYVEELKPTPEGDLE 57–71 56–70 Pyr

NT, HT YVEELKPTPEGDLE 58–71 56–70 N/A
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 CML
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 Lac
NT, LT, HT YVEELKPTPEGDLE 58–71 56–70 Pyr

1 Peptides were reported as sIgE binding epitopes if their sequence contained at least 80% of the sequence of an sIgE
binding epitope.

From the T-cell epitopes identified in the digest, only one T-cell epitope derived from αs1-casein
was found in HT-MP (f68–84). This data suggested an overall low passage of T-cell epitopes and sIgE
binding epitope.

4. Discussion

4.1. Heat Treatment Dependent Differences in Peptide Profiles

Dry heated MP at LT and HT was subjected to simulated infant in vitro digestion and peptides
were identified after 10 min and 60 min in the IP. As most differences between heat treatments in
the digests were observed after 10 min in the IP, at which time the mucosal immune system in the
gastrointestinal tract may already encounter antigens, the focus was on this digestion time point.
Heat treatment of MP resulted in 15% and 28% less peptides released upon digestion after 10 min in
the IP in LT-MP and HT-MP compared to NT-MP, while after 60 min in the IP only 3% and 19% less
peptides were observed in LT-MP and HT-MP, respectively (Figure 1). The absence of peptides can be a
result of both increased and impaired hydrolysis [7]. However, in our previous study we showed that
HT dry heating impairs hydrolysis after 10 and 60 min in the IP suggesting that the absence of peptides
results from decreased hydrolysis [29]. It is also possible that a larger pool of different linear and
crosslinking MRPs can result in lower number of peptides as only the most abundant modifications
were monitored. At the same time, the relative number of glycated peptides identified in the digest of
heated samples was higher compared to NT-MP (Figure 1a). This is in line with the levels of CML
and pentosidine that were reported previously for the samples used in this study which increased
with increases in heating temperature [29]. Most of the peptides were modified to glucosyl lysine and
lactosyl lysine (Supplementary Materials: Figure S4) and already a large proportion of lactoyslated
peptides was observed in NT-MP. The comparison of peptide intensities, however, indicated that the
quantities of glycated peptides in the heated samples were higher than in NT-MP (Supplementary
Materials: Figure S5). This was in agreement with the findings of Milkovska-Stamenova et al. [37],
who found 50 lactosylation sites in raw milk which increased to only 70–80 in ultra-high temperature
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treated milk. At the same time, quantification of the glycated peptides in their study showed much
lower levels in raw milk compared to processed dairy products.

Most peptides were derived from αs1-casein, β-casein, and β-lactoglobulin (Supplementary
Materials: Figure S1). In the two casein examples, this is probably related to the relatively higher
concentration compared to the other proteins. For β-lactoglobulin, this is also related to the larger
number of glycated peptides, of which each was counted as a separate peptide (Figure 3e). A heat
treatment dependent decrease of sequence coverage after 10 min in the IP was especially observed for
the two α-caseins and β-lactoglobulin (Figure 2a). For β-lactoglobulin, this originated from the absence
or low number of peptides in the regions f17–39, f88–116, and f164–174 (Figure 3e). β-lactoglobulin,
as a globular protein, is more sensitive to heating induced structural modifications compared to
casein [38,39]. The regions f17–39 and f88–116 are rich in lysine residues, explaining the impairment
of peptide generation especially in heated samples from this area via tryptic hydrolysis. The region
f164–175 is located on the outside of the globular protein, partly incorporated in a β-strand and
α-helix structure, which makes it rather easily accessible for digestive enzymes. However, it has
been shown that upon heating in solution a α-β transition occurs, contributing to the aggregation of
β-lactoglobulin via hydrophobic interactions [40]. This could explain the absence of peptides in the
f164–175 region, as HT heating promotes the aggregation of β-lactoglobulin, but not in LT-MP and
NT-MP. For α-caseins, a heating dependent decrease of sequence coverage was mainly reflected by the
absence of phosphorylated peptides in HT-MP (Figure 3a,b) and is in line with the lower number of
phosphorylated peptides (Figure 1a). Dephosphorylation has been reported upon heating in solution
of caseinate at HT (140 ◦C) [41]. Both, hydrolysis of phosphoserine as well as β-elimination may induce
dephosphorylation of casein. Michael addition subsequently to β-elimination and subsequent Michael
addition results in protein crosslinking [41], which may also explain the lower number of peptides in
HT-MP from sequence parts that are more phosphorylated. A study from Wada et al. [42] showed that
dephosphorylation could decrease digestibility of heated dairy products. This is in line with the low
digestibility of HT-MP observed in our previous study [29]. Next to digestibility, dephosphorylation
could also decrease IgE binding capacity, indicating that overall IgE binding capacity to linear IgE
binding epitopes could be lower for HT-MP [43]. In contrast, the region f22–39 of β-casein showed
increasing number of phosphorylated peptides in HT while progressing digestion (Supplementary
Materials: Figure S2c), indicating that in some cases a slower release of peptides could also be a possible
explanation for the absence of phosphorylated peptides after 10 min in the IP. Glycated peptides resulted
in a higher number of peptides in some areas (Figure 3a,c). This could possibly affect immunoreactivity
if present on an epitope or by binding of these peptides to AGE receptors; however, it should be noted
that quantities of glycated peptides were not measured and that it is not clear which effect the glycation
of peptides has for epitope recognition. In summary, dry heating of MP decreases the number of
peptides released upon simulated infant in vitro digestion and results in lower sequence coverage
after 10 min in the IP. The discrepancies in sequence coverage of specific regions when comparing heat
treatments can also be relevant for sIgE binding and T-cell epitope presentation. At the same time,
the process of digestion results in fewer differences, suggesting that digestion kinetics are important
determinants for differential release of immunoreactive digestion-derived peptides when comparing
heat treatments.

4.2. Hydrolysis Resistant Areas

Most regions of κ-casein and α-lactalbumin from which peptides were released after 10 min in
the IP (Figure 3d,f) were also detected after 60 min in the IP (Supplementary Materials: Figure S2).
However, none of them were identified as areas of interest for possible immunological consequences.
For αs2-casein, decreasing sequence coverage was only observed for NT-MP. This was related to the
disappearance of the phosphorylated peptides (f16–34) and the peptide at f40–50, of which only low
numbers were detected after 10 min in the IP. However, no potential epitopes were identified after
60 min in the IP. For αs1-casein and β-casein, sequence coverage and number of peptides showed
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only minor decrease with prolonged digestion (Figure 2 and Supplementary Materials: Figure S1).
For β-casein, the peptide pattern between samples showed only minor differences and therefore also
a comparable persistence of peptides carrying an sIgE binding epitope (f96–110, f123–134, and f164–177)
(Supplementary Materials: Table S1). For αs1-casein, the region f202–213 was solely covered in heated
samples by glycated peptides after 60 min in the IP, suggesting a higher digestion resistance of this
area due to glycation. At the same time, f140–155 of αs1-casein, which has previously been reported
to maintain high residual immunoreactivity after simulated in vitro digestion of spray dried milk
powder [7], was only partly preserved until the end of the IP (Supplementary Materials: Figure S2a).
A higher number of peptides in NT-MP-digests originating from this region could possibly result
in a higher immunoreactivity of this sample. Next to this, a larger number of peptides in f119–134,
which contained a potential T-cell epitope (Table 3) was still found at the end of intestinal digestion
in all samples (Supplementary Materials: Figure S4a). In contrast to the two caseins, β-lactoglobulin
showed large decreases of sequence coverage in all samples, related to the disappearance of f17–39
and f42–55. At the same time, the regions f57–73 and f139–154 of β-lactoglobulin were highly resistant
to digestion until the end of intestinal digestion (Supplementary Materials: Figure S2e), independent
from the heat treatment. This was in line with the findings by Egger at al. [44] who observed a high
frequency of peptides within particularly these two areas of β-lactoglobulin until 120 min in the IP of
a static in vitro model. Moreover, the findings for both β-lactoglobulin and αs1-casein were similar to
previous findings by Picariello et al. [45], who described the sequence part f141–151 of β-lactoglobulin
and f119–134 of αs1-casein as highly resistant to gastrointestinal digestion after simulated adult in vitro
digestion. While there is no direct evidence for the presence of an immunoreactive structure within
this region of β-lactoglobulin, f119–134 of αs1-casein partly covers the sequence of an sIgE binding
epitope (Figure 3a) and was also identified as potential T-cell epitope (Table 3). Together with its
high resistance until the end of intestinal digestion, this suggest a potential role of f119–134 in sIgE
binding to the digest of MP, but independently from the heat treatment. To summarize these findings,
caseins generally showed a higher resistance over large parts of their protein sequence until the
end of gastrointestinal digestion, which was unaffected by the applied heat treatment. Therefore,
no conclusions can be drawn from the resistance of specific areas within the protein sequence regarding
differential immunoreactivity of dry heated MP compared to NT-MP.

4.3. Effect of Heat Treatment on Identification of IgE Binding Epitopes

Digestion-derived peptides were reported as potential sIgE binding epitopes if they covered at least
80% of the sequence of a linear sIgE binding epitope known from the literature [35]. The three proteins
showing the highest numbers of digestion-derived peptides, αs1-casein, β-casein, and β-lactoglobulin
(Supplementary Materials: Figure S1a) also led to the highest number of sIgE binding epitopes (Table 1)
after 10 min in the IP. Most sIgE binding epitopes were found in the NT-MP digest, when compared
to the heated samples (Table 1), which was in line with the higher number of peptides (Figure 1a)
and the higher sequence coverage of NT-MP (Figure 2a). This suggests a higher availability of linear
sIgE binding epitopes in NT-MP compared to dry heated MP. The opposite trend was observed for
sIgE binding epitopes carrying a glycation side (Table 2). However, this trend did not continue until
60 min in the IP (Supplementary Materials: Table S1). After 60 min in the IP, most sIgE binding
epitopes were found in the digest of NT-MP, of which the majority were, however, present in all
samples. This can be explained by the overall smaller differences between samples with progressing
digestion, which is possibly related to differences in digestion kinetics especially in the beginning
of the IP. The effect of heating and glycation on sIgE binding has been subject to previous studies
on isolated milk proteins or in mixture [15–17,19]. As reviewed by Nowak-Wegrzyn et al. [18], milk
proteins show reduced sIgE binding upon extensive glycation via the MR. However, these observations
are based on studies of undigested milk proteins and not of linear epitopes exclusively, and thus can
probably not be extrapolated for all MRPs and peptides. A study by Gasparini et al. [46] reported
an approach creating the basis for studying the effect of lactosylation on linear epitopes. However,
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data comparing sIgE binding of lactosylated vs. non-modified peptides is not available at this time.
With respect to the predicted T-cell epitopes, ~50% were specifically found in the heated samples,
but most of those peptides were glycated. To our knowledge only data on T-cell epitopes from
αs1-casein, β-lactoglobulin, and α-lactalbumin are available in the literature. In a previous study it
was shown that a peptide f118–135 of αs1-casein, which is similar to the T-cell epitope identified in
our study (f119–135, Table 3) is recognized by 1 out of 10 cow’s milk allergic children. However,
none of the major T-cell epitopes of αs1-casein identified in previous studies have been observed in
the digests in our study [47–49]. The T-cell epitopes identified in β-lactoglobulin partly overlapped
with the peptide sequences identified previously (f41–55) [50]. All T-cell epitopes from αs1-casein and
β-lactoglobulin were predicted as ligands for multiple HLA alleles, indicating that their recognition
could be less affected by individual differences in patients. While the majority of αs1-casein derived
T-cell epitopes was phosphorylated, which in a previous study did not show consistent differences in
epitope recognition [47], most of the αs2-casein derived T-cell epitopes were glycated (Table 3). To our
knowledge there is no study directly showing the effect of glycation on T-cell epitope recognition.
However, as glycation of food proteins has been shown to affect T-cell immunogenicity [21,51], it could
be hypothesized that glycation of peptides matching a T-cell epitope could affect its immunogenicity.
To summarize, dry heating of MP resulted in a lower number of peptides that match to known sIgE
binding epitopes but a higher number of glycated sIgE binding epitopes. Moreover, T-cell epitopes
were identified in the digest and equally distributed between samples, while glycated T-cell epitopes
were solely found in heated samples. The consequences of glycation on sIgE epitope and T-cell epitope
binding are, however, not clear.

4.4. Identification of Peptides on the Basolateral Side of the Caco-2 Cell Monolayer

Transport across the epithelial layer was assessed using a Caco-2 cell monolayer model. Peptide
length distribution found on the basolateral side (Figure 4) indicated a favored transport of peptides
up to 13 amino acids compared to the distribution in the digest (Supplementary Materials: Figure S3).
Interestingly, peptides with a length up to 24 amino acids were also found on the basolateral side
(Figure 4). The peptides in the larger size ranges (f17–19 and f20–22, and f23–25) were mainly
non-glycated peptides derived from β-casein, which originated from hydrophobic patches within
the sequence suggesting a passage via transcytosis [52]. Availability of larger peptides increases the
possibility of recognition by the immune system. Moreover, transport of peptides carrying sIgE binding
epitope sequences (e.g., f159–177) via transcytosis enables the peptide to reach the lamina propria intact,
indicating the importance of also monitoring transport pathways when studying the availability of
immunoreactive digestion-derived peptides. Most digestion-derived peptides on the basolateral side
were derived from αs1-casein, β-casein, and β-lactoglobulin, which is probably related to the higher
number of peptides in the digest (Supplementary Materials: Figure S2a). Consequently, sIgE binding
epitopes found on the basolateral side were only identified for αs1-casein, β-casein, and β-lactoglobulin
(Table 4). Moreover, sIgE binding epitopes were most abundant in NT-MP which was in line with
the total number of digestion-derived peptides between samples (Table 1a) and presence amongst
proteins (Supplementary Materials: Figure S1a). However, only 19% of the sIgE binding epitopes
(non-modified and glycated) and one T-cell epitope identified in the digests were also found on the
basolateral side (Tables 1, 2 and 4), while on average 49% of the number of peptides in the digest
were found on the basolateral side, suggesting some sort of epitope-excluding effect of the epithelial
layer. For T-cell epitopes it could be hypothesized that this was related to size, as the size ranges 8–10
as well as 11–13 were preferably transported, while T-cell epitopes normally have a length between
15–24 amino acids [36]. In contrast, most sIgE binding epitopes were identified within the smaller size
ranges. Next to peptide size, the transport across the Caco-2 cell monolayer can also be determined by
charge and hydrophobicity [52]. However, further studies would be necessary to determine peptide
properties to find the reasons for the observed restriction of epitope transport across the Caco-2 cell
monolayer. Moreover, it should be noted that in vivo a larger number of M-cells as well as specialized
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dendritic cells are present in the small intestine, that are able to directly sample antigens from the
intestinal lumen [53]. It is thus hypothesized that the translocation of IgE and T-cell epitopes in vivo
could be directed towards specialized cells rather than transport via normal enterocytes.

In contrast to this, transport of a relatively higher number of glycated peptides was observed on
the basolateral side, e.g., in dry heated samples, compared to the composition in the digest. Moreover,
data suggested a possible preference for the transport of lactosyl lysine and glucosyl lysine-modified
peptides amongst all samples, as the percentage of these peptides showed an increasing trend on the
basolateral side compared to the digest (Supplementary Materials: Figures S4 and S5). As reviewed by
Moradi et al. [54], N- and O-glycosylation with different mono- and polysaccharides of therapeutic
peptides has been shown to increase their transport across various biological membranes including
Caco-2 cells. For example, Varamini et al. [55] observed a 700-fold increased transport across the Caco-2
cell monolayer after modification of the N-terminal amino group from endomorphin-1 with lactose and
suggested that this transport took place via a lactose-selective transporter. Such transporter-mediated
translocation could be a possible explanation for the facilitated migration of glucosyl lysine and lactosyl
lysine-modified digestion-derived peptides across the Caco-2 cell monolayer. However, it should
be noted that the position and type of linkage (N- or O-linked) can strongly affect the structure,
functionality and transporter mediated uptake of the peptides [54,56]. Therefore, an extrapolation
of these findings to any peptide and any kind of modification is probably not possible. With respect
to the potential immunological consequences, it is suggested that glycation if present on a linear
sIgE binding epitope can affect the interaction between the peptide and the antibody [46]. Moreover,
AGEs themselves have also been reported to modulate inflammatory pathways by binding to receptors
for AGEs [14]. For the example of peptide-bound CML, it has been shown that it is a potent ligand for
the receptor for AGEs and thus possibly affects inflammatory pathways [20]. This study showed that
glycated peptides larger than 7 amino acids are transported independent of the type of modification
(Figure 5). The findings of this study suggested that diets with high AGE content can also result in
higher uptake of AGE-modified peptides. As recently shown, the binding of AGE receptors depends
on the concentration of food protein bound AGEs [22]. Therefore, quantitative data would be necessary
to better judge the impact of the transport of AGE-modified peptides on the gastrointestinal immune
system as well as the involved transport pathways. To summarize, results indicated that several
potentially immunoreactive peptides are transported across a model epithelial barrier. In general,
the presence of peptides on the basolateral side is more affected by the overall composition of the
digest rather than the selective transport of specific peptides. Nevertheless, transport seemed to be
favored for smaller peptides (up to 13 amino acids) as well as peptides modified to lactosyl lysine and
glucosyl lysine. This should, however, be further investigated using quantitative data on selected
modified vs. non-modified peptides. At the same, time transport of sIgE binding epitopes and T-cell
epitopes was limited, which is possibly related to some intrinsic properties of these peptides.

This study aimed to give an overview of the composition and transport of peptides derived after
simulated infant in vitro digestion of differentially dry heated MP. However, this also resulted in some
limitations, as only qualitative data was presented and allergenicity as well as immunogenicity was not
measured directly. Moreover, other structures that could affect immunogenicity as well as allergenicity,
such as aggregated protein that might also resist in vitro digestion, have not been considered [57,58].
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Figure 5. Digestion-derived peptides identified on the basolateral side of Caco-2 cells exposed to in vitro
digests of cow’s milk protein, non-treated (NT), heated in the presence of lactose at low temperature
(LT), and high temperature (HT). Peptides without posttranslational modification (noPTM), as well as
modification to glucosyl lysine (Gluc), lactosyl lysine (Lac), pyrroline (Pyr), and carboxymethyl lysine
(CML) are shown expressed as peptide count relative to the total number (NT: 181, LT: 129, HT: 121) of
peptides in one sample.

5. Conclusions

This study showed that different peptide profiles are generated during simulated infant in vitro
digestion of milk that was dry heated in the presence of lactose. HT dry heating had the largest
effects on peptide generation, resulting in much lower numbers of peptides and a lower sequence
coverage. Moreover, a much lower number of sIgE binding epitopes but a larger proportion of glycated
sIgE binding epitopes and T-cell epitopes in heated samples indicated that immunogenicity and
allergenicity of these samples could be affected. However, this needs to be further tested. Transport
studies showed that the transport of sIgE epitopes and T-cell epitopes across the Caco-2 cell monolayer
is limited, highlighting the importance of evaluating different transport pathways. It is hypothesized
that transport of lactosyl lysine and glucosyl lysine-modified peptides was favored, while CML and
pyrroline-modified peptides were transported depending on their presence in the digest. This resulted
in relatively more glycated peptides on the basolateral side in heated samples, indicating that if the
initial level of MR is high, this will also increase the transport of glycated peptides and can thereby
possibly affect immunoreactivity via interaction with AGE receptors. This pointed out the importance
of studying the effect of glycation on the peptide level on immunogenicity and allergenicity.
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Abstract: The introduction of baked milk products in cow’s milk (CM) allergic children has previously
been shown to accelerate induction tolerance in a selected group of children. However, there is no
standardized baked milk product on the market. Recently, a new standardized, heated and glycated
cow’s milk protein (HP) product was developed. The aim of this study was to measure safety and
tolerability of a new, well characterized heated CM protein (HP) product in cow’s milk allergic
(CMA) children between the age of 3 and 36 months. The children were recruited from seven clinics
throughout The Netherlands. The HP product was introduced in six incremental doses under clinical
supervision. Symptoms were registered after introduction of the HP product. Several questionnaires
were filled out by parents of the children. Skin prick tests were performed with CM and HP product,
sIgE to CM and α-lactalbumin (Bos d4), β-lactoglobulin (Bos d5), serum albumin (Bos d 6), lactoferrin
(Bos d7) and casein (Bos d8). Whereas 72% percent (18 out of 25) of the children tolerated the HP
product, seven children experienced adverse events. Risk factors for intolerance to the HP product
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were higher skin prick test (SPT) histamine equivalent index (HEP) results with CM and the HP
product, higher specific IgE levels against Bos d4 and Bos d8 levels and Bos d5 levels. In conclusion,
the HP product was tolerated by 72% of the CM allergic children. Outcomes of SPT with CM and
the HP product, as well as values of sIgE against caseins, α-lactalbumin, and β-lactoglobulin may
predict the tolerability of the HP product. Larger studies are needed to confirm these conclusions.

Keywords: allergy; baked milk; cow’s milk; tolerance

1. Introduction

The prevalence of food allergies varies considerably, depending on self-reported food
allergy (FA) sensitization to food allergens or confirmed food allergy by an open food
challenge (OFC) test, or, preferably, a double-blind, placebo-controlled food challenge
(DBPCFC) test. In Europe, the prevalence of challenge-proven/confirmed cow’s milk
allergy (CMA) in young children (< age 3 year) varies between 0.35 and 2.0% [1,2].

About 70% of CMA children reach clinical tolerance to milk proteins before the age
of two years, and 60% before the age of three years, indicating transient CMA [3]. Factors
that are most predictive for spontaneous resolution of CMA are: low milk-specific IgE level
(<2 kU/L), small-wheal CM skin prick test (SPT) (<5 mm) and absence of (or mild) atopic
dermatitis (AD) [4].

Several studies have reported high percentages (59–81%) of tolerance to baked milk in
CMA children [4–7]. Children not tolerant towards baked milk products have an increased
risk of developing a persistent CMA compared to children tolerant of baked milk (relative
hazard ratio: 0.28 vs. 4.1) [3].

CMA children are mostly sensitized (presence of specific IgE to cow’s milk proteins)
to multiple cow’s milk proteins. Sensitization can be found to caseins, including αs1-, αs2-,
β- and kappa casein (together constituting 80% of cow’s milk proteins (CMP)), and/or to
whey proteins, such as α-lactalbumin (Bos d4) and β-lactoglobulin (Bos d5) [8–10]. To a
lesser extent, sIgE against bovine serum albumin and other whey proteins is also found [8].
In particular, high levels of sIgE against αs1-, β-casein, Bos d4 and Bos d5 are associated
with persistent CMA [11–13]. In addition to IgE-mediated cow’s milk allergy, a substantial
part of the children has non-IgE-mediated CMA, resulting in delayed-type reactions (>2 h)
lacking the typical IgE-mediated symptoms (urticaria, angioedema, respiratory and/or
gastro-intestinal symptoms or anaphylaxis) [1,13,14]. About 90% of patients with CMA
also react to goat’s milk, due to high protein homology (95%) and high protein identity
(>84%) [15].

Consumption of baked milk products in CMA children appeared to accelerate tol-
erance induction in a selected group of children [6,16]. Moreover, a recent meta-analysis
showed that most studies were observational, lacking an appropriate control group [17].
Processing milk proteins changes their immunogenic and allergenic properties and can
lead to both allergy and the induction of tolerance [18,19]. For example, when milk sugar
lactose and CMP are heated together, glycation takes place, causing sugars to be linked
to the free amino groups of amino acids [20]. This can lead to the formation of advanced
glycation end products (AGEs), which can mask existing epitopes but can also create new
immunogenic structures [20–22].

In making baked milk products for previous studies on tolerability, both the form
of the product (e.g., cake, bread, or cheese on pizza), and the precise heating process
were found to be highly variable. Especially when baking products such as cakes, the
internal temperature of the product may strongly differ from the surface temperature,
leading to different heat-induced protein modifications throughout the product, which
may even leave some of the CMP intact. For better understanding of the effect of baked
milk on CMA, a standardized, heated and glycated CMP product should be produced,
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in which the extent of heat-induced modifications, including glycation, have been well
characterized [6,16,23–25].

The aim of this study was to measure safety and tolerability of a new, well char-
acterized heated cm protein (HP) product in CMA children between the age of 3 and
36 months.

2. Materials and Methods

2.1. Study Population

This study was performed in seven hospitals throughout The Netherlands: two
university hospitals and five large referral hospitals with expertise in paediatric allergy.

Children between three months and three years of age with cow’s milk allergy diag-
nosed by a doctor (paediatric allergist from participating centres) were approached for
participation in the study.

After inclusion, a DBPCFC or OFC with cow’s milk was performed. Children with
a recent (<6 months) positive CM challenge or a previously severe allergic reaction after
CM consumption reported by the participating clinicians did not undergo a cow’s milk
challenge. Sensitization to cow’s milk was measured in SPT and sIgE. Parents filled out
several questionnaires.

During a whole-day visit at the outpatient clinic, the HP product was introduced to the
diet of the child. Either parents or legal guardians had to understand the Dutch language
and signed informed consent. The medical ethical committee of each participating centre
approved the study. (NL61774.078.17).

2.2. Double-Blind, Placebo Controlled Food challenge (DBPCFC) with CM

A DBPCFC with CM was performed according to the guidelines. Children consuming
extensively hydrolysed formula or formula based on amino acids were challenged using
standardized kits. Children consuming breastmilk or alternative milk (e.g., soy milk or
rice milk) were challenged using the matrix they consumed. The dosage of CMP in the
challenge test remained standard (1-3-10-30-100-300 mg, etc.; Table 1). Symptoms (both
subjective and objective) were scored according PRACTALL [26,27].

Table 1. Dosages in double-blind, placebo-controlled CM challenge and HP product introduction, as
well as cumulative dosage.

CM DBPCFC CM DBPCFC Open Introduction Open Introduction

Step CM protein (mg) Cumulative dosage (mg) Step HP product (mg) Cumulative dosage (mg)
1 1 1 - -
2 3 4 - -
3 10 14 1 10 10
4 30 44 2 30 40
5 100 144 3 100 140
6 300 444 4 300 440
7 1000 1444 5 1000 1440
8 Age-dependent Age-dependent 6 2000 3440

CM: cow’s milk; DBPCFC: double-blind, placebo-controlled food challenge; mg: milligrams; HP product: heated
cow’s milk product.

2.3. Study Product: Heated Glycated CM Protein (HP)

The HP product was produced by FrieslandCampina (Amersfoort, The Netherlands)
and was a powdered product that contained a mixture of whey (20%) and casein pro-
tein (80%). The HP product was treated at ultra-high temperature (UHT) (120 ◦C) for
20 min, spray-dried and subsequently canned. The cans were stored at 60 ◦C for 14 days,
resulting in glycation of the CMPs. The products and procedures for making the AGE
products were judged and approved by the Quality assurance/Quality Control (QA/QC)
department of FrieslandCampina to be compliant with IFT guidelines. The amount of
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carboxymethyllysine (CML) (a measure for glycation) in regular infant formula is 28–81 ng
CML/mg protein [28]. CML analysis of the new HP product showed a result of 300 ng
CML/mg protein, which is comparable to evaporated milk.

2.4. Introduction of HP Product

The HP product was introduced in incremental doses in 30 min intervals (10-30-100-
300 mg etc. Table 1) [27]. The HP product was dissolved in the participant’s individual
daily milk formula (5% of total protein intake/day). The symptoms were recorded in a
database/chart according to PRACTALL and scored on severity retrospectively by two
independent paediatricians [29]. Serious adverse events (SAEs) and adverse events (AEs)
were reported to a data safety monitoring board (DSMB).

2.5. Skin Prick Tests (SPT)

An SPT was performed by applying a drop of skimmed CM (FrieslandCampina),
goat’s milk (Ausnutria B.V., Zwolle, The Netherlands), the HP study product, a positive
(histamine) and a negative (PBS) control. Subsequently, the surface area was measured
with an area scanner and compared with the positive control, which gives the histamine
equivalent prick (HEP) index score as described [30]. No threshold values have yet been
defined for the skin prick test (SPT)–HEP index values for cow’s milk allergy. SPTs were
considered positive at values > 3 mmØ [31].

2.6. Serum Collection and sIgE Measurements

Blood samples were collected using either a finger prick (age < 6 months) or a vena
puncture (≥6 months of age). Serum was collected and stored at −20 ◦C. ISAC (81-1020-01,
Thermo Fisher Scientific B.V, Breda, The Netherlands) was used to identify specific sIgE
against CM protein. In addition, sIgE against total CMP was performed using Immunocap
(f2) (14-4112-01, Thermo Fisher Scientific B.V., Breda, The Netherlands).

The following specific recombinant allergens were measured by both ISAC and Im-
munoCap: α-lactalbumin (Bos d4), β-lactoglobulin (Bos d5), bovine serum albumin (Bos
d6), (immunoglobulins/lactoferrin (Bos d7) and whole casein (Bos d8) [32].

2.7. Questionnaires

Validated questionnaires, as used in the “Generation R” study, were used to assess the
medical history of mother, father and child [33]. Data collected included date of birth, sex,
race, ethnicity, height, weight and relevant medical history. To measure eczema severity,
POEM and eczema area and severity index (EASI) scores were collected [34]. Furthermore,
a questionnaire specifically designed for this study was used to gather information from
the parents about the child’s current situation in relation to, e.g., atopy, dairy consumption,
type of formula, feeding or breastfeeding, introduction of other (solid) food and type of
symptoms. The Food allergy quality of life questionnaire (FAQLQ) was implemented
according to Velde et al. [35].

2.8. Open Clinica Database

All patient-related information of this study (Case report forms (CRFs)) is kept blinded
at Erasmus MC, and data were digitalized in an Open Clinica (OpenClinica, LCC, Waltham,
MA, USA) study database (version 3.12.2).

2.9. Statistical Analysis

This study was originally part of a large long-term clinical trial to test tolerance-
induction of the HP product. As the trial was hampered by a low inclusion rate, we decided
to perform a small exploratory study with the available patients, focusing on measuring
safety and tolerability of the product. For further analyses focused on this aim, the Bayesian
approach is the recommended method for evaluating small samples [36]. The Bayes factor
(BF) produces the likelihood ratio of the alternative hypothesis (H1) (difference between
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groups) and the null hypothesis (H0) (no difference between groups) [37]. Evidence for
the alternative hypothesis (H1) was set as BF > 3 (moderate), BF > 10 (strong), BF > 30
(very strong) and BF > 100 (extreme), and evidence for the null hypothesis (H0) was set
as BF < 1 [37]. BF was calculated for proportions of positive sIgE, contingency tables
and two-sample designs of SPT-HEP indexes by the Bayes factor package in R, version
4.0.4/ (https://CRAN.R-project.org/package=BayesFactor, accessed on 15 February 2021).
Priors in the proportions were set to low, mediocre, high or unknown probability. In the
two-sample designs, the prior distribution was set to a Cauchy with rscale = 0.707 [38].

3. Results

In total, 25 CMA children participated in this study: 9 girls and 16 boys, with a mean
age of 14.5 months (range: 6–37 months). A total of 18 children were tolerant to the HP
product (HPt group), and seven children developed an allergic reaction to the HP product
(HPr group). No differences were found in baseline characteristics (e.g., eczema, rhinitis
and asthma) between both groups, as shown in Table 2.

Table 2. Baseline characteristics of the HP-tolerant (HPt) and HP-reactive (HPr) children.

HPt Children (n = 18) HPr Children (n = 7)

Mean Range N Pos (T) % Mean Range N Pos (T) %

Age (months) 14.6 (6.5–22.5) 18 13.3 (6.1–37) 7
Gender: F(tot) 6 (18) 33.3 3 (7) 42.9

Atopy * Eczema 11 (18) 61.1 3 (6) 50.0
EASI 5 (18) 27.8 2 (6) 33.3

POEM 10 (18) 55.6 3 (6) 50.0
Rhinitis 4 (18) 22.2 0/6 0

Asthma-like
symptoms 3 (18) 16.7 1 (6) 16.6

Asthma +
medication 2 (18) 11.1 0 (6) 0

Exclusively
breastfed Period, (months) 5.2 (1–9) 9 (18) 50% 3.2 (2–7) 7 (7) 100%

Formula use at
inclusion visit

eHF 13 (18) 72% 5 (7) 71%
AA 5 (18) 27% 2 (7) 29%

Multiple food
allergy

Egg, peanut
and/or nuts 4 (18) 22% 0 (7) 0%

HPt: HP-product-tolerant; HPr: HP-product-reactive; *: parent reported; EASI: eczema area and severity index, T:
totals; eHF: extra hydrolysed formula; AA: amino acid formula.

Baseline measurements comparing differences in sensitization (SPT, sIgE) to CM and
CM components are shown in Table 3. In the HPt group, 10/17 (59%) children, and in the
HPr group 4/5 (80%) children, had a positive SPT (>3 mmØ) for CM (BF 0.6). Specific
serum IgE to CM was positive in 10/15 (67%) children in the HPt group and in 4/5 (80%)
children in the HPr group (BF 2.4). Most children were sensitized both in SPT and sIgE to
whole CM, but in some cases, only one was positive. Results show that the group does not
contain non-IgE-mediated CMA children, although in some individual cases, symptoms in
DBPCFC occurred > 2 h after the challenge. The HPt group showed lower sIgE levels to
Bos d4 (BF 6,2) and Bos d8 (BF 17,8) in comparison with the HPr group. On the contrary,
the HPr group showed lower Bos d5 sIgE levels (BF 6,2). The SPT with HP product was
found in only half of all children who tested positive (11/22): six (35%) in the HPt group
and four (80%) in the HPr group (BF 6.5). SIgE values measured with ISAC against house
dust mite, grass pollen and birch pollen were negative in all children.
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Table 3. Baseline sensitization profiles of the HP-product-tolerant (HPt) and HP-reactive (HPr)
children.

HPt Children (n = 18) HPr Children (n = 7) BF
Mean Range N Pos (T) % Mean Range N Pos (T) %

SPT * CM 0.72 (0–2.98) 10 (17) 58.8 1.17 (0–1.72) 4 (5) 80 0.6
Goat’s milk 0.54 (0–4.23) 6 (15) 40 0.86 (0.22–1.16) 4 (4) 100 0.5
HP product 0.23 (0–1.58) 6 (17) 35.3 1.06 (0–2.33) 4 (5) 80 6.5

sIgE CM (kU/L) 3.08 (0–17.2) 10 (15) 66.7 14.93 (0.01–49.6) 4 (5) 80 2.4
α-lactalbumin Bos

d4 (ISU) 0.41 (0–3.36) 5 (15) 33.3 1.48 (0–5.45) 4 (5) 80 6.2

β-lactoglobulin
Bos d5 (ISU) 1.47 (0–10.7) 5 (15) 33.3 0.42 (0–0.8) 4 (5) 80 6.2

Bovine serum
albumin Bos d6

(ISU)
0.16 (0–0.79) 4 (15) 26.7 0.5 (0–2.5) 1 (5) 20 1.3

Casein Bos d8
(ISU) 0.09 (0–1) 1 (15) 6.7 0.74 (0–2.3) 3 (5) 60 17.8

Lactoferrin (ISU)
Bos d7 (ISU) - - 0/15 0 - - 0 (5) 0 NA

HPt: HP-product-tolerant; HPr: HP-product-reactive; *: HEP index; CM: cow’s milk; BF: Bayes factor theorem;
H0 two values/means are equal; H1 two values/means are not equal. BF < 1 = H0 most likely; BF ≥ 3 = H1
most likely.

No differences were observed for characteristics of the parents, households and the
background of children, e.g., familial atopic diseases, between the HPt group and HPr
group. (Table 4) The use of antibiotics in the children was higher in the HPt group versus
the HPr group (BF 9.4). The percentage of children going to a day-care facility was higher
in the HPt group versus the HPr group (BF 3.1), and breastfeeding (ever) was higher in
the HPt group versus the HPr group (BF 29.1). More children in the HPt group received
CM formula feeding in the first week of life compared to the HPr group (61% vs. 28.6%,
respectively).

Table 4. Characteristics of the parents, households and the background of children.

HPt Children (n = 18) HPr Children (n = 7) BF Prior Chance

N Pos (T) % N Pos (T) %

Atopy (parents) Mother 13 (18) 72.2 5 (7) 71.4 1.1 mediocre
Father 11 (18) 61.1 4 (7) 57.1 1.3 mediocre

Both parents 7 (18) 38.9 2 (7) 28.5 2.6 low
Both parents not 1 (18) 5.5 0 (7) 0 NA NA

Background (child) Breastfeeding (ever) 9 (18) 50 7 (7) 100 29.1 high
Antibiotics use (child) 12 (18) 66.7 2 (7) 28.5 9.4 low

Pregnancy Mother Antibiotics use 12 (18) 17.6 0(7) 0 1.3 mediocre

Folic acid 16 (17) 94.1 6 (7) 85.7 0.4 unknown
Vitamin D suppl. 2 (16) 12.5 1 (7) 14.3 1.8 low

Ω-3 fatty acid suppl. 2 (16) 12.5 1 (7) 14.3 1.8 low
fish oil capsules 0 (15) 0 1 (7) 14.3 0.6 unknown

multivitamin suppl. 13/17 76.5 4 (7) 57.1 0.7 unknown
Exposure to smoke During pregnancy * 4 (17) 23.5 2 (7) 28.6 2.3 low

Current smoking 1 (17) 5.9 0 (7) 0 0.7 unknown
Pet keeping Currently 1 (17) 58.8 4 (7) 57.1 1.3 mediocre

Other Day care 11 (18) 61.1 2 (7) 28.6 3.1 mediocre

HPt: HP-product-tolerant; HPr: HP-product-reactive; *: passive smoking + current smoking; n: number;
BF = Bayes factor: H0 two values/means are equal; H1 two values/means are not equal. BF < 1 = H0 most
likely; BF ≥ 3 H1 most likely.
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Table 5 shows the adverse events in the HPr group (n = 7) during introduction of the
HP product. Ref. [31] One patient experienced an SAE (ID: 111002), which started 15 min
after the second step (3 mg CM protein). Six patients experienced AEs. An overview of
the category and type of symptoms developed at a certain step of HP product is given in
Supplementary Table S1.

Table 5. Serious adverse events and adverse events (SAE/AE).

Patient
ID

Age Months/
M/F

Allergic
Reactions at

Step

Minutes after
Intake

Medication,
According to National
Anaphylaxis Protocol

Stopped at
Dose/Outcome *

SAE/AE
Sampson

Scale

111002 13/M

Step 2: Step 2: Step 2:

Dose: 2/
After 5 h released

from hospital

SAE
4

Eczema lips
(15′ diminished) 2 min Adrenaline

auto-injector (0.15 mg),
Xyzal suspension

(2.5 mg),
dexamethason (4 mg)

Step 2 repeated:
Stridor, cough,

crying

Step 2 repeated:
15 min

555004 6/F

Step 6: Step 6:

None Full challenge/
<24 h

AE/2

Eczema feet,
back, belly; 15 min;

vomiting, itch,
eczema face,

diarrhea
6–9 h

888004 37/M Dry cough,
stridor

Step 4:
5–10 min

Step 4: Dose: 4/
After 2 h released

from hospital
AE/4Aerius suspension

(2.5 mL)

888005 8/M

Step Step Step 5:

Dose: 5/
After 2 h released

from hospital
AE/3

1: Sneezing,
erythema chin

1 repeated:
5 min

Aerius-suspension
(2x 2.2 mL)

5: Cough,
redness face,

nausea
5: 10–15 min

999001 11/M

Step:

Step 3: 25 min
Step 3: Aerius

suspension (2.5 mL)
and prednisone

Dose: 3/
15 min no more

wheezing
AE/3

2: increased
eczema

3: Sneezing,
cough, runny

nose, increased
eczema,

wheezing

999002 10/F

Step: Step:

none Dose: 6/
Not specified

AE/3

4: Sneezing,
cough, starting

urticaria
4: 15–20 min

5: Runny nose,
redness face,

urticaria
5: directly

6: (after pause):
urticaria 6: after 10 min

999004 10/F Step: Step:
Step 2: Aerius

suspension (2.5 mL)
and 1.6 mL prednisone

Dose: 2/
After 4 h released

from hospital
AE/2

Abbreviations: Step 1 (10 mg), step 2 (30 mg), step 3 (100 mg), step 4 (300 mg), step 5 (1000 mg), step 6 (3000 mg).
* Hours until symptoms disappeared; SAE: serious adverse events; AE: adverse events; M/F: male/female; mL:
millilitres; min: minutes.

No differences were found in baseline CM challenge (DBPCFC or OFC) between
HPt and HPr groups. In total, 17/25 challenges were double blind. In one child, no
challenge was performed due to two anaphylactic reactions to CM in recent history. In some
individual cases, symptoms in DBPCFC occurred > 2 h after the challenge. The symptoms
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that occurred in these individuals were skin disorders and vomiting. Epinephrine auto-
injectors had to be used three times in the HPt group, and no epinephrine was administered
in the HPr group (Supplementary Table S2).

In the FAQLQ, no differences were found between groups, except one: we found a
lower parental perception (<2 = very small chance) on appropriate response by others to
allergic reactions in their child in the HPr group (HPt group mean: 2.28; range 0–6; HPr
group mean: 1.5; range 1–2) [6] (Supplementary Table S3).

4. Discussion

This study aimed to investigate the safety and tolerability of a new heated and glycated
cow’s milk protein product, the HP product. This HP product aimed to mimic and to have
tolerance-inducing capacities similar to those of “baked milk” products, with well-defined
production methods, e.g., exact heating time and temperature during glycation process, in
order to achieve a predetermined glycation level.

Due to low inclusion numbers, the primary aim to study tolerance-inducing capacity
of the HP product could not be reached, and planned statistical analyses could not be
performed. Nevertheless, in alternative analyses (e.g., Bayes factor) differences between
HPt and HPr children could be analysed and were, in some cases, significantly high and
should be considered exploratory.

Low inclusion numbers in intervention studies in children with cow’s milk allergy
have been described previously. Many studies on specific food allergy in children are
underpowered, according to a recent Cochrane database systematic review on effects of
eHF use in CMA children [38]. Reasons for the low inclusion numbers in the current study
were less motivated parents due to the many planned hospital visits with the child during
the study, following a strictly cow’s-milk-free diet and low numbers of positive cow’s milk
DBPCFC in children with suspected CMA. The latter is not surprising, as recent research
by Vlieg et al. in The Netherlands reported a considerable percentage of overdiagnoses of
CMA in children (66%) when children did not react in a DBPCFC [39].

Eighteen out of the 25 included CMA children (72%) were tolerant of the HP product
(HPt group). Sensitization patterns differed between the two groups. Children in the
HPr group showed a higher sensitization profile. This might be one of the reasons for
allergic reactions to the HP product [40]. It is known from literature that, in contrast to
whey proteins, caseins do not denature and aggregate upon heat treatment but can be
glycated [41]. These lesser changes due to heat treatment of the caseins may explain the
intolerance of the HP product in this group. Sensitization to caseins was much higher in
the HPr group (60%) in comparison with the HPt group (only one child; 7%).

At the same time, the HPr group had clearly lower sIgE against β-lactoglobulin (Bos
d5). β-lactoglobulin can be denatured and aggregated after heating, but this HPr group
was borderline sIgE-positive (0.42 ISU) for β-lactoglobulin, so that could not affect the
tolerability to the heated cow’s milk protein in this group. Sensitization level in SPT
to goat’s milk and CM was comparable between groups (BF 0.6 and 0.5, respectively).
Apparently, the HP product cannot be tolerated in a substantial number of children with
goat’s milk sensitization.

Regarding baseline characteristics, in the HPr group, the use of antibiotics (BF: 9.4)
and attendance at day care was lower (BF 3.1) Furthermore, all children in the HPr group
received breast feeding (ever), whereas only half of the children in the HPt group did
(BF 29.1). When children attend day care to a lesser extent, a lower use of antibiotics
seems logical, as infections occur less often in “no-day-care” children [42], and longer
breastfeeding is easier in practical terms. Although breastfeeding has many benefits, it
does not reduce the risk of CMA [43].

Combining all results of this study, we hypothesize that a possible cause of intolerance
of the HP product (HPr group) lies in an overall lower general exposure to allergens (less
day care and infections) in the first months of life, as previously described by McGowan
et al. [44], and to milk allergens in specific.
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Seventy-two per cent of the patients could tolerate the HP product. This is comparable
with data from the “baked milk studies” [4–7,16]. In a more recent study by Agyemang
et al. among 84 children, 72% were tolerant to muffins containing CM [40]. Furthermore,
the HPt group showed > 90% negative sIgE to caseins, most likely representing a group
with transient CMA more likely to tolerate baked milk products [8].

In the current study, the safety profile of the HP product was found to be comparable
with larger studies with baked milk challenges [45].

The tolerance-inducing effects of baked milk products are described in many stud-
ies, but the effect of heating and glycation on tolerance-inducing effects is only sparsely
investigated. With this new HP product, we tried to mimic “baked milk” products, while
standardizing its characteristics and production. This is, as far as we could find in the
literature, the first well described “baked milk” product. The powder can be easily added
to the daily formula of very young CMA children, who, in some cases, might not yet be
able to consume baked products, e.g., cake. However, the introduction can cause mild to
severe allergic reactions and should therefore be supervised by a clinician. Sensitization
profiles to CM can be useful to pre-select children who will most likely tolerate the HP
product. Further trials with this promising new HP product should be performed in larger
groups of children to the measure the tolerance-inducing capacity.

In summary, a new HP product was found to be safe and was tolerated by 72% of
challenge-proven CMA children. Outcomes of SPT with CM and the HP product, as
well as values of sIgE against caseins, α-lactalbumin and β-lactoglobulin, may predict the
tolerability of the HP product. Larger studies are needed to confirm these conclusions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14030629/s1, Table S1: Characteristics of patients with a reaction during introduction of
the heated cow’s milk protein study product. Table S2: Baseline CM food challenge; comparison
between HP-product-tolerant children (HPt) and HP-product-reactive (HPr) in developed symptoms
and emergency medication. Table S3: Results FAQ-LQ (D-Q1) parents of children in HPt group and
HPr group.
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Abstract: Background: It is widely believed that Maillard reactions could affect the sensitization
of allergens. However, the mechanism of action of methylglyoxal (MGO) production in Maillard
reactions in the sensitization variation of glutenin (a predominant allergen in wheat) during heat
processing is still unclear. Methods: This research evaluated the effect of MGO on the immune response
against glutenin in a mouse model. The resulting variations in conformation and corresponding
digestibility of glutenin were determined. The immune response and gut microflora variation in
mice were analyzed following administering of glutenin and MGO-glutenin. Results: The results
of the study showed that MGO-glutenin induced a lower immune response than native glutenin.
Cytokine analysis showed that MGO-glutenin regulated mouse immune response by inducing Treg
differentiation. MGO decoration changed the structure and digestibility of glutenin. In addition,
MGO-glutenin contributes to the maintenance of the beneficial gut microflora. Conclusion: MGO
decoration of glutenin during heat processing could alleviate the resulting allergic reaction in mice.
Decoration with MGO appears to contribute to the aggregation of glutenin, potentially masking
surface epitopes and abating sensitization. Furthermore, Bacteroides induced regulatory T-cell (Treg)
differentiation, which may contribute to inhibition of the Th2 immune response and stimulation of
immune tolerance.

Keywords: glutenin; methylglyoxal; allergic reaction; gut microflora; heat-processing

1. Introduction

As an important food resource, wheat has been processed into diverse foodstuffs to meet different
tastes. While high consumption of wheat can ensure adequate energy and nutrition supply it can
also increase the risk of developing allergic disease, including mild and acute reactions induced by
wheat allergens. This has prompted research into studying the food allergies of wheat (FAW) toward
determining appropriate interventions or for alleviation of allergic reactions. As the predominant
allergen, gluten is involved in this immune disorder, especially in the form of glutenin, which is the
main protein in terms of FAW [1].

Over the past few decades, the consumption of ultraprocessed foods derived from wheat has
increased dramatically. On the one hand, ultraprocessing has been reported to increase the level
of side products that are harmful to the host either by direct interplay or via accumulation as
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intermediates. On the other hand, the Maillard reaction that occurs during this process has the potential
to conformationally modify allergen proteins and, as a result, alter the allergenicity of related allergens.
Recently, pyrrolidine produced from heat-processed ovalbumin has been shown to have increased
immunogenicity, enhancing dendritic cell uptake and IgE production [2], whereas sensitization toward
vicilin was decreased after its interaction with glucose during Maillard reaction [3]. Herein, it was
concluded that the complicated effects of protein glycation on sensitization are not consistent for
different conditions (some increase but some decrease). Allergen processing in the digestive tract
plays an important role in determining the allergenicity of food proteins. While a previous report
suggested a correlation between digestive stability and allergenicity [4], further research indicated
that this correlation was not rigorous [5]. In addition, the changes in allergen structure caused by heat
processing are closely related to alterations in the allergenicity of food allergens [6]. An important
reason for the increased stability of food allergens during heat processing is the formation of new
disulfide bonds or the maintenance of inherent disulfide bonds [7]. However, the role of glycosylation
of food allergens on the regulation of immunological properties remains obscure and needs to be
elucidated. Gut-associated lymphoid tissue (GALT), as part of the mucosal immune system, is the main
tissue responsible for the allergic reactions occurring in the digestive system, especially through oral
intake. In GALT, various immune cells and cytokines are involved in the eventual immune response
including the allergen-related allergic symptoms or immune tolerance. However, the mechanism by
which the individuals can modulate the immune response against allergens remains unclear.

The hygiene hypothesis provides the basis for the correlation between allergic reaction and
microbes and addresses environmental changes as a major factor for the development of allergies [8].
Therefore, gut microflora have been demonstrated to play a crucial role in food allergy. The evidence
suggests that specific bacterial species from healthy gut microflora play an important role in regulating
immune tolerance, as well as their metabolites, such as short-chain fatty acids [9]. It has been
demonstrated that the imbalance of gut microflora, characterized by changes in the composition and
functional imbalance of intestinal microorganisms, contributes to the development of food allergy
(FA) [10]. However, the published conclusions on the features of gut microflora associated with FA still
seem preliminary given the generally small number of observations [11].

The Maillard reaction is the reaction of reducing sugars and sugar degradation products with
proteins. α-Dicarbonyl compounds like methylglyoxal (MGO) and glyoxal are important intermediates
in the Maillard reaction. Of these, MGO has the highest reactivity. In the past, we have studied
the effect of MGO on the digestibility of glutenin and its mechanism. Herein, the current project
aimed to determine the effect of MGO on the allergenicity of glutenin based on the BALB/c mouse
model pre-sensitized to native glutenin, heated glutenin, and MGO-glutenin in order. The changes of
structure and digestibility of glutenin and gut microflora in mice were analyzed to elucidate the detailed
mechanism by which the potential for allergic reaction is reduced as a result of MGO decoration.

2. Materials and Methods

2.1. Materials

Wheat was purchased from the local commercial market, and the variety was Jimai 22. The water
used in this study was manufactured by Milli-Q Ultrapure Water Systems (Shanghai, China).
Pepsin from porcine gastric mucosa (>2500 U/mg), trypsin from porcine pancreas (1655 U/mg),
and chymotrypsin (>40 U/mg) were purchased from Sigma-Aldrich Chemical Corporation. Unless
otherwise specified, all used chemicals were higher than analytical grade. Unless otherwise stated, all
chemicals were obtained from Sigma-Aldrich (Shanghai, China).

2.2. Protein Sample Preparation

The glutenin used in the experiment was prepared according to the method in our previous
paper [12]. Briefly, n-hexane (1:20, n-hexane: gluten; w/v) was added to gluten and then stirred for 1 h
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to remove fat, followed by placing the gluten suspension in a fuming cupboard overnight to remove
the n-hexane. A 0.4 mol/L NaCl solution (1:20, NaCl: gluten; w/v) was added to the gluten, followed
by stirring again for 1 h. The suspension was then centrifuged to collect the precipitate. Ultrapure
water (1:20, w/v) was added to the precipitate and then stirred for 1 h to remove NaCl, followed by
centrifugation to collect precipitate. The precipitate was again dissolved in 70% alcohol (1:40, w/v)
and centrifuged at 10,000× g for 20 min to remove the prolamin. Each extraction step was repeated
three times.

2.3. MGO-Glutenin Preparation

A given mass of glutenin powder was placed in a mortar and fully ground. After grinding to
an ultrafine powder, glutenin powder was added to ultrapure water (the mass ratio of glutenin to
water was 1:1), which was then homogenized at 10,000 rpm using a high-speed blender (Ika T18 Basic,
Staufen, Germany) for several rounds until the glutenin powder was stably suspended in the ultrapure
water. In order to make the MGO and glutenin fully react, the mass ratio of MGO and glutenin was
selected to be 1:8 (slightly higher than that of MGO and glutenin in actual food). MGO was added to
the suspension to provide a mass ratio of glutenin to MGO of 1:8. The suspension was then heated to
100 ◦C for 15 min to simulate heat processing. The glutenin was mixed with water and underwent
the same protocol as MGO-glutenin and served as a control (heated glutenin). Samples were then
freeze-dried after ultrafiltration to obtain MGOglutenin.

2.4. Structural Characterization of Glutenin

The secondary structure of glutenin and its related reaction products was determined by Fourier
transform infrared spectroscopy (FT-IR). A scanning band of 4000–400 cm−1 was then used for FT-IR
spectroscopy using 32 scanning frames. The corresponding resolution of the spectra was 4 cm−1 [13].
The disulfide bond (SS) contents of glutenin were determined using a previously described method [14].
The surface hydrophobicity index (H0) of glutenin and its corresponding reaction product was
determined by the method published in a former study [15]. The extent of proteolytic hydrolysis (DH%)
was determined using methods previously described by Wenjun Wen et al. [16]. All measurements
were performed in triplicate.

2.5. Determination of Digestibility

In this study, digestibility was determined according to the method in our previous paper [12].
Simulated gastric and intestinal fluids were prepared based on US Pharmacopoeia formulae.
The enzyme used in the gastric digestion phase was pepsin (182 U/mg proteins), and the small
intestinal digestion phase included trypsin (40 U/mg proteins) and chymotrypsin (0.5 U/mg proteins).
The extent of proteolytic hydrolysis (DH) was calculated using the following equation:

DH(%) =
hs

htotal
× 100% (1)

where hs is the concentration (mmol) of free amine groups per gram of protein in the sample and htotal
is the concentration (mmol) of free amino groups per gram of protein, assuming complete hydrolysis
of the protein (8.83 mmol/g protein). All measurements were made in triplicate.

2.6. Mice

Female BALB/c mice aged 6 to 8 weeks were purchased from SiBeiFu Experimental Animal
Breeding Co. Ltd. (Beijing, China). All mice used in this study were treated according to the guidelines
for the care and use of Laboratory Animals published by the US National Institutes of Health, and all
experimental procedures were approved by the Animal Care Review Committee of Tianjin University
of Science and Technology. Animals were housed in an air-conditioned room (23 ± 2 ◦C) with a
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12 h light/12 h dark cycle. All mice were allowed free access to food and purified water. All animal
experiments began one week after feeding.

2.7. Experimental Design

The mice were divided into four groups: three groups of mice sensitized to either native glutenin,
heated glutenin, or MGO-glutenin in addition to unsensitized (control group). Mice (n = 8) were
intraperitoneally sensitized with 10 μg of glutenin mixed on aluminum hydroxide (Sigma-Aldrich,
Saint Quentin Fallavier, France) on days 0, 7, 14, 21, and 28. Then, mice were intragastrically
administered with 20 mg of glutenin on day 35 [17,18]. The schematic diagram of the experimental
design for glutenin-sensitizing of mice is shown in Figure S1.

2.8. Allergy Evaluation

First, anaphylaxis symptoms were scored by visually monitoring mice for 1 h after challenge.
Anaphylactic symptoms were rated as 0 = no symptoms; 1 = hair up, scratching head and ear;
2 = reduced activity; 3 = swelling around the eyes and mouth; 4 = loss of consciousness, no activity
upon prodding; and 5 = convulsion, death.

Blood was then taken from the retro-orbital plexus on day 36 (24 h after intragastric stimulation)
and then centrifuged at 3000× g for 20 min at 4 ◦C. The serum was then stored at −80 ◦C until
use. Levels of serum total IgE, histamine, mast cell tryptase (MCT), and serum mouse mast cell
protease 1 (mMCP-1) were measured using a commercial ELISA kit according to the manufacturer’s
recommendations (NanJingJianCheng Co. Ltd., Nanjing, China).

2.9. Cell Separation

GALT was prepared according to the method of Resendiz-Albor A. et al. [19]. The mice were
sacrificed by dislocation of cervical vertebra. All small intestines were taken and soaked in pre-cooled
D-Hank’s solution, the mesentery was carefully removed, and Peyer’s patches were then carefully cut
out and collected. The intestine was repeatedly washed with D-Hank’s solution containing 5% fetal calf
serum, and the washed small intestine was cut along the longitudinal axis, placed in a centrifuge tube
containing EDTA–DTT (Ethylene Diamine Tetraacetic Acid-dithiothreitol) digest, and then oscillated
for 40 min at 180 r/min at 37 ◦C. The cell suspension was passed through a mesh filter and then collected
by centrifugation. The cells were resuspended in 5 mL of 40% Percoll solution, then carefully added
to 4 mL of 70% Percoll solution and centrifuged at 1000 r/min for 30 min. The cells collected at the
interface were intestinal intraepithelial lymphocytes (IELs). The mesentery and the collected Peyer’s
patches (PPs) were ground, filtered with mesh filter, and centrifuged. The cells were resuspended
in 5 mL of 40% Percoll solution, carefully added to 4 mL of 70% Percoll solution, and centrifuged at
1000 r/min for 30 min, and the cells at the interface were collected to obtain mesenteric lymph nodes
(MLNs) and PPs. Spleens was collected upon sacrifice under sterile conditions. Single-cell suspensions
were prepared from spleen by pressing through a cell strainer using a piston, and the collected cells
were washed with PBS. To isolate splenocytes, red blood cells were removed by treatment with RBC
lysis buffer (Beyotime, Jiangsu, China). The lymphocytes and splenocytes were then used as material
for further cytokine assays.

2.10. Detection of Cytokines by ELISA

Suspensions of GALT cells (5 × 106 cells/well) were prepared in RPMI-1640 medium containing
100μg mL−1 of either glutenin, heated glutenin, or MGO-glutenin and incubated at 37 ◦C. The RPMI-1640
medium contained 1% penicillin–streptomycin, 10% fetal bovine serum, 25 mM Hepes buffer,
and 5 × 105 M 2-mercaptoethanol. After 24 h, the supernatants of the cultures from each mouse
were collected and pooled. Cytokines (IFN-γ, IL-4, IL-10, and TGF-β) in the culture supernatants were
determined by commercial ELISA kits (NanJingJianCheng Co. Ltd., Nanjing, China) following the
manufacturer’s recommendations.
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2.11. High-Throughput Sequencing and Bioinformatic Analysis

Isolated fecal DNA was treated as previously reported. Sequencing of 16S rRNA gene amplicons
was performed on the Illumina MiSeq platform (Nuohe Zhiyuan Bio-informatics Technology Co. Ltd.,
Tianjin, China), according to a previous report, to determine sequences of primers targeting the V4
hypervariable region of the bacterial 16S rRNA genes. Bioinformatic analysis of sequencing data was
conducted using the Quantitative Insights Into Microbial Ecology (QIIME) software. Briefly, raw data
from all samples were filtered and spliced to obtain high-quality clean reads. Taxonomic ranks were
assigned to OTU (operational taxonomic unit) representative sequences using Ribosomal Database
Project (RDP) Classifier v 2.2. Finally, an OTU table and a phylogenetic tree were produced according
to diversity (within sample) and β diversity (between samples) analysis.

2.12. Statistical Analysis

Data are presented as mean ± standard deviation (SD) or standard error of mean (SEM) and were
analyzed using the SPSS 19.0 software (International Business Machines Corporation, New York, NY,
USA). Data were tested by Student’s t-test. Differences were considered significant when p < 0.05.

3. Results

3.1. MGO Induced Conformational Changes of Glutenin

To investigate whether MGO modification resulted in changes to the secondary and spatial
structure of glutenin, native glutenin, and its related reaction products were analyzed using FT-IR,
and the secondary structure was determined using OMICN software based on Fourier transform
infrared spectroscopy results. The results show that the unwinding of the α-helix is accompanied
by a parallel interaction with the β-sheet, indicating direct transformation of glutenin into a regular
structure induced by MGO decoration (Figure 1A). The heat treatment of glutenin without MGO
resulted in decreased α-helix structure. In addition, the significant difference in the structural changes
of heated glutenin and MGO-glutenin compared with native glutenin was demonstrated by SS and H0

analysis, with the heated glutenin showing significantly higher SS content and lower H0 (Figure 1C,E).
The digestibility of MGO-glutenin was characterized by determining its degree of hydrolysis using
the OPA method, and the results show lower DH% of MGO-glutenin compared with heated glutenin
(Figure 1D).

3.2. MGO-Glutenin Induced a Lower Immune Response than Native Glutenin

Our study evaluated the allergic responses induced by native glutenin, heated glutenin,
and MGO-glutenin in a mouse model (Figures 2 and 3). Hypersensitivity symptoms were indicated by
scoring from 0 to 5 within 1–1.5 h after each challenge of the mice. All mice in the control group exhibited
no hypersensitivity symptoms. Heated glutenin elicited significant hypersensitivity with symptoms of
systemic anaphylaxis while mice sensitization with MGO-glutenin showed a lower hypersensitivity
reaction (all scores ≤ 1), and three out of 10 were negatively symptomatic. The anaphylactic response
score for MGO-glutenin group were relatively discrete. This is because the individual difference
is great under this experimental condition, and some mice are more sensitive to MGO-glutenin.
Although MGO decoration of glutenin alleviated the resulted allergic reaction, some mice showed
reduced activity after the MGO-glutenin challenge, leading to slightly higher allergy scores. (Figure 2).
The levels of total IgE and histamine in the serum of MGO-glutenin-stimulated mice were significantly
lower than those of the glutenin group (Figure 3A,B). Since the high levels of total IgE and histamine
represent a typical allergic response, these results indicate that the sensitivity to MGO-glutenin, in
comparison with glutenin, was significantly decreased. The MCT content in mice serum in response to
MGO-glutenin was significantly lower than that of the glutenin group, but higher compared with the
control group (Figure 3C). No significant difference in the levels of mMCP-1 was observed between
the glutenin group and MGO-glutenin group (Figure 3D). The ability of glutenin to induce mast cell
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degranulation by binding to a specific IgE was significantly reduced by MGO modification but not
completely abolished.

 

Figure 1. Methylglyoxal (MGO) changes the structure of glutenin. (A) Secondary structure changes.
Significant differences among α-helix, β-sheet, β-turn, and random coil were indicated as * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. (B) Correlation analysis between structural changes and
sensitivity of glutenin. (C) Disulfide bond (SS) levels of glutenin and its corresponding reaction
products. (D) Proteolytic hydrolysis (DH%) levels of glutenin and its corresponding reaction products.
(E) H0 levels of glutenin and its corresponding reaction products. Glu, H.Glu, and M.Glu represent
native glutenin, heated glutenin, and MGO-glutenin, respectively.
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Figure 2. Hypersensitivity symptom scores of mice. Mice sensitization with MGO-glutenin showed
a low hypersensitivity reaction (all scores ≤ 1). BALB/c mice were treated with normal saline (control
group), glutenin, heated glutenin, and heated MGO-glutenin. Ctrl represents the control group and
Glu, H.Glu, and M.Glu represent native glutenin, heated glutenin, and MGO-glutenin, respectively.
The triangle represents the control group, the square represents native glutenin, the upward triangle
represents heated glutenin, and the downward triangle represents MGO-glutenin.

 
Figure 3. MGO-glutenin induced a lower immune response than glutenin. Ctrl represents the control
group and Glu, H.Glu, and M.Glu represent native glutenin, heated glutenin, and MGO-glutenin,
respectively. The bars indicate the serum levels of total IgE (A), His (B), MCT (C), and mMCP-1 (D).
Data are presented as mean ± SEM. Significant differences of Glu versus H.Glu and M.Glu groups are
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. MGO-Glutenin Regulated Mouse Immune Response by Inducing Treg Differentiation

To further depict the mechanisms of allergy, the level of cytokines secreted by immune cells
was determined based on the supernatants of spleen, thymus, and Peyer’s patch cells. After specific
activation by glutenin, the secretion of INF-γ into the cell supernatants of spleen and GALT from
glutenin-treated mice was reduced compared with control mice. However, after specific activation of
MGO-glutenin, the secretion of IFN-γ in the cell supernatants of GALT from MGO-glutenin-treated

119



Nutrients 2020, 12, 2844

mice increased compared with that of glutenin-treated mice (Figure 4A). No such difference was
observed in the cell supernatant of spleen and GALT except for MLN cells in heated-glutenin-treated
mice. Th2 polarization was indicated by IL-4 secretion, which was found to be increased in the in
spleen and GALT of glutenin-treated mice compared to control. IL-4 secretion in spleen and GALT was
decreased in heated-glutenin-treated and MGO-glutenin-treated compared with glutenin-treated mice
(Figure 4B). As an indicator of Treg activation, the levels of IL-10 and TGF-β in the cell supernatant of
spleen and gut-associated tissues were determined. Low levels of TGF-β and IL-10 were found in the
cell supernatants of spleen and GALT from the glutenin group, whereas high levels of both cytokines
were quantified in the control group. In addition, secretion of TGF-β but not IL-10 was increased in the
spleen and GALT from heated-glutenin-treated mice compared to glutenin mice. Stimulated secretion
of IL-10 was also observed in GALT from heated-glutenin-treated mice, but no significant difference
was observed in spleen (Figure 4C,D).

Figure 4. MGO-glutenin regulated mouse immune response by inducing Treg differentiation.
The production of IFN-γ (A), IL-4 (B), IL-10 (C), and TGF-β (D) cytokines measured by ELISA
in the supernatant from lymphoid cells. Ctrl represents the control group and Glu, H.Glu, and M.Glu
represent native glutenin, heated glutenin, and MGO-glutenin, respectively. Significant differences of
Glu versus H.Glu and M.Glu group are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001. IEL: intestinal
intraepithelial lymphocytes, PPs:, MLN: mesenteric lymph nodes.

3.4. MGO-Glutenin but Not Glutenin Contributes to the Maintenance of the Beneficial Gut Microflora

The composition of gut microflora was determined by analyzing the abundance of bacteria in
feces using 16S genome sequencing to explore the influence of MGO-glutenin on gut microflora. Alpha
diversity was used to describe the variation of microbiologic species diversity in the experimental
groups. As shown in Figure 5A, the results of ecological indicators showed that the gut microflora
richness of glutenin, heated-glutenin, and MGO-glutenin treated mice all increased compared with
the control group. Principal coordinate analysis (PCoA) was used to examine the changes in fecal
microbiota across groups (Figure 5B). Compared with the glutenin group, a similar PCoA distance
between the MGO-glutenin group and control group was observed. To more precisely determine
the effect of glutenin and MGO-glutenin on the distribution disparity in gut microflora composition,
LEfSe (LDA effect size) analysis was performed to visualize gut microflora abundance at various
taxonomic levels. Fifteen taxa with significant differences were verified in four groups (Figure 5C),
among which only four taxa with significant differences were observed at the genus level. At the family
level, Bacteroidaceae abundance is a significant distinguishing feature of MGO-glutenin challenge, and
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this is also reflected at the genus level. Another discriminative feature of MGO-glutenin-stimulated
mice are Bacteroides acidifaciens profiles. In the glutenin group, distinguishing bacteria at the phylum,
class, family, and order levels belong to Firmicutes, Clostridia, Ruminococcaceae, and Clostridiales,
respectively. In the glutenin group, significant discriminative genera include bacterium_str_77003,
proteobacterium UMB8H, and Actinobacillus. Thus, proteobacterium UMB8H and Actinobacillus may be
closely related to the development of glutenin-related food allergy.

 

Figure 5. MGO regulates immune response by regulating the microbial composition of mice feces. Ctrl
represents the control group and Glu, H.Glu, and M.Glu represent native glutenin, heated glutenin,
and MGO-glutenin, respectively. Genomic DNA was extracted from the fecal samples taken from mice
just before sacrifice. (A) Microbiota diversity of each group. (B) Principal coordinate analysis (PCoA)
of each group. (C) LEfSe analysis microbiota diversity of each group. ** p < 0.01.

4. Discussion

Protein glycation based on Maillard reaction may lead to structural changes of allergens, thus
changing the allergenicity. However, the role of glycation of allergens in regulating immunological
properties remains unclear. In this study, the BALB/c mouse model was used to study the effect of
MGO decoration of glutenin on its allergic reaction during heat processing. The mechanism of glutenin
allergic reaction changes was elucidated by analyzing the structural and digestive changes and the
characteristics of gut microflora in mice.

The effect of food processing methods on the allergenicity of allergens is usually dependent on
induced structural variations and epitope redistribution as well as alterations to intrinsic biophysical and
chemical properties. Moreover, food allergens have the potential to interact with other food matrixes
and subsequently play an important role in allergenic regulation [6]. Analysis of the correlation between
glycosylation and allergenicity variation indicated an uncertain effect of either increased or decreased
allergenicity induced by Maillard reaction during food processing [20]. Nevertheless, reducing the

121



Nutrients 2020, 12, 2844

allergenicity of food allergens using glycosylation or the Maillard reaction is a promising strategy that
has been studied in related research to determine the correlation between the secondary structure of
proteins and the resulting allergic reactions [21]. Furthermore, the loosing of conformational structure
during the process of Maillard reaction would increase the possibility to form polymerization and
aggregation [22]. Han et al. reported on the hypoallergenic products of the Maillard reaction in which
the underlying mechanism of altered allergenicity was induced structural changes [23]. The commonly
employed heat-processing strategy of wheat could affect epitope accessibility through induction of
aggregation and may irreversibly destroy conformational epitopes. MGO mainly modifies the side
chains of Lysine, arginine, histidine, cysteine, tryptophan, and methionine in proteins during heat
processing. The allergen epitopes containing these amino acid residues in glutenin might be destroyed
and their sensitivity reduced. The identification of the effect of MGO on the epitope of glutenin allergens
is of great significance to our experiment. Unfortunately, due to the complex structure of glutenin, it is
difficult to identify the change of its epitope in our experiment. FT-IR was used to analyze the secondary
structure, and it was found that unwinding of the α-helix in MGO-glutenin may contribute to the
decreased allergenicity compared with glutenin. In addition, the increased level of disulfide bonds
and reduced surface hydrophobicity could be observed in MGO-glutenin compared with glutenin and
heated glutenin. The reduction of hydrophobicity was likely due to the induction of intermolecular
crosslinks by MGO that led to the burying of hydrophobic groups within glutenin. It is well known that
heating above 55 ◦C can promote the glutenin disulfide bond/sulfhydryl exchange reaction, thereby
promoting the formation of new disulfide bonds [1]. Therefore, the supramolecular structure formed
by polymerization and aggregation may appear during the heating process of glutenin [24]. As shown
in the Figure S2, the solubility of heated glutenin decreased slightly and the heated MGO-glutenin
increased significantly. Martin et al. have shown that disulfide bond production during heat treatment
drives the insolubilize of glutenin [25]. High molecular weight glutenin subunits are related to the
solubility of glutenin [26]. Early studies proved that fatty acids may bind to cysteine or lysine residues
in high molecular weight glutenin subunit, thereby destroying the glutenin structure and changing the
solubility of subunits [27–29]. In this study, MGO may also destroy the lysine and arginine residues of
glutenin, thereby reducing its solubility. However, other factors such as oxidation reaction are not
excluded. In general, it is meaningful to further study the mechanism of the solubilization of glutenin
by MGO. As a result, a general conclusion could be proposed that MGO alters the structure of glutenin
and leads to aggregation. Toheder Rahaman et al. showed that heating to 100 ◦C induced gliadin
aggregation that resulted in decreased digestibility and less availability of antigenic components and
therefore minimum antigenicity. This study is similar to our results. Therefore, we speculate that the
polymerization and aggregation of glutenin results in the decrease of its digestibility and the decrease
of antigen utilization, thus leading to the decrease of antigenicity [30]. In addition, the formation of
aggregates may destroy or mask allergen epitopes, thereby preventing IgE binding and cross-linking
and subsequent mediator release, which ultimately leads to reduced allergenicity.

It is generally believed that there is a close relationship between protein digestibility and
sensitization. In order to trigger an allergic immune response, food proteins (or peptides) must be
retained in the gastrointestinal tract to allow sufficient time to induce sensitization. From this point
of view, the sensitivity of food proteins to intestinal digestion seems to be an important factor for
determining their allergenicity [31]. As shown in Figure 1C, the digestibility of MGO-glutenin was
significantly lower than that of glutenin. This is because glycosylated lysine and arginine residues are
less susceptible to pepsin/trypsin proteolysis by masking the sites of cleavage. Research shows MGO
decoration of protein leads to the destruction of amino acid residues with affinity side chains (such as
lysine, arginine, cysteine, and histidine), resulting in reducing its digestibility [32]. It is generally
accepted that the resistance of protein to gastrointestinal digestion is an indicator of potential allergic
reactions. For instance, comparison of digested and non-digested β-lactoglobulin (β-Lg) in rat models
found that non-digested β-Lg induced more IgE and more severe allergic reactions, directly linking
β-Lg digestion to allergenicity [33]. In general, high levels of glycosylation will reduce the digestibility
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of the protein, resulting in increased IgE reactivity of the hydrolysate. However, it has also been
demonstrated that aggregate formation leads to increased resistance to protein digestion and reduced
sensitization [34]. As in current research, MGO modification resulted in reduced glutenin digestibility
and sensitization. This is most probably because the poor absorption of digestive products and the
delay in their sensitivity to the immune system lead to a weakened immune response in the mouse
model [34].

Next, we studied the effect of MGO modified glutenin on allergic reactions. It will be more
meaningful if the serum pool of human allergic to glutenin can be used in the experiment to study
the sensitization of glutenin by MGO modification. Taking into account the ethical issues and the
convenience of the experiment, we use mice model for this study. The experimental design in this
study can also support our conclusions. As concluded, our study shows that MGO decoration of
glutenin results in reduced sensitization toward glutenin as demonstrated using a mouse model.
First, MGO-glutenin-sensitized mice were observed with relatively minor hypersensitive symptoms
and a lower level of total IgE compared with glutenin-sensitized and control mice. The consistent
variation in allergic symptom score and IgE levels reflects the difference in the degree of sensitization
for MGO-glutenin. The degranulation of mast cells occurs during the effector phase of the food allergy,
which can reflect the ability of antigens to stimulate allergic reactions. In the case of the re-interaction
with the antigen, mast cells degranulate and release effectors such as histamine directly related to
the pathological clinical symptoms of food allergy [35]. In this study, it was also observed that the
level of histamine in glutenin-sensitized mice was elevated compared with control mice, was restored
in MGO-glutenin allergic mice. This result further suggests the lower immune response induced by
MGO-glutenin. The development of allergic reactions is accompanied by the release of trypsin by mast
cells. The increased activity of mast cell trypsin in mice is due to the release of mast cell trypsin in
secretory granules following the activation of mast cells. Mast cell trypsin can destroy the integrity
of the relevant tissue membrane, promoting tissue remodeling and the progression of inflammation
as induced allergic symptoms. Therefore, MCT is a more selective marker of mast cell-mediated
inflammatory response [36]. However, a low level of MCT was observed in MGO-glutenin-sensitized
mice, which suggested the reduced sensitization potential resulting from MGO decoration in BALB/c
mice. No significant difference in mMCP-1 contents was observed between the glutenin group and
MGO-glutenin group. As one of the bioactive substances released after mast cell degranulation,
mMCP-1 can be used as the indicator of this process [37]. Though no significant difference in mMCP-1
levels was verified between the glutenin group and MGO-glutenin group to reflect the difference of
the effect stage after activation, mMCP-1 levels in the MGO-glutenin group still showed a downward
trend compared with the glutenin group. In general, glycosylation of food allergens may alter their
immunological behavior.

Correlation analysis was performed to unveil the relationship between structure change and
sensitization of glutenin. As shown in Figure 1B, α-helix structure and H0 are positively correlated
with IgE and MCT, while β-sheet formation is negatively correlated with mMCP-1. The change in
in protein secondary structure caused by glycation is an effective strategy to mask epitopes related
to the allergenicity of food allergens. Several studies have demonstrated the suppressed allergic
response resulting from the alteration of secondary structure [38,39]. Gupta R.K. et al. demonstrated
that reduced α-helix structure induced by glycation may shield the epitopes of protein and lead to
a reduction in allergenicity compared to native chickpea albumin [8], which is consistent with the
results of this study. Otherwise, changes in disulfide bonds are also an important factor related
to the epitope variation. Mameri, H. et al. demonstrated that the binding ability of gliadin to IgE
was reduced due to disulfide bond changes under heating conditions [40]. Similarly, in this study,
the presence of disulfide bonds was negatively correlated with MCT, mMCP-1, and His levels. We have
recently demonstrated that glutenin can form aggregates through hydrophobic interactions as a result
of MGO modification [12]. The formation of aggregates may prevent binding between antigen and
antibody epitopes. Moreover, cross-linking of proteins seems to reduce epithelial uptake, which

123



Nutrients 2020, 12, 2844

has been demonstrated using crossed-linked β-Lg [39]. In addition, the larger agglomerates can be
further metabolized by intestinal microbes, resulting in the formation of new bioactive compounds
with the function of modulating the gut microflora composition [41]. Epitope modification induced
by the Maillard reaction may affect the allergenicity of wheat protein. Lysine, arginine, histidine,
cysteine, tryptophan, and methionine may be involved in the Maillard reaction between MGO and
glutenin [42], which facilitates the conclusion that glutenin epitopes containing the above amino acids
might be destroyed to reduce their affinity for IgE binding, resulting in reduced sensitization toward
glutenin. The above results indicate that MGO can alter the secondary and tertiary structures of
glutenin under heating conditions, thereby affecting epitope accessibility by inducing aggregation
and resulting in irreversible conformational epitope destruction. It seems to be of special relevance
to consider that impaired enzymatic protein digestion is associated with enhanced allergenicity of
food proteins. The reason is that reduced digestive capacity results in larger protein fragments that
are recognized by the cells of the immune system [43]. However, in this study, DH% is positively
correlated with IgE. This may be because of the poor absorption of digestive products and a delay in
their sensitivity to the immune system. In addition, longer peptides could alter the composition of
the microbiome [44]. In other words, the gut microflora could degrade MGO-glutenin and produce
hypoallergenic glutenin peptides.

The interaction between GALT cells and non-immune cells is important for the maintenance of
immune tolerance. A previous study has shown that oral tolerance to ovalbumin cannot be induced
in PP-deficient mice, which suggests the essential role of PPs in the mucosal immune response [45].
There is clear evidence that MLNs play a key role in inducing mucosal immunity or tolerance. Within
hours of the protein entering the intestine, antigen recognition occurred in MLNs, and natural T-cell
activation and division took place primarily in MLNs. Previous studies have shown that Tregs can
reduce the occurrence of allergies against food allergens, and Treg induction may be the basis for
the protective effect of certain dietary interventions in the food allergy model [46]. Transforming
growth factor-β (TGF-β) and IL-10 are Treg-related cytokines that are essential for maintaining immune
tolerance and reducing allergic reactions [47]. MGO-glutenin leads to increased TGF-β and IL-10,
which suggests that MGO-glutenin may induce Treg differentiation. In addition, there is increasing
evidence that oral tolerance is mediated through immunosuppressive activation in the gut. The main
cells involved in this process are Tregs, which are derived from T-cells after exposure to allergens in the
presence of TGF-β [48]. IFN-γ and IL-4 are cytokines released by Th1 and Th2 cells, respectively. Under
normal conditions, Th1/Th2 cells are in a relatively balanced state in mice. When dysfunctions such as
allergic reactions occur, the balance shifts to Th2 cells, leading to a range of symptoms, including ear
swelling, IgE increase, and mast cell threshing [45]. The increased IL-4 levels and the decreased IFN-γ
levels in the supernatant of all cells in the MGO-glutenin group indicate that MGO-glutenin inhibited
allergic reactions by inhibiting Th2 cell differentiation. These effects coincide with the lower production
of Th2-related cytokines, which might dampen Th2 response. This means that MGO-glutenin inhibits
Th2 cell differentiation and participates in the induction of beneficial effects by inducing regulatory
T-cells and has a profound effect on tolerance maintenance.

The changes of gut microflora in mice were studied by 16S sequencing, which could only reflect the
relative changes of flora abundance. To study the effect of MGO-glutenin on the composition of the gut
microflora, we used PCoA to compare the glutenin group, heated-glutenin group, and MGO-glutenin
group. The PCoA showed marked difference in gut microflora between the glutenin group and
MGO-glutenin group. Thus, it was suggested that MGO-glutenin had a significant effect on the
intestinal microbes in mice. LEfSe analysis was used to detect the key taxa that differ between the
four groups, so as to compare the relative contributions of the discrepant taxa. A total of 15 taxa
of different levels were identified to have significant abundance differences across the four groups.
In our study, the most significant difference between the MGO-glutenin and other groups in terms
of gut microflora composition was associated with the phylum Bacteroidetes, especially for the
family Bacteroidaceae and the genus Bacteroides, whose presence is an important characteristic of the
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MGO-glutenin group. Bacteroides has been identified to be conducive to promoting the development
of Treg, and to promote tolerance to dietary antigens by inducing the expression of transcription
factor RORgt in nascent Treg cells through the upstream myd88-dependent mechanism. Our results
provide some interesting insights into the relationship between changes of gut microflora caused by
protein glycation and immune response regulation. In future, we plan to conduct studies to verify
that Bacteroides, which is characteristic of the MGO-glutenin group, participates in immune regulation.
Bacteroidetes are thought to be involved in metabolic transformation, usually associated with protein
degradation, which is essential for the host. Unlike other allergen proteins, gluten is rich in proline
and glutamine residues, which are exceptionally resistant to enzyme degradation in mammalian
digestive tracts [49]. This incomplete digestion facilitates the production of longer oligopeptides for
the interaction with antigen-presenting cells, which can activate the T-cell response associated with
wheat protein allergy [50]. Bacteroidetes can metabolize the digested glutenin into small molecules
without associated immunogenicity. Recent studies have shown that symbiotic microorganisms that
colonize the intestinal tract have a strong regulatory effect on Th2 immune responses [51]. An obvious
example was the observation that in the absence of microorganisms, mice that had not been treated
with antibiotics were susceptible to allergy and had elevated levels of IL-4, basophils, and serum IgE,
thereby enhancing the Th2 immune response, which suggested that microorganisms are important
players for the modulation of Th2 immune response [52]. The potential pathway may depend on the
mediation of gut microbes to regulate the differentiation of induced Tregs, thereby suppressing the Th2
immune response. Ohnmacht’s research showed that the gut microbes stimulated the expression of
RORγt in Tregs and inhibited the Th2 cells, so as to avoid the formation of IL-4 and IgE. This suggested
that in the MGO-glutenin group, Bacteroidetes, promote the differentiation of Tregs, which may
function in suppressing the Th2 response. Considering the effects of Tregs and Th2 cells on allergic
diseases, mucosal immunity, and intestinal flora regulation, a correlation could be established between
the immune response and the gut microflora through the determined increased level of Tregs and
decreased Th2 cells in the MGO-glutenin group, with further evidence that Bacteroidetes alleviated the
immune response in the MGO-glutenin group. Similar to our results, Caminero A. et al. reported a
reduction in specific bacterial populations such as Lactobacilli and Bacteroides that metabolize gluten in
celiac disease patients [53]. The most significant differences between the glutenin group and other
groups at phylum, family, and genus level were the phylum Bacteroidetes, the family Ruminococcaceae,
and the genus Actinobacillus. Ruminococcaceae is positively correlated with inflammation-related
diseases [54]. In this study, Actinobacillus was the only genus of the biological marker in the glutenin
group, which has not been previously reported. Therefore, the relative abundance of Actinobacillus
may be closely related to the development of glutenin-related food allergy. Pearson correlation
analysis showed that the abundance of actinomycetes was positively correlated with Th2 cytokines and
negatively correlated with Th1 cytokines, which indicates that actinomycetes may be involved in the
promoted Th2 cell differentiation, but the detailed mechanism remains to be elucidated. The current
research demonstrates the reduced immune response of MGO-glutenin compared with glutenin, which
mainly depends on the protective effect of Bacteroides in promoting Treg differentiation and inhibiting
Th2 differentiation.

In summary, our study proved the previous hypothesis that MGO decoration of glutenin would
alleviate allergic reactions in mice. MGO decoration may contribute to the aggregation of glutenin
caused by conformational changes in the secondary and tertiary structures, which has the potential to
mask or even destroy surface epitopes and mitigate sensitization. In addition, MGO-glutenin alters
the composition of gut microflora. Bacteroides, which may be a marker microorganism in the feces
of MGO-glutenin-sensitized mice, functions in inducing the polarization of Tregs to facilitate the
stimulation of immune tolerance and inhibition of the Th2 immune response as part of a general effect
that dampens the immune response.
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5. Conclusions

This study is the first to investigate the effect of MGO decoration of glutenin on the resulting allergic
reaction in mice during heat processing. The current research results show that MGO decoration
of glutenin could alleviate the resulting allergic reaction in mice. This remission is achieved by
changing the structure and digestibility of glutenin and the intestinal flora of mice. This study
provides a theoretical basis for alleviating glutenin allergic reactions through processing. However,
the mechanism by which Bacteroides challenged mice with MGO-gluten induces Treg cell polarization
and suppresses Th2 immune response needs to be further elucidated.
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41. Teodorowicz, M.; Świątecka, D.; Savelkoul, H.; Wichers, H.; Kostyra, E. Hydrolysates of glycated and
heat-treated peanut 7S globulin (Ara h 1) modulate human gut microbial proliferation, survival and adhesion.
J. Appl. Microbiol. 2013, 116, 424–434. [CrossRef] [PubMed]

42. Matsuo, H.; Yokooji, T.; Taogoshi, T. Common food allergens and their IgE-binding epitopes. Allergol. Int.
2015, 64, 332–343. [CrossRef] [PubMed]

43. Pali-Schöll, I.; Untersmayr, E.; Klems, M.; Jensen-Jarolim, E. The Effect of Digestion and Digestibility on
Allergenicity of Food. Nutrients 2018, 10, 1129. [CrossRef]

44. Diesner, S.C.; Bergmayr, C.; Pfitzner, B.; Assmann, V.; Krishnamurthy, D.; Starkl, P.; Endesfelder, D.;
Rothballer, M.; Welzl, G.; Rattei, T.; et al. A distinct microbiota composition is associated with protection from
food allergy in an oral mouse immunization model. Clin. Immunol. 2016, 173, 10–18. [CrossRef] [PubMed]

45. Castan, L.; Villemin, C.; Claude, M.; Aubert, P.; Durand, T.; Neunlist, M.; Brossard, C.; Magnan, A.;
Bodinier, M.; Bouchaud, G. Acid-Hydrolyzed Gliadins Worsen Food Allergies through Early Sensitization.
Mol. Nutr. Food Res. 2018, 62, 1800159. [CrossRef]

46. Bouchaud, G.; Castan, L.; Chesné, J.; Braza, F.; Aubert, P.; Neunlist, M.; Magnan, A.; Bodinier, M. Maternal
exposure to GOS/inulin mixture prevents food allergies and promotes tolerance in offspring in mice. Allergy
2015, 71, 68–76. [CrossRef]

47. Huang, C.-H.; Liu, D.-Z.; Jan, T.-R. Diosgenin, a Plant-Derived Sapogenin, Enhances Regulatory T-Cell
Immunity in the Intestine of Mice with Food Allergy. J. Nat. Prod. 2010, 73, 1033–1037. [CrossRef]

48. Smith, K.M.; Davidson, J.M.; Garside, P. T-cell activation occurs simultaneously in local and peripheral
lymphoid tissue following oral administration of a range of doses of immunogenic or tolerogenic antigen
although tolerized T cells display a defect in cell division. Immunology 2002, 106, 144–158. [CrossRef]

49. Shan, L.; Molberg, Ø.; Parrot, I.; Hausch, F.; Filiz, F.; Gray, G.M.; Sollid, L.M.; Khosla, C. Structural Basis for
Gluten Intolerance in Celiac Sprue. Science 2002, 297, 2275–2279. [CrossRef]

50. Sollid, L.M.; Jabri, B. Triggers and drivers of autoimmunity: Lessons from coeliac disease. Nat. Rev. Immunol.
2013, 13, 294–302. [CrossRef]

51. Canani, R.B. Gut Microbiota as a Target for food allergy.UT MICROBIOTA AS A TARGET FOR FOOD
ALLERGY. J. Pediatr. Gastroenterol. Nutr. 2016, 63, S48. [CrossRef]

52. O’Brien, J.; Morrissey, P.A.; Ames, J.M. Nutritional and toxicological aspects of the Maillard browning
reaction in foods. Crit. Rev. Food Sci. Nutr. 1989, 28, 211–248. [CrossRef] [PubMed]

128



Nutrients 2020, 12, 2844

53. Caminero, A.; Nistal, E.; Herran, A.R.; Pérez-Andrés, J.; Ferrero, M.A.; Ayala, L.V.; Vivas, S.;
De Morales, J.M.G.R.; Albillos, S.M.; Casqueiro, J. Differences in gluten metabolism among healthy volunteers,
coeliac disease patients and first-degree relatives. Br. J. Nutr. 2015, 114, 1157–1167. [CrossRef]

54. Meehan, C.J.; Beiko, R.G. A Phylogenomic View of Ecological Specialization in the Lachnospiraceae, a Family
of Digestive Tract-Associated Bacteria. Genome Boil. Evol. 2014, 6, 703–713. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

129





nutrients

Review

Brown Seaweed Food Supplementation: Effects on Allergy and
Inflammation and Its Consequences

Simone E. M. Olsthoorn 1,2, Xi Wang 1,3, Berend Tillema 4, Tim Vanmierlo 5,6, Stefan Kraan 7,8,

Pieter J. M. Leenen 2,† and Monique T. Mulder 1,*,†

Citation: Olsthoorn, S.E.M.; Wang,

X.; Tillema, B.; Vanmierlo, T.;

Kraan, S.; Leenen, P.J.M.; Mulder,

M.T. Brown Seaweed Food

Supplementation: Effects on Allergy

and Inflammation and Its

Consequences. Nutrients 2021, 13,

2613. https://doi.org/10.3390/

nu13082613

Academic Editor: Iain A. Brownlee

Received: 1 July 2021

Accepted: 27 July 2021

Published: 29 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Vascular Medicine, Department of Internal Medicine, Erasmus MC, University Medical Center,
3015 GD Rotterdam, The Netherlands; olsthoorn98@gmail.com (S.E.M.O.); wangxihnzyu@gmail.com (X.W.)

2 Department of Immunology, Erasmus MC, University Medical Center, 3015 GD Rotterdam, The Netherlands;
p.leenen@erasmusmc.nl

3 The Basic Medical Laboratory, Hunan University of Chinese Medicine, Changsha 410208, China
4 Seaweed Food Solutions BV, 8444 DC Heerenveen, The Netherlands; tillema@boxnv.nl
5 Neuroimmune Connections & Repair (NIC&R), Biomedical Research Institute (Biomed), Hasselt University,

B-3590 Diepenbeek, Belgium; tim.vanmierlo@uhasselt.be
6 Department of Psychiatry & Neuropsychology, School for Mental Health and Neuroscience, Division

Translational Neuroscience, Maastricht University, 6200 MD Maastricht, The Netherlands
7 R&D Unit, Carnmore, Oranmore, H91 E09X Galway, Ireland; stefan.kraan@theseaweedcompany.com
8 The Seaweed Company Blue Turtle, Co., Ltd., H91 E09X Galway, Ireland
* Correspondence: m.t.mulder@erasmusmc.nl
† These authors contributed equally to this work.

Abstract: Multiple health benefits have been ascribed to brown seaweeds that are used traditionally
as dietary component mostly in Asia. This systematic review summarizes information on the impact
of brown seaweeds or components on inflammation, and inflammation-related pathologies, such
as allergies, diabetes mellitus and obesity. We focus on oral supplementation thus intending the
use of brown seaweeds as food additives. Despite the great diversity of experimental systems in
which distinct species and compounds were tested for their effects on inflammation and immunity,
a remarkably homogeneous picture arises. The predominant effects of consumption of brown
seaweeds or compounds can be classified into three categories: (1) inhibition of reactive oxygen
species, known to be important drivers of inflammation; (2) regulation, i.e., in most cases inhibition
of proinflammatory NF-κB signaling; (3) modulation of adaptive immune responses, in particular
by interfering with T-helper cell polarization. Over the last decades, several inflammation-related
diseases have increased substantially. These include allergies and autoimmune diseases as well as
morbidities associated with lifestyle and aging. In this light, further development of brown seaweeds
and seaweed compounds as functional foods and nutriceuticals might contribute to combat these
challenges.

Keywords: seaweed; allergy; inflammation; oral

1. Introduction

Brown algae are one of three types of algae, i.e., brown algae (Phaeophyta), red algae
(Rhodophyta) and green algae (Chlorophyta) classified based on their color and major
photosynthetic pigments. Brown algae contain chlorophyll a, chlorophyll c and fucoxanthin,
red algae contain chlorophyll a, chlorophyll d and phycoerythrin, while green algae contain
chlorophyll a, chlorophyll b and xanthophylls. Due to the different abiotic and biotic factors
in the marine environment and their distinct evolutionary origin seaweeds are a rich source
of unique compounds of which several have demonstrated health benefits. Bioactive
compounds of interest found in brown seaweed include polysaccharides (e.g., alginate,
fucoidan), proteins (e.g., phycobiliproteins), polyphenols (e.g., phlorotannins), carotenoids
(e.g., fucoxanthin), phytosterols (fucosterol) and n-3 long-chain polyunsaturated fatty acids
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(e.g., eicosapentaenoic acid) [1]. They have been reported to have beneficial effects in
various diseases, including metabolic diseases, diabetes mellitus, cardiovascular disease,
cancer and neurodegenerative diseases.

We structure this review according to the distinct compounds in brown seaweed that
have been applied, and therefore distinguish effects of whole seaweeds or crude extracts (de-
scribed in Section 3), polysaccharides such as fucoidan and alginate (Section 4), compounds
with ring-shaped structures such as phytosterols (e.g., fucosterol) and (poly)phenols (e.g.,
phloroglucinol and phlorotannins) (Section 5) and carotenoids, in particular fucoxanthin,
fucoxanthinol and meroterpenoids (Section 6).

For each of these compounds we discuss the demonstrated effects on different phases
of the inflammatory response (schematically depicted in Figure 1). We describe (i) studies
that investigate the brown seaweed (compound) effects on steady state immune param-
eters that influence subsequent responses to inflammatory challenges. Then, in view of
the focus of this special issue on allergic disease, we separately discuss (ii) studies aimed
at identifying the effects of intake of brown seaweed or -components on allergies and
models thereof. As next steps (iii) and (iv), we distinguish brown seaweed effects on
different phases in other acute inflammatory responses, with their characteristic read-outs
as indicated in Table 1. Briefly, here we distinguish the first, immediate response (iii)
typified by reactive oxygen radical production and release of early mediators such as IL-1,
TNF and arachidonic acid metabolites. Then, we consider (iv) the seaweed effects on the
second inflammation phase characterized by enhanced production of above-mentioned
cytokines as well as secondary cytokines, such as IL-10, chemokines and other mediators,
and infiltration of leukocytes in tissue. Finally, we discuss (v) the effects of seaweed intake
on chronic inflammation, which is mostly low-grade, and their sequels. These include
insulin-, leptin- or glucocorticoid resistance, which are related to the induction of diabetes,
obesity and hampered down-regulation of inflammation, respectively. Furthermore, ma-
lignant transformation may be another consequence of chronic exposure to inflammatory
conditions.

Figure 1. Schematic representation of brown seaweed and it constituents and of the phases in the immune response (Phase
0: steady state, allergy, Phase 1–2: acute inflammatory response and Phase 3: chronic inflammatory response) addressed in
this review.
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Table 1. Phases of the inflammatory response with characteristic features (1).

Phase Description Characteristic Read-Outs

0
steady state homeostatic condition

- growth, organ weight, etc.
- leukocyte numbers and subset composition
- steady state activities, e.g., phagocytosis

1
short-term

initiation of inflammation as
response to triggering by

damage- or infection-related
molecules

- mast cell and basophil degranulation
- neuronal activation (e.g., scratching)
- reactive oxygen species (ROS)
- pro-inflammatory arachidonic acid (AA) metabolites (e.g., PGE2)
- phospholipase (PLA2), cyclo-oxygenase (COX-2/PTGS2) and

lipoxygenase (LOX/ALOX) activity
- early pro-inflammatory cytokines (IL-1, TNF, IL-6 (2))

2
short-term

amplification and regulation
of inflammation;

initiation of adaptive
immunity

- additional pro- and anti-inflammatory cytokines (e.g., IL-12, IL-10,
IL-2)

- soluble forms of cellular R (e.g., sCD25, sCD163)
- chemokines (e.g., CXCL8, CCL2)
- induction of iNOS and nitric oxide (NO) production
- anti-inflammatory AA metabolites (e.g., LXA4)
- endothelial activation
- edema
- leukocyte mobilization and tissue infiltration
- acute phase proteins (e.g., CRP)
- HPA-axis activation (cortisol or corticosterone)
- lymphocyte proliferation
- microbial infection parameters
- clearance and repair in short-term

3
short- or long-term

consequences of severe or
chronic inflammation

- clearance and repair in long-term
- glucose, insulin resistance, diabetes
- adipokines, leptin resistance, obesity
- glucocorticoid resistance, stress, hampered down-regulation of

inflammation
- inflammation-induced malignancy

(1) See Box 1 for a brief introduction on inflammation. (2) In the inflammatory response, IL-6 is produced in a second wave, as it has to be
expressed de novo, while initial TNF and IL-1β release only requires processing (i.e., membrane cut or enzymatic cleavage and secretion,
resp.). Yet, IL-6 is frequently measured together with IL-1β and TNF. Therefore, IL-6 is classified in the first phase. In itself, it is an inducer
of mediators of the second phase, in particular acute phase proteins.

Challenges to generating a comprehensible overview are the multifaceted aspects
of allergy and inflammation, besides the large variety of brown seaweed species and
preparations, as well as the different host species in which seaweed administration has
been tested. Furthermore, this divergency bears a risk of overstretching conclusions based
on limited findings. With these caveats in mind, we attempt to describe the commonalities
between different studies, or discuss specific findings that deserve attention for future
development. Detailed findings from the individual publications have been summarized
in tables, linked to the compound categories mentioned above.
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Box 1. Brief introduction on the inflammatory response.

Inflammation is the response of tissues to any trigger significantly disturbing homeostatic conditions. These triggers can be manifold,
and vary from infection or trauma, to metabolic challenges. The response is initiated by recognition of damage- or danger-related
molecules (so-called DAMPs) that become exposed and are sensed by parenchymal tissue cells and resident innate immune cells, in
particular macrophages and mast cells.
Activation of these cells (Phase 1) stimulates a cascade of events, within the first seconds to minutes, involving local release of ready-
made mediators such as histamine, inflammatory arachidonic acid products such as PGE2, and stored cytokines. Oxygen radicals
(reactive oxygen species; ROS), produced by NADPH-oxidase complex assembled upon cellular activation and by mitochondria,
further amplify activation of resident cells. In addition to their essential role in redox signaling, ROS are important as microbicidal
molecules and as inducers of oxidative damage. Secreted first wave mediators alarm neighboring cells and stimulate local vascular
cell activation, causing upregulation of adhesion molecules on the endothelial cell surface, and vasodilation. This enables plasma
fluid, including bioactive proteins, to penetrate the tissue.
Subsequently, activated resident cells produce inflammatory cytokines and chemokines by de novo gene transcription (Phase 2).
Inflammatory signaling pathways involving NF-κB and AP-1, triggered by the receptor-DAMP interaction, are essential in this
process. The released mediators amplify the inflammatory response and enable the recruitment of leukocytes from the circulation.
Based on the profile of released chemokines, neutrophils are the most numerous attracted cells in the initial response. In addition,
expression of inducible nitric oxide synthase (iNOS) is stimulated by bacterial products and pro-inflammatory cytokines, in particular
IFN-γ. iNOS generates nitric oxide (NO), which is an important inflammatory mediator as microbicidal product of especially activated
macrophages, and as an autocrine and paracrine signaling molecule. In this second phase of inflammation, also anti-inflammatory
mediators are produced, which include arachidonic products such as lipoxins and resolvins, and cytokines such as IL-10. Dependent
on the strength of the inflammatory trigger, systemic responses may occur, including activation of the hypothalamus-pituitary-adrenal
(HPA) axis, leading to cortisol or corticosterone release. The first systemic cytokine wave initiates the production of so-called acute
phase proteins such as C-reactive protein (CRP) from the liver, which occurs from approximately 24 h after the initial trigger. An
adaptive immune response is initiated as DAMPs and -related antigens are transported to draining lymph nodes via lymph and
migrating antigen-presenting cells. This leads to proliferation of antigen-specific B- and T-lymphocytes that eventually leave the
lymph nodes and become effective in the periphery from approximately 4 days after initiation.
Dependent on the nature and severity of the initial trigger, and ability to annihilate it, repair processes are initiated after a few days.
If the trigger remains, such as in case of adverse metabolic conditions or persistent infection, inflammation may become chronic.
Then a new equilibrium is sought (Phase 3), which affects tissue performance and the response to further environmental triggers.
Long-term exposure to adverse conditions thus may lead for instance to resistance to regulating hormones, such as insulin or cortisol.
Allergic responses are inflammatory responses triggered by pre-existing antibodies or primed T-lymphocytes specific for harmless
molecules from the environment. Best known are the responses caused by activation of mast cells evoked by IgE antibodies specific for
innocuous antigens such as house dust mite or pollen. Other antibody subclasses with adverse specificities, for instance against certain
drugs, also can cause clinical responses. Finally, T-lymphocytes with unfavorable specificities may cause so-called delayed-type
hypersensitivity responses. The delay is explained by the necessity of T-lymphocytes to migrate to the site of antigen exposure and
presentation, and to become activated locally. In essence, allergic responses follow the phases as outlined for the inflammatory
response in general.

2. Approach to Systematic Search

The aim of this systematic review is to investigate the effect of brown seaweed compo-
nents as a dietary supplement on inflammation with extra focus on allergies.

2.1. Databases and Search Strategy

We performed two searches, in May and in November 2020. Several electronic
databases were used to include studies: Embase via Embase.com (1971–Present), Med-
line ALL via Ovid (1946–Present), Web of Science Core Collection via Web of Knowledge
(1975–Present), Cochrane Central Register of Controlled Trials via Wiley (1992–Present) and
Google Scholar. References were filtered for duplicates in Endnote. The systematic search
was executed by Elise Krabbendam, Biomedical Information Specialist at the Medical
Library of Erasmus MC. The exact search terms are shown in the Supplementary Materials,
where also a detailed flow chart of paper selection is shown. First, at least two review
authors independently assessed title and abstract of the articles based on inclusion and
exclusion criteria mentioned below. This was carried out using Endnote X9 software, based
on reviewing methods described by Bramer et al. 2017 [2]. Secondly, after independent
assessment of the articles, references selected by both review authors were included in
a preliminary database. For final full text inclusion all references were combined and
assessed by all review authors to assure eligibility and to extract important information
to be included in the tables. References were divided by seaweed component among
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all review authors and based on full text selected to be included or excluded from the
systematic review. Third, some relevant articles were included that were not retrieved in
the systematic search, primarily because searchable parts of the articles did not contain
reference to terms related to inflammation.

2.2. Eligibility Criteria

For this systematic review we only included articles written in English exclusively.
Review articles were excluded from the search. The aim of the first search was to include
papers addressing the effect of brown seaweed as nutritional supplement on leucocytes and
how this contributes to the inflammatory process. This resulted in a total of 906 references
after deduplication. For extra focus on allergy and atopy the search was expanded, resulting
in a final total of 1035 references after deduplication. Papers on components of brown
seaweed or whole extracts were included, but only when orally administered to human
or animals. Exclusion criteria for this systematic review were seaweeds other than brown
species or no oral administered. Furthermore, articles mentioning fucoidan as control
inhibitor/blocker for selectins or scavenger receptor exclusively, were also excluded.

3. Whole Seaweed or Crude Extract Supplementation

3.1. Whole Seaweed or Crude Extract: Effects in Steady State

Table A1 summarizes the main findings of oral supplementation of whole seaweeds or
crude extracts on inflammation-related parameters. Safety aspects of seaweed consumption
are important to consider. Potential overload with iodine or heavy metals are major long-
term risks when unprocessed edible seaweeds are ingested [1]. Short-term monitoring after
administration of single doses of crude extracts in rodents showed no effects of toxicity
up to 5000 mg/kg in mice (Sargassum micracanthum [3]; Cystoseira compressa (Esper) [4]), or
showed LD50 values of 1000–2000 mg/kg (Fucus vesiculosis [5]). Considering a dosage of
200 mg/kg/day is routinely applied for regular use, it may be argued that the safe dosage
range might be limited. However, specific toxicity may be highly batch-dependent and
related to toxic contaminants rather than seaweed content.

A widely studied facet of seaweed supplementation is its high anti-oxidant activity,
and related to this, anti-inflammatory activity. Human studies in this direction are scarce,
however. Consumption of 4.8 g dried Sargassum muticum per day for a period of 4 weeks by
healthy volunteers stimulated an increased total anti-oxidant status in serum, correlated to
decreased concentrations of oxidized LDL [6]. In contrast to general assumptions, Baldrick
et al. observed no significant changes in oxidative or inflammatory parameters after oral
consumption of Ascophyllum nodosum extract by individuals with overweight or obesity (100
mg/day, 8 weeks) [7]. An interesting aspect of the latter study is that individuals differed
notably (up to >4000×) in the total amount of seaweed polyphenol metabolites present
in urine. It is tempting to speculate this might be attributed to differences in microbiota
composition between individuals. In a study in goat, where Ascophyllum nodosum extract
was added (2%) to feed, an increased anti-oxidant status was shown [8]. Similarly, 4-week
treatment of rats with Fucus vesiculosus extract stimulated increased serum paraoxonase
and superoxide dismutase activities, thus leading to an increased anti-oxidant status [5].

Effects of seaweed supplementation on blood cell counts are variable; studies in human
or other mammals showed limited effects [6,8], but increased counts were observed when
chicken and fish were fed Laminaria japonica or Sargassum oligocystum, respectively [9,10].
Such addition to animal feed is not only associated with increased growth and feed conver-
sion ratios in chicken and fish, but also enhanced status of innate and adaptive immune
defenses and immune responsiveness and survival after infectious challenge [11–13].

3.2. Whole Seaweed or Crude Extract: Effects on Allergy

Importantly, oral brown seaweed supplementation shows consistent beneficial effects
in different models of allergy (Table A1). Eisenia (=Ecklonia) arborea powder intake by Brown
Norway rats, orally sensitized to ovalbumin, leads to decreased serum IgE and histamine
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levels and decreased IL-4 and IL-10 production in lymphoid organs, while IFN-γ synthesis
is increased. This indicates a favorable change in Th1/Th2 balance towards the former [14].

Mouse models using 2,4-dinitrophenol (DNP) or 2,4-dinitrochlorobenzene (DNCB)
sensibilization and challenge are much used in this field, and similarly show positive
effects of brown seaweed intake. Sargassum horneri extract has anti-allergic activity by
suppressing degranulation of mast cells and basophils. This reduces nasal rubbing [15] or
clinical signs of atopic dermatitis, as well as inflammatory cytokine levels and leukocyte
skin infiltrates [16] in these allergy models. Similarly, application of extracts from Costaria
costata [17] and Laminaria japonica [18] reduce severity of allergic dermatitis and stimulate
healing, possibly by decreasing inflammatory pathways in keratinocytes.

3.3. Whole Seaweed or Crude Extract: Effects in Acute and Chronic Inflammation

Without prior sensitization, irritant application on murine skin also causes signs of
acute inflammation associated with local mast cell degranulation and increased vascular
permeability. Feeding rats with Laminaria japonica extract decreases paw swelling and
leukocyte infiltration induced by carrageenan application, likely by inhibiting NF-κB acti-
vation causing decreased inflammatory mediator production [19] (Table A1). Similarly, oral
or topical administration of Sargassum fusiforme extract significantly reduces ear swelling
by inhibiting mast cell degranulation and enzymes involved in production of inflammatory
arachidonic acid mediators [20].

The challenge of experimental animals or isolated cells with lipopolysaccharide (LPS)
is a common model of acute inflammation, mimicking the response to bacterial infection.
A 5-week treatment of rats with Eisenia (=Ecklonia) bicyclis extract mediated a reduced
inflammatory activation of peritoneal macrophages upon in vitro LPS stimulation through
inhibition of NF-κB activity [21]. This was associated with reduced iNOS expression
and nitric oxide (NO) production. In marked contrast, a similar study in mice showed
that 3-week oral treatment with Sargassum fusiforme (also called Hizikia) extract slightly
potentiated the production of IL-1β, IL-6 and TNF-α by isolated peritoneal macrophages
stimulated in vitro with LPS [22]. In accordance with an inflammation-regulating effect,
4-day oral application of Sargassum serratifolium extract in mice caused significantly reduced
production of TNF-α, IL-1β and IL-6 upon in vivo LPS challenge [23]. This confirmed
the in vitro findings of direct inhibition of NF-κB activation and nuclear translocation by
seaweed components.

Investigation of seaweed treatment on LPS responses in other than murine species
generally corroborated an inflammation-inhibiting effect. Challenge of zebrafish embryos
with LPS or H2O2 showed reduced reactive oxygen species (ROS) production and asso-
ciated cell death when treated simultaneously with Sargassum polycystum or Chnoospora
minima extract [24].

Adding Sargassum latifolium to sheep feed caused a reduced inflammatory response
to LPS challenge and increased blood anti-oxidant defense capacity [25]. This seaweed
treatment also mediated a reduced inflammatory response to heat stress challenge in these
sheep [26]. The latter study confirms earlier work in lamb, showing reduction of heat stress-
related effects on leukocyte oxidative and phagocytic function by Ascophyllum nodosum
extract administration [27].

Furthermore, in mouse models of inflammatory disease, seaweed supplementation
has shown beneficial effects. In dextran sulfate sodium-induced chronic colitis, application
of Turbinaria ornata extract causes decreased disease activity as indicated by colon length,
histomorphological index and myeloperoxidase activity [28]. This was accompanied by
increased expression of regulatory T-cell-associated FoxP3 and anti-inflammatory IL-10.
Similarly, Laminaria japonica extract caused a significant diminution of colitis signs in this
model, and simultaneous application of bacterial probiotics showed synergistic beneficial
effects on histological score and decreased levels of some proinflammatory cytokines [29].
In a mouse model of arthritis induced by bovine type II collagen immunization, oral
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supplementation with Sargassum muticum extract significantly decreased the arthritis and
edema scores as well as TNF, IL-6 and IFN-γ levels [30].

In one of the scarce human studies, Cooper et al. found that individuals with active
Herpes infection showed increased healing rates with Undaria pinnatifida consumption,
while latent Herpes carriers did not experience viral reactivation [31]. Investigating the
mechanisms, the authors found the extract strongly inhibited Herpes virus infectivity
in vitro, and stimulated human T cell mitogenesis, thus potentiating adaptive immune
responses.

A study using a phylogenetically more distinct organism, kuruma shrimp, indicated
that oral supplementation with Laminaria japonica significantly increased survival upon
White Spot Syndrome virus infection [32]. This was accompanied by enhancement of
chemotaxis as well as other defense mechanisms by hemolymph leukocytes (hemocytes),
including superoxide production and antioxidative phenoloxidase activity upon appropri-
ate stimulation.

3.4. Whole Seaweed or Crude Extract: Late Consequences of Inflammation and Sequels

Acute or chronic inflammatory conditions influence local and systemic tissue re-
sponses, and thus seaweed supplementation also affects peripheral tissue function in in-
flammation (Table A1). In a rat model of ligature-induced periodontitis, Sargassum fusiforme
(Hizikia) application reduced alveolar bone loss, related to decreased osteoclast and in-
creased osteoblast gene expression in vitro [33]. Furthermore, in a model of autoimmune
thyroiditis, a traditional Chinese medicine combination of 10 different herbs, including
Sargassum fusiforme, mediated a decrease in autoimmune thyroiditis and anti-thyroid au-
toantibody formation [34]. Omission of Sargassum fusiforme in this model significantly
diminished the protective effect.

In recent years, the link between adipose tissue metabolic dysregulation and inflamma-
tion has been recognized increasingly [35]. Several studies investigated metabolic effects of
seaweed application, in particular Undaria pinnatifida, in murine models of obesity and type
2 diabetes induced by a high-fat diet [36–38]. Seaweed was in some studies combined with
other nutraceuticals. In general, the obesity phenotype did not change, while improvement
of glucose regulation was only observed by Oh et al. (2016) [36], but not in the other two
studies. Other aspects, however, showed beneficial effects of seaweed supplementation,
such as microbiome composition, MCP-1 induction [38], systolic blood pressure and non-
esterified fatty acid levels [37] or presence of clusters of necrotic adipocytes surrounded by
macrophages in adipose tissue (so-called crown-like structures) [36].

A pathological condition strongly related to obesity is the polycystic ovary syndrome
(PCOS). In a rat model of PCOS, application of Ecklonia cava extract mediated a decrease
in vaginal leukocyte infiltration, and restored hormonal levels and irregular ovarian cy-
cles [39]. However, it did not inhibit the weight gain associated with PCOS induction.

4. Brown Seaweed Polysaccharide Supplementation

Among polysaccharides present in brown seaweed fucoidan has received most at-
tention as a constituent with diverse bioactive effects. Furthermore, bioactivity has been
demonstrated of the polysaccharides laminarin, a beta-glucan polysaccharide and alginate,
a linear acidic soluble dietary polysaccharide.

Fucoidans are a group of polysaccharides (fucans) primarily composed of sulphated
L-fucose with less than 10% of other monosaccharides. They are widely found in the cell
walls of brown seaweeds, but not in other algae or higher terrestrial plants [40]. The major
function of fucoidans in cell walls is mechanical support and protection against desiccation
during air-exposure of the seaweed at low tide. The amount of fucoidan in brown seaweeds
is variable; 8–20% of dry weight with the highest content of about 20% being detected in
Fucus vesiculosus [41,42].

A number of health-improving effects have been ascribed to fucoidans [40,41,43]. Bio-
logical activities of fucoidans, such as antioxidant and anti-coagulant capacity, are affected
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by their molecular weight and sulphated ester content, both the number of sulphate groups,
determining the negative charge of the molecule and the position of the sulphate groups
on the sugar residues [40,44]. The biological activity of fucoidan is also affected by the
glucuronic acid and fucose content. The molecular weight of fucoidan ranges from for
example from 50 to 80 KDa in Undaria pinnatifida and Fucus vesiculosus, respectively, to
1920 kDa in Cladosiphon species [45], with multiple sizes being present in certain species.
Low molecular weight (LMW) fucoidan is produced by enzymatic digestion or acid hy-
drolysis of naturally occurring high molecular weight (HWM) fucoidan. Application of
different molecular species of fucoidan obtained by different methods of purification and
treatments such as hydrolysis complicates interpretation of results.

4.1. Brown Seaweed Polysaccharide Effects in Steady State

Fucoidan is absorbed in limited amounts in the gastrointestinal tract after oral in-
take [46,47]. In Japanese populations where brown seaweed is part of daily diet, systemic
fucoidan uptake was shown by its presence in serum and urine [48]. Protective effects
of fucoidan on the intestinal epithelial barrier function were observed in vitro. Fucoidan
protected the tight junctions from oxidative injury and upregulated the expression of
claudin-1 [49]. Table A2 summarizes the effects of fucoidan on different aspects of inflam-
mation.

Fucoidan is not toxic, but high dosages can induce increased bleeding time. In rats no
toxicity as observed after oral administration of a single dose of Ascophyllum nodosum fu-
coidan of 2000 mg/kg [50] or 300 mg/kg/day Laminaria japonica fucoidan for 6 months [51].
However, application of a daily dose of 2500 mg/kg for 6 months resulted in increased
bleeding time. The application of fucoidan in food has been approved for human consump-
tion up to 250 mg/day by the European Food Safety Authority, EFSA [1].

4.2. Effects of Polysaccharides from Brown Seaweed in Allergy, Acute Inflammation and in the
Modulation of Immune Responses

Both pro- and anti-inflammatory effects of fucoidan have been reported. In macrophages
fucoidan treatment induced NF-κB nuclear translocation, followed by iNOS and COX-2
transcription, inducing the secretion of the pro-inflammatory cytokines IFN-γ, TNF-α
and IL-1β and of inflammatory mediators NO and PGE2 [52]. However, pre-treatment
of macrophages and lymphocytes with fucoidan prior to stimulation with LPS or other
pro-inflammatory stimuli was found to blunt the pro-inflammatory reaction or induces an
anti-inflammatory effect, resulting in inhibition of NF-κB translocation and in lower levels
of pro-inflammatory mediator production [53–56].

Below an elaboration on anti-allergy effects and enhanced immune effects in pro-
duction animals and innate and adaptive immune system modulation studies in mice is
described.

4.2.1. Anti-Allergic Effects of Brown Seaweed-Derived Polysaccharides

Overall, oral supplementation of brown seaweed polysaccharides was reported to
inhibit allergic responses via multiple mechanisms. The polysaccharides were shown to
be an effective agent antagonizing IgE production as examined in different ovalbumin
(OVA)-sensitized mouse models [57,58], but also an allergy-specific mechanism of oral
fucoidan supplementation has been found in its capacity to induce galectin-9 production
from intestinal cells [59,60]. Galectin-9, belonging to a soluble lectin family, recognizes
β-galactoside and prevents IgE binding to mast cells, consequently inhibiting mast cell
degranulation. Accordingly, fucoidan from Saccharina japonica (400 μg for 4 days) was found
to increase circulating galectin-9 [59]. After OVA-immunization the allergic symptoms
in sensitized mice were reduced by fucoidan (60 μg/mouse/d for 17 days) via inducing
galectin-9 production from colonic epithelial cells [60].

In several OVA-immunized mouse models, oral administration of fucoidan or a
polysaccharide fraction was shown to have anti-allergy activity. Application of a polysac-
charide fraction from Laminaria japonica (50 mg/kg/day for 2 weeks) in a mouse model of
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asthma significantly decreased the numbers of eosinophils in the bronchoalveolar fluid and
alleviated lung inflammation compared to the non-treated control mice [58]. It also reduced
serum IgE concentrations and decreased the concentrations of IL-13 and TGF-β1 in bron-
choalveolar fluid and expression in lung, while increasing expression of IL-12. Similarly,
Laminaria japonica fucoidan ingestion (200, 600, 1000 mg/kg for 6 weeks) decreased OVA-
specific IgE in mice [61]. Fucoidan from Undaria pinnatifida (400 mg/kg for 7 days) inhibited
particulate matter-induced exacerbation of allergic asthma [57]. Specifically, fucoidan treat-
ment significantly attenuated lipid peroxidation, infiltration of inflammatory cells and
Th2-related IL-4 concentrations. Furthermore, fucoidan suppressed mast cell activation,
degranulation and IgE synthesis as well as mucus hypersecretion and goblet cell hyperpla-
sia. This also is reflected in immunoglobulin isotypes produced as Cladosiphon-fucoidan
dose-dependently (up to 1025 mg/kg body weight for 8 weeks) increased systemic IgM,
IgG and IgA levels, while decreasing IgE and IL-4 significantly [62].

The observed changes are suggestive of a shift from Th2 to Th1 induced by orally
ingested fucoidan. Enhanced IL-12 and IFN-γ production by ingestion of Tetragenococcus
halophilus KK221, a probiotic known for its anti-allergic properties, was even further
increased by combined ingestion of the probiotic and LMW fucoidan isolated from Undaria
pinnatifida in OVA-immunized mice. The results indicated an extra shift towards Th1.

Furthermore, alginate was found to improve (food) allergy outcomes in an OVA-
sensitized mouse model [63]. Ingestion of alginate (2 mg) extracted from Laminaria japonica
one day before oral application of ovalbumin improved integrity of intestinal epithelial villi
and inhibited mast cell degranulation in the jejunum. Serum levels of IgE, histamine and
IL-4 were significantly lower, while IFN-γ was markedly increased. Furthermore, Tregs in
spleen were increased, while OVA-induced differentiation of Th0 cells into Th2 cells was
inhibited [63].

Overall, brown seaweed-derived polysaccharides generally appear to modulate the
Th1/Th2 balance and mast cell degranulation in favor of an anti-allergic effect. This shows
that fucoidan is potentially an effective therapeutic agent for type I allergic diseases.

4.2.2. Effects of Brown Seaweed Polysaccharides on Innate and Adaptive Immune System
(Production Animals)

In search for alternatives for antibiotics in production animals, brown seaweed polysac-
charides and especially fucoidan, have appeared as promising functional feed additives.
Fucoidan and laminarin were found to improve the immune response of pregnant sows
and piglets prior to or while suckling [64], and after weaning [65].

Dietary supplementation of sows in the final part of gestation with Laminaria spp.
extract increased IgG and IgA in sow colostrum by 19% to 25% [64]. Consequently, also
a 10% increase in piglet serum IgG was observed. This suggests an important effect of
maternal diet on the immune status of piglets. Dietary supplementation with an extract
of Ascophyllum nodosum and Fucus in sows (30 g/day from the 85th day of gestation until
weaning) resulted in an increased population of CD4+CD8+ T cells in the thymus, spleen,
mesenteric node, liver and in peripheral blood as compared to the control group [66].
Piglets from laminarin-fed sows (1.0 g/d from day 107 of gestation until weaning) showed
down-regulation of IL-6 mRNA expression in the colon at weaning and of IL-8 in the ileum
on day 8 post weaning compared with those from the non-laminarin-fed sows [67].

Weaning of piglets is a stressful event for piglets and is often associated with pro-
inflammatory immune effects in the piglets’ gastro-intestinal tract. Addition of laminarin
to weaning piglets’ diets resulted in lower expression of pro-inflammatory cytokines IL-1β,
IL-6 and IL-17 in colonic mucosa [65]. Even though these positive effects were observed in
piglets, laminarin did not result in any detectable benefits in Friesian bull calves [68].

In Salmonella-challenged broiler chickens, addition of 0.2% alginate oligosaccharides
to the regular diet inhibited Salmonella enteritis colonization, possibly by increasing colonic
anti-Salmonella IgA levels [69]. In unchallenged broiler chickens, supplementation of
0.2% alginate oligosaccharides showed dramatic immunostimulatory activity by inducing
interferon-γ, IL-10 and IL-1β mRNA expression in cecal tonsils. Interestingly, the robust
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mucosal immune response in the absence of a challenge was related to a decline in body
weight, as compared to the control group.

In aquaculture, several studies pointed at improved innate immune markers upon
fucoidan and laminarin supplementation in shrimp and fish [70–76]. In addition, higher
survival rates during bacterial challenges were observed in the supplemented animals, as
compared with those fed a regular diet.

Taken together, enhancing the innate and adaptive immune system by oral inges-
tion of seaweed-derived polysaccharides and oligosaccharides is a promising solution
for improving animal health, reducing infection incidence and reducing the need for
antibiotics use.

4.2.3. Effects of Brown Seaweed Polysaccharides on Innate and Adaptive Immune System
(Mouse Models)

Polysaccharides obtained from brown seaweed may support various aspects of the
immune system in both immunocompetent and immunosuppressed states. For instance,
oral ingestion of a polysaccharide extract from Kjellmaniella crassifolia (2 weeks) by C57BL/6
mice, resulted in enhanced IFN-γ, IL-12, IL-6 and IgA secretions by spleen cell cultures upon
concanavalin-A stimulation [77]. Orally administered LMW fucoidan (200–1000 mg/kg
for 6 weeks) from Laminaria japonica to BALB/c mice stimulated the innate immune sys-
tem by increasing natural killer (NK) cell activity and peritoneal macrophage phagocytic
activity [61]. LMW fucoidan also increased IL-2, IL-4 and IFN-γ secretion by splenocytes
and IgG and IgA concentrations in serum, while it decreased OVA-specific IgE. In bac-
terial antigen-stimulated immune responses, the IgM and IgG concentrations in serum
were significantly higher in the LMW fucoidan group than in the control group. In addi-
tion, an LMW fucoidan-enriched extract from Okinawa mozuku orally administered (up to
1025.0 mg/kg for 6 weeks) to BALB/c mice resulted in enhanced splenocyte proliferation
and secreted IL-2 levels, as well as in increased macrophage phagocytic activity, and serum
IgM, IgG and IgA, while splenocyte-secreted IL-4 and IL-5 were decreased, and also serum
IgE was decreased significantly [62]. Interestingly, HMW fucoidan (50 g/kg) but not LMW
and IMW fucoidan, increased the relative number of cytotoxic T-cells in spleens of Balb/c
mice [78]. These immune-potentiating effects appear to be effective in infection as complete
elimination of liver and spleen parasite burden was achieved by fucoidan (200 mg/kg,
3 times weekly, for 6-weeks) in a mouse model of Leishmania donovanii infection [79]. This
curative effect was associated with switching of T cell differentiation from Th2 to Th1
mode.

In addition to its capacity to enhance the innate and adaptive immune system, oral fu-
coidan is an interesting candidate for antiviral therapies related to its intrinsic capacity as a
competitive binding agent for envelope viruses, thus preventing cellular entrance [80]. Oral
ingestion of fucoidan improves the outcome in virus-infection mouse models with respect
to viral load [81], serum antibody levels and overall survival [82,83] in immunocompetent
and immune-suppressed mice. Furthermore, fucoidan extracted from Undaria pinnatifida
protected both immunocompetent and immunosuppressed mice from infection with HSV-1
as indicated by the improved survival rate and lesion scores [82]. In immunocompetent
mice fucoidan enhanced activity of CTL and increased circulating anti-HSV antibodies in
HSV-1-infected mice.

In an immunosuppressed state, selective augmentation of NK activity was observed
upon oral treatment with Undaria fucoidan, but this induced no significant change in NK
activity in immunocompetent mice where a normal level of NK activity was maintained.
Fucoidan extracted from Undaria pinnatifida showed also beneficial effects during influenza
virus infection in immunocompetent an immunosuppressed mice [83]. Fucoidan admin-
istration (7 days prior to virus inoculation until 7 days after inoculation (2 × 5 mg/day))
resulted in significant increase in neutralizing antibody titers in bronchoalveolar lavage
fluids in both healthy mice and mice with suppressed immunity as compared with placebo
groups.
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Furthermore, in the defense against tumors fucoidans enhance innate and adaptive
immune responses. Different fucoidans were found to increase immune reactions in various
tumor models, leading to comparable or even better results than standard chemotherapy
exclusively [84–87]. Consumption of fucoidan isolated from Undaria pinnatifida (1% of the
diet for a period of 10 days) showed tumor inhibition in an A20 leukemia mouse model,
related to enhanced Th1 and NK cell activity [84]. Oral intake of polysaccharides from
Sargassum fusiforme (100 and 200 mg/kg for 28 days) significantly inhibited the growth
of A549 lung adenocarcinoma in mice, but also remarkably promoted IL-1 and TNF-α
production from peritoneal macrophages, increased serum TNF-α levels and splenocyte
proliferation [87]. Oral administration of fucoidan extracted from Cladosiphon okamuranus
(5 g/kg/day for 28 days) also inhibited tumor growth and increased survival time in a
colon 26 tumor-bearing mouse model. In the spleens of these mice, an increased population
of NK cells was observed. Furthermore, in an experiment applying the same fucoidan
to MyD88 knockout mice, a model for investigating TLR4 signaling pathways, it was
found that the observed anti-tumor effects are related to gut immunity [85]. Furthermore,
polysaccharide extract from Sargassum fusiforme (400 mg/kg for 28 days) exerted anti-tumor
and immunomodulatory activities in nasopharyngeal carcinoma [86] and hepatic carcinoma
tumor-bearing mice [88]. In a xenograft tumor model orally administered fucoidan from
Fucus vesiculosus (150 mg/kg body weight daily for 2 weeks) increased cytolytic activity
of NK cells and significantly delayed tumor growth [89]. Furthermore, in a rat model
for experimental mammary carcinogenesis administration of fucoidan (400 mg/kg/day
for 4 months) showed protective and immunomodulatory effects [90]. Tumor growth in
Sarcoma 180 (S-180)-bearing mice was delayed by ingestion of fucoidan from Cladosiphon
okamuranus, which stimulated NO production by macrophages via NF-κB-dependent
signaling pathways [52]. Oral intake of ascophyllan, a sulphated polysaccharide obtained
from Ascophyllum nodosum, (50 and 500 mg/kg), also delayed tumor growth. Interestingly,
oral ingestion significantly increased serum IL-12 and TNF-α levels and mediated better
overall outcome compared to intraperitoneal application in S-180 mice, where immune
markers did not change [91].

Seaweed polysaccharides can also function as immune-stimulating adjuvant in im-
munosuppressed states during chemotherapy. Oral intake of polysaccharide extract from
Sargassum fusiforme (200 mg/kg for 6 days) was identified as a potent immune-enhancing
agent in immunosuppressed mice [92]. Oral administration of fucoidan (150 mg/kg for
14 days) resulted in enhanced recovery of all T cell populations (CD3+, CD4+, CD8+)
and of the proliferative capacity of splenocytes in immunosuppressed mice [93]. Further-
more, laminarin administration (500–1000 mg/kg/day for 10 days) induced IL-12 and
IFN-γ in immunosuppressed mice [94]. Taken together, oral intake of brown seaweed
polysaccharides is shown to be an effective immune enhancer in a wide variety of mouse
models.

4.2.4. Anti-Inflammatory Effects of Fucoidan in Animal Models and Clinical Trials

Fucoidans extracted from different seaweed species and molecular sizes showed
anti-inflammatory effect in a wide range of acute and chronic inflammation models in mice.

In an arachidonic acid-induced ear inflammation model sulphated polysaccharide
extracted from Sargassum hemiphyllum decreased ear swelling and erythema [95]. The
polysaccharides decreased the local levels of myeloperoxidase, nitric oxide, IL-1β, IL-6
and TNF-α in a dose-dependent manner (20–80 mg/kg body weight for 5 consecutive
days). Histological examination revealed that the polysaccharides reduced the area of
neutrophilic infiltration in inflamed ears. Similarly, oral ingestion of fucoidan extracted
from Undaria pinnatifida (0.5 mg for 20 days) inhibited the inflammatory reaction in a mouse
model where LPS was injected buccally [55]. In the same set up, but now using bacterial
infection, fucoidan reduced inflammation but did not lead to clearance of the bacterial
infection, nor to prevention of infection-related bone loss. In a carrageenan-induced air
pouch inflammation model, a preparation of fucoidan (54 mg/kg for 7 days) inhibited in-
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flammatory markers and showed reduced attraction of inflammatory cells as demonstrated
by histology [96]. Pretreatment with orally administered fucoidan (20 mg/kg for 2 weeks)
reduced mucosal lining inflammation and prevented elevation of serum IL-6 levels, while
levels of serum IL-10 increased in an aspirin-induced mucosal ulcer model in mice [97].
Accordingly, Cladosiphon fucoidan (chow containing 0.05% w/w) ingestion beneficially
affected murine dextran sulphate sodium (DSS)-induced colitis [98]. The lamina propria
of inflamed colon showed reduced amounts of IL-6 and IFN-γ, and an increase in IL-10
and TGF-β upon fucoidan treatment. Murine DSS-induced colitis significantly improved
upon treatment with fucoidan (10 mg/day for 1 week) [99]. Treatment with a fucoidan-
polyphenol complex showed even better results as it reduced IL-12, TNF-α and IL-6 in
colitis tissue and ameliorated colitis-related visible body markers, such as weight loss and
blood in stool. In contrast, when this complex was injected intraperitoneally, it was unable
to reduce disease severity and even deteriorated some colitis markers. In mice, colonic
inflammation and microbiota dysbiosis induced by antibiotics was alleviated by admin-
istration of fucoidan extracted from Ascophyllum nodosum (400 mg/kg for 28 days) [100].
Fucoidan prevented colon shortening and colon tissue damage, and it improved abundance
of beneficial microbes while decreasing harmful microbes. In a model with chemically
induced colorectal cancer, ingestion of Fucus vesiculosus fucoidan was shown to protect
against tumorigenesis and to reduce colorectal inflammation and dysbiosis [101].

The bioactivity of fucoidan is related to its molecular weight. LMW and HMW
fucoidan from Undaria pinnatifada were tested in a murine model of collagen-induced
arthritis [102]. LMW fucoidan protected against tissue degeneration, while the same dose
of HMW fucoidan worsened it. In accordance, LMWF reduced the severity of arthritis and
the levels of Th1-dependent collagen-specific IgG2a, while HMWF enhanced the severity
arthritis and the levels of collagen-specific antibodies.

Furthermore, in different acute inflammation models in zebrafish embryos, strikingly
similar anti-inflammatory effects were noticed [53,54,56,103]. Administration of fucoidan
(25–100 μg/mL) one hour prior to LPS treatment improved survival of zebrafish embryos
and diminished inflammatory markers.

In support of an inflammation-regulating effect of fucoidan, oral administration of Lam-
inaria japonica fucoidan (50–200 mg/kg) protected against myocardial ischemia–reperfusion
injury in rats in a dose-dependent manner [104]. Furthermore, oral ingestion of enzymat-
ically hydrolyzed fucoidan extracted from Sargassum hemiphyllum (200 mg/kg/day for
14 days) decreased radiation-induced pneumonitis and lung fibrosis by reducing inflam-
matory cytokine expression in lung tissues [105]. In both models decreased accumulation
of neutrophils and macrophages was observed.

In a mouse model of chronic infection with Schistosoma japonicum oral ingestion of
Fucus vesiculosus fucoidan (500 mg/kg per 2 days for 40 days) significantly reduced the
hepatic granuloma size and fibrosis response [106]. Lower levels of pro-inflammatory
cytokines were observed in the livers of fucoidan-treated infected mice. Infiltration of
Treg cells and levels of IL-10 and TGF-β were significantly enhanced in both the livers
and spleens from fucoidan-treated mice. Another study aimed to explore the effects of
fucoidan from Fucus vesiculosus on concanavalin A (ConA)-induced acute liver injury in
mice. Pretreatment with fucoidan (10–50 mg/kg for 2 weeks) protected liver function indi-
cated by ALT, AST and histopathological changes by suppressing inflammatory cytokines,
TNF-α and IFN-γ [107]. The results demonstrated that fucoidan alleviated ConA-induced
acute liver injury via the inhibition of intrinsic and extrinsic apoptosis mediated by the
TRADD/TRAF2 and JAK2/STAT1 pathways which were activated by TNF-α and IFN-γ.

Fucoidan from Fucus vesiculosis (300–600 mg/kg) was shown to be able to delay the
onset and incidence of autoimmune diabetes in non-obese diabetic mice via regulating
DC/Treg-induced immune tolerance via induction of IL-10 and TGF-β, while reducing
the levels of IL-6 and IFN-γ [108]. In the pancreas TLR4 expression and the downstream
molecules were downregulated while pancreatic internal environment was maintained in
the fucoidan-treated groups.
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In a clinical trial in patients with chronic hepatitis B infection, oral ingestion of a
commercial oligo-fucoidan preparation (550 mg twice a day for 48 weeks) was shown
to have hepatoprotective effects related to serum concentrations of vitamin D, which is
known to have immunoregulatory activity [109]. A clinical trial in healthy volunteers
showed anti-inflammatory effects of a blend containing fucoidan from 3 different seaweeds.
Daily oral ingestion of 1000 mg for 4 weeks was found to decrease serum IL-6 levels [110].
In advanced cancer patients a mixture of enzymatically digested and undigested fucoidan
from Cladosiphon novae caledoniae (4 weeks of 4000 mg/day) was found to reduce several
major proinflammatory cytokines, including IL-1β, IL-6 and TNF-α [111]. The analyses
revealed that the responsiveness of IL-1β was inversely correlated with overall survival
and was suggested as a possible prognostic factor for disease outcome in advanced cancer
patients receiving fucoidan.

Taken together, brown seaweed polysaccharide ingestion is shown to be effective in
antagonizing the effects of acute and chronic inflammation in both mouse models and
clinical trials.

4.3. Fucoidan Ingestion and Atherosclerosis in Animal Models

Several studies have reported beneficial effects of fucoidan on outcome of atheroscle-
rosis, a disease related to long-term inflammation of the arterial vessel wall.

ApoE-deficient mice are the most frequently used model for assessing atherosclerotic
plaque development. In one study, sulphated polysaccharides from Laminaria japonica
supplementation markedly reduced the thickness of the lipid-rich plaque, lipid perox-
idation and foamy macrophage accumulation in the aorta via suppression of MAPKs
and NF-κB signaling [112]. In line, Wang et al. found that Laminaria japonica fucoidan
(50–100 mg/kg/day for 16 weeks) attenuated atherosclerosis by reducing inflammation
and oxidative stress [113]. Furthermore, LMW fucoidan extracted from Laminaria japonica
inhibited the formation of atherosclerotic plaques; and ameliorated the occurrence and de-
velopment of atherosclerosis [114]. It decreased the production of inflammatory cytokines
and prevented macrophages from developing into foam cells and diminished smooth
muscle cells from migrating into the intimal layer of the aorta.

Furthermore, also in other models of atherosclerosis, fucoidan appears to have ben-
eficial effects. In a rat allogenic aorta transplantation model ad libitum ingestion of
fucoidan from Fucus vesiculosus mediated anti-atherosclerotic activity by inhibiting in-
flammation, suppressing ROS production and down-regulating LOX-1 expression in the
vascular wall [115]. In a rat aorta transplantation model fucoidan (LMW) from Laminaria
japonica (200 mg/kg/day for 35 days) decreased the number of macrophages in the vas-
cular wall by blocking P-selectin activity thereby preventing the development of aortic
aneurysms [116]. In the LDLR−/− mouse model of atherosclerosis Laminaria japonica fu-
coidan (50–100 mg/kg/day for 16 weeks) was shown to result in atherosclerosis attenuation
by reducing inflammation and oxidative stress [113]. In conclusion, fucoidan appears to be
promising in the battle against atherosclerosis by decreasing macrophage infiltration in the
vascular wall, as well as by reducing inflammation and oxidative stress.

5. Phenolic Compounds and Phytosterols

5.1. Phytosterols

Phytosterols, including both sterols, stanols and oxysterols, such as fucosterol, saringos-
terol and 24-hydroperoxy-24-vinyl-cholesterol, are a group of functional lipid compounds.
Compared to other bioactive molecules produced by brown algae, phytosterols exhibit var-
ious health-improving effects, especially neuroprotective and anti-inflammatory. Table A3
presents an overview of the significant inflammation-related outcomes in animal models
after oral administration of phytosterols. Fucosterol, the most abundant sterol in brown
seaweed, when administered in different animal models was found to induce a significant
therapeutic effect on injury- or infection-related inflammation. Mo et al. [117] showed anti-
inflammatory effects of fucosterol-pretreatment in Concanavalin A-treated mice as a model
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for acute liver injury. After Concanavalin A-treatment, NF-κB p65 increased markedly
and the expression of a nuclear receptor in its upstream pathway, PPARγ, decreased. Both
NF-κB p65 and PPARγ are closely related to the release of inflammatory factors such as
TNF-α, IL-6 and IL-1β. Fucosterol pretreatment down-regulated the inflammatory re-
sponse and subsequently necrosis and apoptosis by inhibiting the NF-κB pathway and
activating PPARγ.

Anti-inflammatory effects of fucosterol were demonstrated using regular Sargassum
fusiforme extracts (NH) and enzyme-modified Sargassum fusiforme extracts (EH) [22]. En-
zyme modification significantly increased the fucosterol concentration in the extract (EH)
leading to better results in decreasing pro-inflammatory cytokines as compared to the
NH pretreatment group. In addition, both NH and EH reduced the production of NO
without inducing any cytotoxicity and even increased cell viability in cultured RAW264.7
macrophages at a concentration of 10 μg/mL or higher. Anti-inflammatory effects of fucos-
terol were also observed in DNCB-induced NC/Nga mice as a model for atopic dermatitis.
Oral administration of fucosterol significantly reduced [22] the scratching behavior of the
mice and suppressed the production of pro-inflammatory cytokines (TNF-α and IL-4),
resulting in reduced circulating IgE levels.

Bogie et al. showed that 24(S)-Saringosterol, an oxyphytosterol present in Sargassum
fusiforme, has anti-inflammatory effects likely via activation of liver X receptor (LXR)β in a
mouse model of Alzheimer’s disease (AD) [118]. Sargassum fusiforme extract rich in 24(S)-
Saringosterol activated LXRβ preferentially and to a lesser extent also LXRα. LXRβ plays a
key role in the down-regulation of the expression of multiple inflammatory genes [119,120].
AD is characterized by an accumulation of extracellular amyloid-β (Aβ), intracellular
neurofibrillary tangles, loss of synapses, neuroinflammation and by a gradual progression
of memory loss. After 45 days of dietary supplementation with Sargassum fusiforme the
formation of Aβ plaques which is related to cognitive decline, was found to be dramatically
reduced (~80% reduction) in AD mice. The expression of the LXR-target gene APOE in
the central nervous system was increased due to administration of Sargassum fusiforme
lipid extract. Apolipoprotein (Apo)E increased the clearance of Aβ by microglial cells
and suppressed the secretion of Aβ by neurons in vitro. Therefore, the anti-inflammatory
effects of 24(S)-Saringosterol may be explained by activation of the LXR-ApoE axis [121].
Similar to 24(S)-Saringosterol-mediated LXRβ activation, fucosterol can activate both LXRα
and LXRβ, regulating different aspects of inflammatory gene expression.

5.2. Polyphenols

Polyphenols are another class of bioactive compounds from brown seaweed that have
attracted great interest in recent years due to their pharmaceutical and biomedical proper-
ties. Polyphenols are classified based on their structure. Phlorotannins, highly abundant
in brown seaweeds, are polymerized phenolic compounds consisting of phloroglucinol
monomer units. Phlorotannins identified in brown seaweed, include eckol, dieckol, phlo-
rofucofuroeckol A. Numerous studies have demonstrated the potential of polyphenol
classes as antioxidant, anti-inflammatory, antidiabetic, antitumor, antihypertensive, anti-
allergic, hepato-protective and anti-cancer. Table A4 provides an overview of the reported
inflammation-related outcomes after oral administration of polyphenols in different animal
models and in clinical trials. (Phase 0, 1, 2 and 3).

5.2.1. Polyphenols: Effects in Steady State

The mechanisms underlying the anti-inflammatory effects of polyphenols are complex
and are related to various stages of the inflammatory response that are sequential but
overlapping. Disturbance of the steady state causes parenchymal tissue and immune cells
to respond to injury or irritation through an innate cascade driving inflammation. Irfan
et al. [122] demonstrated that phlorotannins strongly inhibit in vivo platelet aggregation in
Sprague Dawley rats. In line with this in vitro, phlorotannins downregulated adenosine
diphosphate-induced platelet activation (Ca-mobilization, fibrinogen binding, granule
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release—mediated via decreased Src, PI3K, PLCγ2, MAPK signaling). A clinical trial with
80 overweight participants showed that phlorotannins modestly decrease DNA damage [7],
although no significant difference was found in acute phase proteins, anti-oxidant status or
in inflammatory cytokines.

5.2.2. Polyphenols: Effects on Allergy

NF-κB is one of the transcription factors that regulates eosinophilic inflammation
and IgE-mediated hyperreactivity following allergic inflammation. Oral administration
of polyphenols suppressed NF-κB pathway activation, and also inhibited inhibitor kappa
B (IκB) that binds to NF-κB [123,124]. Polyphenols were found to alleviate particulate
matter-induced airway inflammation in an allergic asthma mouse model [124]. Polyphe-
nol treatment was found to decrease the inflammatory cell count in blood, including
eosinophils, neutrophils, basophils. The level of epithelial cytokines, including IL-25, IL-33
and IL-8 also were reduced in the polyphenol-treated mice [124]. Han et al. [123] reported
that pretreatment of BALB/c mice, as a model for passive cutaneous anaphylaxis, with
Eckol inhibited the production of IL-4, IL-5, IL-6 and IL-13. Moreover, Eckol-treatment
suppressed levels of β-hexosaminidase, secreted during the degranulation of mast cells.
In addition, oral polyphenol administration was found to reduce the levels of FcεRI on
the surface of IgE/bovine serum albumin (BSA)-stimulated mouse bone marrow-derived
cultured mast cells (BMCMC). Cross-linking of FcεRI and allergen-specific IgE triggers
allergic reactions that may be prevented by polyphenols. These results suggested that
Eckol has anti-allergic potential. In a mouse ear-edema model both oral and local adminis-
tration of phlorotannin, 1-21h prior to irritant application, strongly inhibited arachidonic
acid (AA), 12-O-tetradecanoylphorbol-13-acetate(TPA)and immune-mediated (oxazolone
(OXA))-induced ear swelling (30–80%) [125]. This suggests that the inhibitory effects of
polyphenols are comparable to those of known anti-allergic agents. It was presumed that
polyphenols play an anti-inflammatory effect by inhibiting mast cell degranulation, COX-2-
and LOX-, and to lesser extent PLA2 activities.

5.2.3. Polyphenols: Effects in Acute and Chronic Inflammation

Inflammation is a beneficial host response for foreign invaders and necrotic tissue
with phase 1 being the first, immediate response, typified by ROS production and release
of early mediators such as IL-1, TNF-α and arachidonic acid pro-inflammatory metabolites.
Once detected extracellularly, ingested microbes will lead to upregulation of TLRs a family
of proteins involved in the initial phase of host defense against invading pathogens. TLR4
is the most common member in inflammation phases. Excessive TLR activation, however,
disrupts the immune homeostasis by sustained production of pro-inflammatory cytokines
and chemokines.

Polyphenols were demonstrated to be very well capable of suppressing the increase
of TLRs, including TLR4 [124,126,127], TLR2 [124,127] and TLR7 [124]. TLRs as primary
sensors of microbial products activate signaling pathways that lead to the induction of
immune- and inflammatory genes, such as the NF-κB pathway. Polyphenol treatment
also significantly decreased NF-κB and thereby the modulation of inflammation-related
signaling cascades [123,124,126–131].

ROS are a crucial factor in the inflammatory response, playing multiple roles after tis-
sue injury, including initiation of acute inflammation, clarifying infection and necrotic tissue
and mediation of various intracellular signal transduction pathways. Anti-inflammatory
effects of polyphenols via antioxidant activities were demonstrated by Kang et al. [132].
They found that serum ferric reducing antioxidant power (FRAP) significantly increased
30 min after polyphenol treatment in the Sprague Dawley rat-model but declined quickly
thereafter. Polyphenols showed anti-inflammatory effects by reducing the expression of
ROS [131,133–135]. Administration of the polyphenol-rich fraction of Ecklonia cava reduced
ROS and NO generation in LPS-stimulated inflammation in zebrafish [133]. ROS can
activate a variety of transcription factors leading to the differential expression of genes

145



Nutrients 2021, 13, 2613

involved in inflammatory pathways. On the other hand, excessive production of ROS
can cause irreversible damage to DNA. Due to this dual effect, polyphenols often show a
crucial effect in tumor models by upregulating ROS in tumor cells and at the same time
downregulating ROS in healthy cells. Yang et al. [129] indicated that oral administration of
phlorotannins to the SKOV3-bearing mouse model of ovarian cancer enhances cancer cell
apoptosis via upregulation of the ROS pathway but protects against healthy kidney cell
damage by downregulating ROS levels. Tissue damage leads to a rapid increase in ROS
which stimulates PGE2 production via the activation of COX-2. Polyphenols exert anti-
inflammatory effects not only by suppressing COX-2 [128,130,131,136], but also by reducing
PGE2 production [130,131] which exacerbates inflammatory responses and immune dis-
eases. The production of early inflammatory cytokines such as TNF-α, IL-6 and IL-1β, that
is increased in phase 1, was significantly inhibited by oral administration of polyphenols
in vivo, in different mouse, rat and zebrafish models [124,126–128,130,131,135,137–139],
and also in vitro, in RAW264.7 macrophages [131,134]. Polyphenol treatment [128,138]
decreased the expression of CCL2/MCP-1 and consequently may reduce the infiltration of
macrophages and subsequently inflammation [126,128].

In phase 2, the regulation of inflammation is amplified via positive feedback and
adaptive immunity is activated. Oral administration of polyphenols significantly affects
macrophage infiltration and the balance of macrophages with an M1 or M2 phenotype.
Oral administration of polyphenols decreased the expression of CD11b and CD80, markers
for M1 macrophages [126,127,137,138]. The M2 type is identified by marker CD206, and can
prominently expresses IL-10, a cytokine with potential anti-inflammatory effects and plays
an important role in limiting the host immune response to pathogens. Polyphenol treatment
was found to increase the expression of the M2 markers, CD206 [126,127,137,138] and IL-10
in acute liver injured mouse model and HFD with or without seaweed supplement mouse
model [124,127,135,138]. Oral administration of polyphenols induced a decrease in the
level of iNOS [130,131,134,138] and the levels of NO in both.

5.2.4. Polyphenols: Late Consequences of Inflammation and Sequels

Oral administration of polyphenols may be promising for the treatment of severe or
chronic inflammation and its consequences (phase 3). Oral administration of polyphenols
resulted in a reduction in food intake and in body weight [126–128,137,140], as well as in the
storage of triglyceride (TG) and total cholesterol (TC) [128,137]. After oral administration
of extracts rich in polyphenols, also the leptin/adiponectin ratio, an important marker for
inflammation and obesity, decreased [128]. Choi et al. and Son et al. [127,137] showed that
the production of receptor for advanced glycation end-products (RAGE), closely related
to inflammation and visceral fat hypertrophy, and RAGE-RAGE ligand binding was re-
duced in obese individuals treated with polyphenols. In obesity-associated type 2 diabetes,
low-grade chronic inflammation can lead to an increase of blood glucose levels and to
insulin resistance. Polyphenol treatment improved insulin sensitivity [128] and suppressed
the increase of blood glucose levels in high-fat diet-induced obese mice [140]. A novel
derivative from phloroglucinol called Compound 21 significantly exerted protective effects
on multiple sclerosis through promotion of remyelination and suppressing neuroinflam-
mation in a cuprizone-induced mouse model for multiple sclerosis [141]. In another study
these authors showed that Compound 21 reduced the population of Th1/Th17 cells and
inhibited their infiltration into the CNS. These results indicated a potential neuroprotective
effect of Compound 21 [142].

In conclusion, polyphenols have various therapeutic effects including anti-inflammatory,
anti-obesity, anti-diabetic and antioxidant. Polyphenols may be a highly promising treat-
ment strategy for diseases involving chronic low-grade inflammation, but further clinical
studies are needed.
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6. Fucoxanthin(ol) and Meroterpenoids

Fucoxanthin is a major marine carotenoid present in chloroplasts of brown seaweeds,
and particularly seaweeds such as Undaria pinnatifida, Laminaria japonica and Sargassum
honeri are rich in fucoxanthin [143]. Ingested fucoxanthin is metabolized to fucoxanthinol
in the small intestine and then absorbed [144]. Therefore, fucoxanthinol has a higher
bioavailability than fucoxanthin. Multiple potentially beneficial health effects have been
ascribed to both fucoxanthin and fucoxanthinol; e.g., anti-oxidative, anti-inflammatory,
anti-obesity, anti-diabetic and anti-carcinogenic properties [145,146]. Meroterpenoids are
partially derived from a terpenoid pathway (mero- means partial). Tetraterpenoids, of
which carotenoids are the most common representatives, belong to the terpenoids and
consist of eight isoprene units [147]. Meroterpenes can be isolated from brown algae such
as Sargassum serratifolium. The meroterpenoid-rich fraction from the ethanolic extract (MES)
of this brown alga is known for its antioxidant and anti-inflammatory activities [148].
Table A5 presents an overview of the significant outcomes of studies investigating oral
administration of fucoxanthin, fucoxanthinol or MES in animal models related to the
inflammatory response.

6.1. Fucoxanthin(ol) and Meroterpenoids: Effects in Acute and Chronic Inflammation

Fucoxanthin is known for its antioxidant potential through its ability to scavenge
radicals effectively and to enhance enzymatic antioxidant activity [149]. Enhanced activ-
ity of antioxidant enzymes superoxide dismutase (SOD), catalase (Cat) and glutathione
peroxidase (GPx) was observed in plasma and testis of rats [150], mice [151] and ham-
sters [152] after treatment with fucoxanthin. Fucoxanthin reduced the increased production
of ROS as a consequence of increased oxidative stress and reduced the increased malon-
dialdehyde formation during lipid peroxidation, which in turn causes upregulation of
pro-inflammatory cytokine production [153,154]. Malondialdehyde levels were reduced in
plasma, sperm and/or testicular tissue of rats [150], mice [151,155] and hamsters [152] after
fucoxanthin treatment. Additionally, a reduction of ROS, such as superoxide (O2

−) and
hydrogen peroxide (H2O2) was seen both in vivo and in vitro after oral administration of
fucoxanthin [150–152,155].

Oral administration of fucoxanthin in different animal models decreased the expres-
sion of various pro-inflammatory mediators, including cytokines such as TNF-α, IL-6 and
IL-1β. This was observed in white adipose tissue, plasma, testis and colonic tissue after
stimulation with various inflammatory triggers [150,151,155,156]. Sugiura et al. demon-
strated the anti-inflammatory and inhibitory effects of oral or percutaneous administration
of fucoxanthin on mouse ear swelling induced by different irritants [157]. Fucoxanthin and
fucoxanthinol were shown to inhibit the enzymatic activities of PLA2 and COX-2, thus
restraining the generation of pro-inflammatory arachidonic acid metabolites in these mice.
These anti-inflammatory effects of fucoxanthin and fucoxanthinol were also confirmed
in vitro using rat basophilic leukemia cells, which showed reduced mRNA expression of
sPLA2 and COX-2 upon treatment with both fucoxanthin and fucoxanthinol [157]. In ad-
dition, Tan et al. found that COX-2 and iNOS mRNA expression were downregulated in
obese mice upon fucoxanthin administration [155]. Similarly, Maeda et al. demonstrated
decreased expression of MCP-1 in white adipose tissue in mice with obesity-related in-
flammation upon treatment [145,156]. Since MCP-1 is a pro-inflammatory cytokine this
suggests an anti-inflammatory effect of fucoxanthin on adipocytes. In mouse models of DSS-
induced colitis and colitis-associated colon carcinoma, a reduction in total NO content and
in NO release in colonic tissue was observed after oral administration of fucoxanthin [151].
Moreover, NO production was also reduced after treatment with fucoxanthin in cisplatin-
induced testicular damage in hamsters [152]. Additionally, the meroterpenoid-rich fraction
of an ethanolic extract from Sargassum serratifolium (MES) induced anti-inflammatory ac-
tivities in high-cholesterol-fed mice. The mice demonstrated decreased serum levels of
MCP-1 and keratinocyte chemoattractant, which are pro-inflammatory chemokines causing
monocyte adhesion in vascular lesions. Furthermore, MES supplementation resulted in
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reduction of ICAM-1, VCAM-1, MCP-1, COX-2 and MMP-9 expression in aortic tissue.
These results indicated that MES prevented vascular inflammation in these mice [148].
Similarly, mice fed a high-fat diet supplemented with MES, compared to un-supplemented
high-fat diet showed decreased expression of macrophage markers F4/80 and MCP-1,
indicating a suppression of inflammation [158].

6.2. Fucoxanthin(ol) and Meroterpenoids: Late Consequences of Inflammation and Sequels

Related to the inflammation in adipose and other tissues, oral fucoxanthin supple-
mentation was also shown to have effects counteracting obesity and obesity-related mor-
bidity [159]. Administration of fucoxanthin to mice fed a high-fat diet reduced gain in
body weight and in weight of white adipose tissue as compared to chow-fed control
mice [155,156]. Furthermore, Maeda et al. demonstrated that mice fed a high-fat diet
also receiving fucoxanthin displayed significantly lower plasma levels of LDL-cholesterol
and leptin compared to mice that were fed a high-fat diet only, indicative of moderated
metabolic dysregulation [156]. Additionally, the obesity-related reduction in expression
of beta-3 adrenergic receptor (ADRB3), responsible for lipolysis and thermogenesis [160],
appeared significantly restored in mice upon addition of fucoxanthin to their high fat
diet [156]. Moreover, Tan et al. showed a decrease in myeloperoxidase (MPO) activity
in mice with high-fat diet-induced obesity after oral fucoxanthin administration, which
implies a reduction in polymorphonuclear cell infiltration [155]. In addition, MES sup-
plementation suppressed body weight, TG, glucose and free fatty acid concentrations in
plasma of high fat diet-fed mice. In addition, the lower HDL cholesterol levels increased to
comparable levels as in the control group. Moreover, increased expression of UCP-1 and
ADRB3 in subcutaneous tissues demonstrates that MES supplementation causes conversion
of white to beige/brite adipocytes which resembles brown adipose tissue [158]. These
results suggest anti-obesity effects and inhibition of lipogenesis by MES supplementation.

In line with improvement of metabolic functions induced by fucoxanthin supple-
mentation, anti-diabetic effects of fucoxanthin have been observed [145,150,156]. Feeding
a high fat-diet containing fucoxanthin resulted in decreased plasma insulin and blood
glucose levels in mice, to levels similar as in mice fed a regular diet [156]. Moreover,
mRNA levels of GLUT4, encoding the insulin-sensitive glucose transporter in adipose
tissue and muscle, were restored to normal levels when the high fat diet was supplemented
with fucoxanthin [156]. In the diabetic KK-Ay mouse model fucoxanthin consumption
was found to decrease elevated plasma blood glucose concentrations [145]. It was also
shown that glucose intolerance improved by fucoxanthin dietary addition [145]. More
recently, Kong et al. found that treatment of diabetic rats with fucoxanthin significantly
reduced levels of plasma glucose compared to diabetic rats without any treatment [150].
Insulin concentrations and homeostatic model assessment of insulin resistance (HOMA-
IR) levels were significantly reduced in these rats. Finally, fucoxanthin supplementation
inhibited the expression of the suppressor of cytokine singaling-3 (SOCS-3), involved in
the induction of insulin resistance [150]. Together, these results indicate that fucoxanthin
possesses anti-diabetic effects by suppressing inflammation and thereby improving insulin
sensitivity.

7. Concluding Remarks

In this comprehensive systematic review, we aimed to provide an overview on the
modulating role of intake of complete brown seaweed, its extracts or selected compounds
on the modulation on different aspects of the inflammatory immune response. This in-
cludes the impacts of seaweed consumption on steady state immune parameters, effects
on allergies, the innate and adaptive immune response and also on chronic, low-grade
inflammation. Brown seaweeds constitute a group of approximately 2000 species con-
taining several common but also unique bioactive molecules with immunomodulatory
functions. We therefore distinguished the impact of four different categories of compounds,
i.e., polysaccharides, (poly)phenols, phytosterols and carotenoids.
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We identified three common denominators across the effects of brown seaweed and
constituents thereof on inflammation (represented in Figure 2). Firstly, most purified
compounds, despite their diverse chemical nature, appear to inhibit similar aspects of
inflammation, in particular synthesis of reactive oxygen species. This common effect is
rather puzzling. Yet, a caveat of some studies may be the use of compound concentrations
beyond physiological levels. In addition, purification of the compounds used in the cited
studies mostly left sufficient room for concentrations of contaminants that might contribute
to, or even explain, the claimed effects. In our view, this calls for rigorous comparative
research of the various compounds in an identical experimental setting. Nevertheless, the
suppression of reactive oxygen species provides an interesting angle to study immune-
modulatory effects of brown seaweed constituents.

Figure 2. Overview of the general effects of crude brown seaweed or its extracts (C, grey) and of its constituents: polyphenol
(P, blue), Fucoxanthin (F, green), Fucoidan (F, brown) and Phytosterols (P, yellow) on the different phases of the inflammatory
processes, including allergy. The colored dots showing the crude seaweed or its extract and its constituents in the separate
boxes indicate in which phases of the immune response they exert their effects.

Secondly, brown seaweeds interfere with the innate immune response on the level of
TLR-induced NF-κB signaling. This route is actually linked with the previous one since
oxygen radicals drive and amplify innate NF-κB-mediated activation. In conjunction, a
plethora of in vitro and in vivo experiments support a suppression of IL-6, IL-1, iNOS and
TNF-α upon treatment with brown seaweeds. Polyphenols, fucosterol, fucoxanthin and
fucoidan all seem to be active in this. Yet, when fucoidan was applied in the pretreatment
setting, it was also shown to potentiate the NF-κB axis to reduce susceptibility to infection
via scavenger receptor A and TLR4 activation in an antibiotic-like fashion. These seemingly
contradictory findings underscore the versatile properties of brown seaweed constituents
in the modulation of the innate immune response. Therefore, interpretation should be
performed with care when extrapolating in vitro findings to human applications. Neverthe-
less, most in vivo studies summarized in this review show unequivocal anti-inflammatory
effects. The mechanistic background of brown seaweed health benefits probably goes
beyond direct inhibition of inflammation. Multiple studies indicate that brown seaweed
compounds interact with pathways and processes involved with energy sensing and sur-
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vival, such as AKT/mTOR/AMPK and autophagy. Thus, brown seaweed compounds
might also function as caloric restriction mimetics and thereby stimulate vitality.

Thirdly, the adaptive immune response displays an altered Th1/Th2 response in
response to brown seaweed. Different constituents have been identified to skew the
Th1/Th2 balance. Depending on the molecular weight of the fucoidan, different outcomes
have been identified. Fucosterol has been shown to skew Th0 cells into Th2 cells in a model
for allergy, whereas polyphenols suppress the Th1/Th17 response in an animal model for
MS. The net effect of brown seaweed on Th1/Th2 skewing cannot be generalized and is
largely dependent on the composition of the different constituents in the seaweed. On the
level of allergy, Th2 suppression reduces IL-4 cytokine levels, decreased IgE production
and suppressed mast cell activity.

Inflammation is a universal response of the body to damage, infection or otherwise
disturbed homeostasis. For this review, we have restricted the search terms to those that are
related to inflammation, allergy and immunity. The broad implication of the inflammatory
response in the maintenance of bodily integrity, however, entails that several studies that
focus on aspects only indirectly related to inflammation, were not included in the final
result, whereas similar studies were, based on different choices by the respective authors
for their specific wording. Nevertheless, we are confident that this review covers the main
aspects of oral supplementation of brown seaweeds and their components on aspects of
inflammation, allergy and immunity in a broad sense. More well-designed human studies
applying individual seaweed constituents as well as whole seaweed (extracts) will provide
more insight into the applicability of brown seaweed as immune-modulatory nutritional
intervention strategies.
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with acute toxicity, cytotoxicity and mutagenicity of Cystoseira compressa (Esper) Gerloff & Nizamuddin from the coast of Urla
(Izmir, Turkey). Cytotechnology 2013, 67, 135–143. [CrossRef] [PubMed]

5. Zaragozá, M.C.; López, D.; Sáiz, M.P.; Poquet, M.; Pérez, J.; Puig-Parellada, P.; Màrmol, F.; Simonetti, P.; Gardana, C.; Lerat, Y.;
et al. Toxicity and Antioxidant Activity in Vitro and in Vivo of Two Fucus vesiculosus Extracts. J. Agric. Food Chem. 2008, 56,
7773–7780. [CrossRef] [PubMed]

6. Park, S.Y.; Seo, I.S.; Lee, S.J.; Lee, S.P. Study on the Health Benefits of Brown Algae (Sargassum muticum) in Volunteers. J. Food
Nutr. Res. 2015, 3, 126–130. [CrossRef]

7. Baldrick, F.R.; McFadden, K.; Ibars, M.; Sung, C.; Moffatt, T.; Megarry, K.; Thomas, K.; Mitchell, P.; Wallace, J.M.W.; Pourshahidi,
L.K.; et al. Impact of a (poly)phenol-rich extract from the brown algae Ascophyllum nodosum on DNA damage and antioxidant
activity in an overweight or obese population: A randomized controlled trial. Am. J. Clin. Nutr. 2018, 108, 688–700. [CrossRef]

8. Kannan, G.; Saker, K.; Terrill, T.; Kouakou, B.; Galipalli, S.; Gelaye, S. Effect of seaweed extract supplementation in goats exposed
to simulated preslaughter stress. Small Rumin. Res. 2007, 73, 221–227. [CrossRef]

9. Bai, J.; Wang, R.; Yan, L.; Feng, J. Co-Supplementation of Dietary Seaweed Powder and Antibacterial Peptides Improves Broiler
Growth Performance and Immune Function. Braz. J. Poult. Sci. 2019, 21. [CrossRef]

10. Baleta, F.N.; Bolanos, J.M. Growth and immune response of Pangasius hypophthalmus fed diets containing seaweed extracts as
immunostimulant. Braz. Arch. Biol. Technol. 2019, 62. [CrossRef]

11. Zeynali, M.; Bahabadi, M.N.; Morshedi, V.; Ghasemi, A.; Mozanzadeh, M.T. Replacement of dietary fishmeal with Sargassum
ilicifolium meal on growth, innate immunity and immune gene mRNA transcript abundance in Lates calcarifer juveniles. Aquacult.
Nutr. 2020, 26, 1657–1668. [CrossRef]

12. Yeganeh, S.; Adel, M. Effects of dietary algae (Sargassum ilicifolium) as immunomodulator and growth promoter of juvenile great
sturgeon (Huso huso Linnaeus, 1758). J. Appl. Phycol. 2018, 31, 2093–2102. [CrossRef]

13. Zeraatpisheh, F.; Firouzbakhsh, F.; Khalili, K.J. Effects of the macroalga Sargassum angustifolium hot water extract on hematological
parameters and immune responses in rainbow trout (Oncohrynchus mykiss) infected with Yersinia rukeri. Environ. Boil. Fishes
2018, 30, 2029–2037. [CrossRef]

14. Sugiura, Y.; Matsuda, K.; Okamoto, T.; Kakinuma, M.; Amano, H. Anti-allergic effects of the brown alga Eisenia arborea on Brown
Norway rats. Fish. Sci. 2008, 74, 180–186. [CrossRef]

15. Yoshioka, H.; Ishida, M.; Nishi, K.; Oda, H.; Toyohara, H.; Sugahara, T. Studies on anti-allergic activity of Sargassum horneri
extract. J. Funct. Foods 2014, 10, 154–160. [CrossRef]

16. Han, E.J.; Fernando, I.P.S.; Kim, H.-S.; Jeon, Y.-J.; Madusanka, D.M.D.; Dias, M.K.H.M.; Jee, Y.; Ahn, G. Oral Administration of
Sargassum horneri Improves the HDM/DNCB-Induced Atopic Dermatitis in NC/Nga Mice. Nutr. 2020, 12, 2482. [CrossRef]

17. Kim, O.-K.; Lee, M.; Kwon, H.O.; Lee, D.; Park, J.; Kim, E.; You, Y.; Lim, Y.T.; Jun, W.; Lee, J. Costaria costata Extract Suppresses
Development of Atopic Dermatitis in chloro-2,4-dinitrobenzene-treated NC/Nga Mice. Skin Pharmacol. Physiol. 2018, 31, 212–219.
[CrossRef] [PubMed]

18. Hwang, Y.-H.; Song, H.-K.; Lee, A.; Ha, H.; Kim, T. Laminaria japonica Suppresses the Atopic Dermatitis-Like Responses in
NC/Nga Mice and Inflamed HaCaT Keratinocytes via the Downregulation of STAT1. Nutrients 2020, 12, 3238. [CrossRef]
[PubMed]

19. Park, S.K.; Park, S.J.; Park, S.M.; Cho, I.J.; Park, C.I.; Kim, Y.W.; Kim, S.C. Inhibition of acute phase inflammation by Laminaria
japonica through regulation of inos-Nf- B pathway. Evid. Based Complement Altern. Med. 2013, 2013. [CrossRef] [PubMed]

20. Sugiura, Y.; Kinoshita, Y.; Abe, M.; Murase, N.; Tanaka, R.; Matsushita, T.; Usui, M.; Hanaoka, K.-I.; Miyata, M. Suppressive
effects of the diethyl ether fraction from a brown alga Sargassum fusiforme on allergic and inflammatory reactions. Fish. Sci. 2016,
82, 369–377. [CrossRef]

21. Namkoong, S.; Kang, S.-C.; Do, H.; Jang, K.-H.; Jang, S.-A.; Choung, M.-G.; Sohn, E.-H. Immunomodulatory Effects of Supple-
mentation with Extracts from the Marine Brown Alga Eisenia bicyclis on Macrophages. Korean J. Plant Resour. 2011, 24, 298–303.
[CrossRef]

22. Park, S.Y.; Hwang, E.; Shin, Y.-K.; Lee, D.-G.; Yang, J.-E.; Park, J.-H.; Yi, T.-H. Immunostimulatory effect of enzyme-modified
Hizikia fusiforme in a mouse model in vitro and ex vivo. Mar. Biotechnol. 2017, 19, 65–75. [CrossRef]

23. Joung, E.J.; Gwon, W.-G.; Shin, T.-S.; Jung, B.-M.; Choi, J.; Kim, H.-R. Anti-inflammatory action of the ethanolic extract from
Sargassum serratifolium on lipopolysaccharide-stimulated mouse peritoneal macrophages and identification of active components.
J. Appl. Phycol. 2017, 29, 563–573. [CrossRef]

183



Nutrients 2021, 13, 2613

24. Fernando, I.P.S.; Sanjeewa, K.K.A.; Samarakoon, K.W.; Lee, W.W.; Kim, H.-S.; Ranasinghe, P.; Gunasekara, U.K.D.S.S.; Jeon, Y.-J.
Antioxidant and anti-inflammatory functionality of ten Sri Lankan seaweed extracts obtained by carbohydrase assisted extraction.
Food Sci. Biotechnol. 2018, 27, 1761–1769. [CrossRef] [PubMed]

25. Ramadan, G.; Fouda, W.A.; Ellamie, A.M.; Ibrahim, W.M. Dietary supplementation of Sargassum latifolium modulates thermo-
respiratory response, inflammation, and oxidative stress in bacterial endotoxin-challenged male Barki sheep. Environ. Sci. Pollut.
Res. 2020, 27, 33863–33871. [CrossRef] [PubMed]

26. Ellamie, A.M.; Fouda, W.A.; Ibrahim, W.M.; Ramadan, G. Dietary supplementation of brown seaweed (Sargassum latifolium)
alleviates the environmental heat stress-induced toxicity in male Barki sheep (Ovis aries). J. Therm. Biol. 2020, 89, 102561.
[CrossRef]

27. Saker, K.E.; Fike, J.H.; Veit, H.; Ward, D.L. Brown seaweed- (TascoTM) treated conserved forage enhances antioxidant status and
immune function in heat-stressed wether lambs. J. Anim. Physiol. Anim. Nutr. 2004, 88, 122–130. [CrossRef] [PubMed]

28. Kim, N.-H.; Lee, S.M.; Na Kim, Y.; Jeon, Y.-J.; Heo, J.-D.; Jeong, E.J.; Rho, J.-R. Standardized Fraction of Turbinaria ornata Alleviates
Dextran Sulfate Sodium-Induced Chronic Colitis in C57BL/6 Mice via Upregulation of FOXP3+ Regulatory T Cells. Biomolecules
2020, 10, 1463. [CrossRef]

29. Ko, S.J.; Bu, Y.; Bae, J.; Bang, Y.-m.; Kim, J.; Lee, H.; Lee, B.-J.; Hyun, Y.H.; Park, J.-W. Protective effect of Laminaria japonica with
probiotics on murine colitis. Mediat. Inflamm. 2014, 2014, 417814. [CrossRef]

30. Jeon, H.; Yoon, W.-J.; Ham, Y.-M.; Yoon, S.-A.; Kang, S.C. Anti-Arthritis Effect through the Anti-Inflammatory Effect of Sargassum
muticum Extract in Collagen-Induced Arthritic (CIA) Mice. Molecules 2019, 24, 276. [CrossRef]

31. Cooper, R.; Dragar, C.; Elliot, K.; Fitton, J.; Godwin, J.; Thompson, K. GFS, a preparation of Tasmanian Undaria pinnatifida is
associated with healing and inhibition of reactivation of Herpes. BMC Complement. Altern. Med. 2002, 2, 11. [CrossRef]

32. Imai, T.; Takahashi, Y. Chemotaxis Assay for Marsupenaeus japonicas Hemocytes and Application for the Development of an Oral
Immunostimulant Against White Spot Syndrome Virus. Front. Cell Dev. Biol. 2020, 8, 46. [CrossRef] [PubMed]

33. Lee, D.-G.; Shin, Y.-K.; Park, J.-H.; Park, S.-Y.; Hwang, E.; Yang, J.-E.; Jo, H.; Kim, K.-Y.; Mavlonov, G.T.; Yi, T.-H. Alveolar Bone
Protective Effect of Hiziki Extracts on the Progression of Periodontitis. Mar. Biotechnol. 2018, 20, 313–323. [CrossRef]

34. Song, X.-H.; Zan, R.-Z.; Yu, C.-H.; Wang, F. Effects of modified Haizao Yuhu Decoction in experimental autoimmune thyroiditis
rats. J. Ethnopharmacol. 2011, 135, 321–324. [CrossRef] [PubMed]

35. Wu, H.; Ballantyne, C.M. Metabolic Inflammation and Insulin Resistance in Obesity. Circ. Res. 2020, 126, 1549–1564. [CrossRef]
36. Oh, J.-H.; Kim, J.; Lee, Y. Anti-inflammatory and anti-diabetic effects of brown seaweeds in high-fat diet-induced obese mice.

Nutr. Res. Pract. 2016, 10, 42–48. [CrossRef] [PubMed]
37. Martínez-Villaluenga, C.; Peñas, E.; Rico, D.; Martin-Diana, A.B.; Portillo, M.P.; Macarulla, M.T.; De Luis, D.A.; Miranda, J.

Potential Usefulness of a Wakame/Carob Functional Snack for the Treatment of Several Aspects of Metabolic Syndrome: From In
Vitro to In Vivo Studies. Mar. Drugs 2018, 16, 512. [CrossRef]

38. Mendez, R.L.; Miranda, C.; Armour, C.R.; Sharpton, T.J.; Stevens, J.F.; Kwon, J.Y. Supplementation with Sea Vegetables Palmaria
mollis and Undaria pinnatifida Exerts Metabolic Benefits in Diet-Induced Obesity in Mice. Curr. Dev. Nutr. 2020, 4, nzaa072.
[CrossRef] [PubMed]

39. Yang, H.; Lee, S.Y.; Lee, S.R.; Pyun, B.-J.; Kim, H.J.; Lee, Y.H.; Kwon, S.W.; Suh, D.H.; Lee, C.H.; Hong, E.-J.; et al. Therapeutic
Effect of Ecklonia cava Extract in Letrozole-Induced Polycystic Ovary Syndrome Rats. Front. Pharmacol. 2018, 9. [CrossRef]

40. Berteau, O.; Mulloy, B. Sulfated fucans, fresh perspectives: Structures, functions, and biological properties of sulfated fucans and
an overview of enzymes active toward this class of polysaccharide. Glycobiology 2003, 13, 29R–40R. [CrossRef]

41. Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation. Environ. Boil. Fishes 2011,
23, 543–597. [CrossRef]

42. Van Weelden, G.; Bobinski, M.; Okla, K.; van Weelden, W.J.; Romano, A.; Pijnenborg, A.M.A. Fucoidan Structure and Activity in
Relation to Anti-Cancer Mechanisms. Mar. Drugs 2019, 17, 32. [CrossRef] [PubMed]

43. Laurienzo, P. Marine Polysaccharides in Pharmaceutical Applications: An Overview. Mar. Drugs 2010, 8, 2435–2465. [CrossRef]
44. Zhao, X.; Xue, C.-H.; Li, B.-F. Study of antioxidant activities of sulfated polysaccharides from Laminaria japonica. J. Appl. Phycol.

2007, 20, 431–436. [CrossRef]
45. Fitton, J.H.; Stringer, D.N.; Karpiniec, S.S. Therapies from Fucoidan: An Update. Mar. Drugs 2015, 13, 5920–5946. [CrossRef]

[PubMed]
46. Nagamine, T.; Nakazato, K.; Tomioka, S.; Iha, M.; Nakajima, K. Intestinal Absorption of Fucoidan Extracted from the Brown

Seaweed, Cladosiphon okamuranus. Mar. Drugs 2014, 13, 48–64. [CrossRef]
47. Shang, Q.; Song, G.; Zhang, M.; Shi, J.; Xu, C.; Hao, J.; Li, G.; Yu, G. Dietary fucoidan improves metabolic syndrome in association

with increased Akkermansia population in the gut microbiota of high-fat diet-fed mice. J. Funct. Foods 2017, 28, 138–146. [CrossRef]
48. Kadena, K.; Tomori, M.; Iha, M.; Nagamine, T. Absorption Study of Mozuku Fucoidan in Japanese Volunteers. Mar. Drugs 2018,

16, 254. [CrossRef]
49. Iraha, A. Fucoidan enhances intestinal barrier function by upregulating the expression of claudin-1. World J. Gastroenterol. 2013,

19, 5500–5507. [CrossRef]
50. Chauvierre, C.; Aid-Launais, R.; Aerts, J.; Chaubet, F.; Maire, M.; Chollet, L.; Rolland, L.; Bonafé, R.; Rossi, S.; Bussi, S.; et al.

Pharmaceutical Development and Safety Evaluation of a GMP-Grade Fucoidan for Molecular Diagnosis of Cardiovascular
Diseases. Mar. Drugs 2019, 17, 699. [CrossRef]

184



Nutrients 2021, 13, 2613

51. Li, N.; Zhang, Q.; Song, J. Toxicological evaluation of fucoidan extracted from Laminaria japonica in Wistar rats. Food Chem. Toxicol.
2005, 43, 421–426. [CrossRef] [PubMed]

52. Mori, N.; Takeda, K.; Tomimori, K.; Kimura, R.; Ishikawa, C.; Nowling, T.K. Anti-tumor activity of fucoidan is mediated by nitric
oxide released from macrophages. Int. J. Oncol. 2011, 40, 251–260. [CrossRef]

53. Jayawardena, T.U.; Fernando, I.P.S.; Lee, W.W.; Sanjeewa, K.K.A.; Kim, H.-S.; Lee, D.-S.; Jeon, Y.-J. Isolation and purification of
fucoidan fraction in Turbinaria ornata from the Maldives; Inflammation inhibitory potential under LPS stimulated conditions in
in-vitro and in-vivo models. Int. J. Biol. Macromol. 2019, 131, 614–623. [CrossRef] [PubMed]

54. Ni, L.; Wang, L.; Fu, X.; Duan, D.; Jeon, Y.-J.; Xu, J.; Gao, X. In vitro and in vivo anti-inflammatory activities of a fucose-rich
fucoidan isolated from Saccharina japonica. Int. J. Biol. Macromol. 2020, 156, 717–729. [CrossRef]

55. Park, J.; Cha, J.-D.; Choi, K.-M.; Lee, K.-Y.; Han, K.M.; Jang, Y.-S. Fucoidan inhibits LPS-induced inflammation in vitro and during
the acute response in vivo. Int. Immunopharmacol. 2017, 43, 91–98. [CrossRef]

56. Sanjeewa, K.K.A.; Fernando, I.; Kim, S.-Y.; Kim, H.-S.; Ahn, G.; Jee, Y.; Jeon, Y.-J. In vitro and in vivo anti-inflammatory activities
of high molecular weight sulfated polysaccharide; containing fucose separated from Sargassum horneri: Short communication. Int.
J. Biol. Macromol. 2018, 107, 803–807. [CrossRef] [PubMed]

57. Herath, K.H.I.N.M.; Kim, H.J.; Kim, A.; Sook, C.E.; Lee, B.-Y.; Jee, Y. The Role of Fucoidans Isolated from the Sporophylls of
Undaria pinnatifida against Particulate-Matter-Induced Allergic Airway Inflammation: Evidence of the Attenuation of Oxidative
Stress and Inflammatory Responses. Molecules 2020, 25, 2869. [CrossRef]

58. Lin, R.; Liu, X.; Meng, Y.; Xu, M.; Guo, J. Effects of Laminaria japonica polysaccharides on airway inflammation of lungs in an
asthma mouse model. Multidiscip. Respir. Med. 2015, 10, 20. [CrossRef] [PubMed]

59. Tanino, Y.; Hashimoto, T.; Ojima, T.; Mizuno, M. F-fucoidan from Saccharina japonica is a novel inducer of galectin-9 and exhibits
anti-allergic activity. J. Clin. Biochem. Nutr. 2016, 59, 25–30. [CrossRef]

60. Mizuno, M.; Sakaguchi, K.; Sakane, I. Oral Administration of Fucoidan Can Exert Anti-Allergic Activity after Allergen Sensitiza-
tion by Enhancement of Galectin-9 Secretion in Blood. Biomolecules 2020, 10, 258. [CrossRef]

61. Hwang, P.-A.; Lin, H.-T.V.; Lin, H.-Y.; Lo, S.-K. Dietary Supplementation with Low-Molecular-Weight Fucoidan Enhances Innate
and Adaptive Immune Responses and Protects against Mycoplasma pneumoniae Antigen Stimulation. Mar. Drugs 2019, 17, 175.
[CrossRef] [PubMed]

62. Tomori, M.; Nagamine, T.; Miyamoto, T.; Iha, M. Evaluation of the Immunomodulatory Effects of Fucoidan Derived from
Cladosiphon Okamuranus Tokida in Mice. Mar. Drugs 2019, 17, 547. [CrossRef]

63. Yu, B.; Bi, D.; Yao, L.; Li, T.; Gu, L.; Xu, H.; Li, X.; Li, H.; Hu, Z.-L.; Xu, X. The inhibitory activity of alginate against allergic
reactions in an ovalbumin-induced mouse model. Food Funct. 2020, 11, 2704–2713. [CrossRef] [PubMed]

64. Leonard, S.G.; Sweeney, T.; Bahar, B.; O’Doherty, J.V. Effect of maternal seaweed extract supplementation on suckling piglet
growth, humoral immunity, selected microflora, and immune response after an ex vivo lipopolysaccharide challenge1. J. Anim.
Sci. 2012, 90, 505–514. [CrossRef]

65. Walsh, A.M.; Sweeney, T.; O’Shea, C.J.; Doyle, D.N.; O’Doherty, J.V. Effects of supplementing dietary laminarin and fucoidan on
intestinal morphology and the immune gene expression in the weaned pig. J. Anim. Sci. 2012, 90, 284–286. [CrossRef] [PubMed]

66. Azizi, A.F.N.; Miyazaki, R.; Yumito, T.; Ohashi, Y.; Uno, S.; Miyajima, U.; Kumamoto, M.; Uchiyama, S.; Yasuda, M. Effect of
maternal supplementation with seaweed powder on immune status of liver and lymphoid organs of piglets. J. Vet. Med. Sci.
2018, 80, 8–12. [CrossRef] [PubMed]

67. Heim, G.; O’Doherty, J.V.; O’Shea, C.; Doyle, D.N.; Egan, A.M.; Thornton, K.; Sweeney, T. Maternal supplementation of seaweed-
derived polysaccharides improves intestinal health and immune status of suckling piglets. J. Nutr. Sci. 2015, 4, e27. [CrossRef]
[PubMed]

68. McDonnell, R.P.; Doherty, J.V.O.; Earley, B.; Clarke, A.M.; Kenny, D.A. Effect of supplementation with n-3 polyunsaturated fatty
acids and/or β-glucans on performance, feeding behaviour and immune status of Holstein Friesian bull calves during the pre-
and post-weaning periods. J. Anim. Sci. Biotechnol. 2019, 10, 1–17. [CrossRef]

69. Yan, G.L.; Guo, Y.M.; Yuan, J.M.; Liu, D.; Zhang, B.K. Sodium alginate oligosaccharides from brown algae inhibit Salmonella
Enteritidis colonization in broiler chickens. Poult. Sci. 2011, 90, 1441–1448. [CrossRef] [PubMed]

70. El-Boshy, M.; El-Ashram, A.; Risha, E.; Abdelhamid, F.; Zahran, E.; Gab-Alla, A. Dietary fucoidan enhance the non-specific
immune response and disease resistance in African catfish, Clarias gariepinus, immunosuppressed by cadmium chloride. Vet.
Immunol. Immunopathol. 2014, 162, 168–173. [CrossRef]

71. Mir, I.N.; Sahu, N.P.; Pal, A.K.; Makesh, M. Synergistic effect of l-methionine and fucoidan rich extract in eliciting growth and
non-specific immune re-sponse of Labeo rohita fingerlings against Aeromonas hydrophila. Aquaculture 2017, 479, 396–403. [CrossRef]

72. Morales-Lange, B.; Bethke, J.; Schmitt, P.; Mercado, L. Phenotypical parameters as a tool to evaluate the immunostimulatory
effects of laminarin in Oncorhynchus mykiss. Aquac. Res. 2014, 46, 2707–2715. [CrossRef]

73. Prabu, D.L.; Sahu, N.P.; Pal, A.K.; Dasgupta, S.; Narendra, A. Immunomodulation and interferon gamma gene expression in
sutchi cat fish, Pangasianodon hypophthalmus: Effect of dietary fucoidan rich seaweed extract (FRSE) on pre and post challenge
period. Aquac. Res. 2016, 47, 199–218. [CrossRef]

74. Setyawan, A.; Isnansetyo, A.; Murwantoko, M.; Soedarmanto, I.; Handayani, C.R. Comparative immune response of dietary
fucoidan from three indonesian brown algae in white shrimp Litopenaeus vannamei. AACL Bioflux 2018, 11, 1707–1723.

185



Nutrients 2021, 13, 2613

75. Yang, Q.; Yang, R.; Li, M.; Zhou, Q.; Liang, X.; Elmada, Z.C. Effects of dietary fucoidan on the blood constituents, anti-oxidation
and innate immunity of juvenile yellow catfish (Pelteobagrus fulvidraco). Fish Shellfish Immunol. 2014, 41, 264–270. [CrossRef]
[PubMed]

76. Yin, G.; Li, W.; Lin, Q.; Lin, X.; Lin, J.; Zhu, Q.; Jiang, H.; Huang, Z. Dietary administration of laminarin improves the growth
performance and immune responses in Epinephelus coioides. Fish Shellfish Immunol. 2014, 41, 402–406. [CrossRef]

77. Katayama, S.; Nishio, T.; Kishimura, H.; Saeki, H. Immunomodulatory Properties of Highly Viscous Polysaccharide Extract from
the Gagome Alga (Kjellmaniella crassifolia). Plant Foods Hum. Nutr. 2012, 67, 76–81. [CrossRef] [PubMed]

78. Shimizu, J.; Wada-Funada, U.; Mano, H.; Matahira, Y.; Kawaguchi, M.; Wada, M. Proportion of Murine Cytotoxic T Cells is
Increased by High Molecular-Weight Fucoidan Extracted from Okinawa mozuku (Cladosiphon okamuranus). J. Health Sci. 2005, 51,
394–397. [CrossRef]

79. Kar, S.; Sharma, G.; Das, P.K. Fucoidan cures infection with both antimony-susceptible and -resistant strains of Leishmania donovani
through Th1 response and macrophage-derived oxidants. J. Antimicrob. Chemother. 2011, 66, 618–625. [CrossRef]

80. Hayashi, T.; Hayashi, K.; Kanekiyo, K.; Ohta, Y.; Lee, J.-B.; Hashimoto, M.; Nakano, T. Promising Antiviral Glyco-Molecules from
an Edible Alga. In Combating the Threat of Pandemic Influenza: Drug Discovery Approaches; John Wiley & Sons: Hoboken, NJ, USA,
2007; pp. 166–182. [CrossRef]

81. Araya, N.; Takahashi, K.; Sato, T.; Nakamura, T.; Sawa, C.; Hasegawa, D.; Ando, H.; Aratani, S.; Yagishita, N.; Fujii, R.; et al.
Fucoidan therapy decreases the proviral load in patients with human T-lymphotropic virus type-1-associated neurological disease.
Antivir. Ther. 2011, 16, 89–98. [CrossRef]

82. Hayashi, K.; Nakano, T.; Hashimoto, M.; Kanekiyo, K.; Hayashi, T. Defensive effects of a fucoidan from brown alga Undaria
pinnatifida against herpes simplex virus infection. Int. Immunopharmacol. 2008, 8, 109–116. [CrossRef] [PubMed]

83. Hayashi, K.; Lee, J.-B.; Nakano, T.; Hayashi, T. Anti-influenza A virus characteristics of a fucoidan from sporophyll of Undaria
pinnatifida in mice with normal and compromised immunity. Microbes Infect. 2013, 15, 302–309. [CrossRef] [PubMed]

84. Maruyama, H.; Tamauchi, H.; Iizuka, M.; Nakano, T. The Role of NK cells in Antitumor Activity of Dietary Fucoidan from
Undaria pinnatifida Sporophylls (Mekabu). Planta Med. 2006, 72, 1415–1417. [CrossRef] [PubMed]

85. Azuma, K.; Ishihara, T.; Nakamoto, H.; Amaha, T.; Osaki, T.; Tsuka, T.; Imagawa, T.; Minami, S.; Takashima, O.; Ifuku, S.; et al.
Effects of Oral Administration of Fucoidan Extracted from Cladosiphon okamuranus on Tumor Growth and Survival Time in a
Tumor-Bearing Mouse Model. Mar. Drugs 2012, 10, 2337–2348. [CrossRef] [PubMed]

86. Fan, S.; Zhang, J.; Nie, W.; Zhou, W.; Jin, L.; Chen, X.; Lu, J. Antitumor effects of polysaccharide from Sargassum fusiforme against
human hepatocellular carcinoma HepG2 cells. Food Chem. Toxicol. 2017, 102, 53–62. [CrossRef]

87. Chen, X.; Nie, W.; Yu, G.; Li, Y.; Hu, Y.; Lu, J.; Jin, L. Antitumor and immunomodulatory activity of polysaccharides from
Sargassum fusiforme. Food Chem. Toxicol. 2012, 50, 695–700. [CrossRef] [PubMed]

88. Fan, S.; Yu, G.; Nie, W.; Jin, J.; Chen, L.; Chen, X. Antitumor activity and underlying mechanism of Sargassum fusiforme
polysaccharides in CNE-bearing mice. Int. J. Biol. Macromol. 2018, 112, 516–522. [CrossRef]

89. Atashrazm, F.; Lowenthal, R.M.; Woods, G.; Holloway, A.; Karpiniec, S.S.; Dickinson, J.L. Fucoidan Suppresses the Growth of
Human Acute Promyelocytic Leukemia Cells In Vitro and In Vivo. J. Cell. Physiol. 2015, 231, 688–697. [CrossRef]

90. Xue, M.; Liang, H.; Tang, Q.; Xue, C.; He, X.; Zhang, L.; Zhang, Z.; Liang, Z.; Bian, K.; Zhang, L.; et al. The Protective and Im-
munomodulatory Effects of Fucoidan Against 7,12-Dimethyl benz[a]anthracene-Induced Experimental Mammary Carcinogenesis
Through the PD1/PDL1 Signaling Pathway in Rats. Nutr. Cancer 2017, 69, 1234–1244. [CrossRef]

91. Jiang, Z.; Abu, R.; Isaka, S.; Nakazono, S.; Ueno, M.; Okimura, T.; Yamaguchi, K.; Oda, T. Inhibitory effect of orally-administered
sulfated polysaccharide ascophyllan isolated from ascophyllum nodosum on the growth of sarcoma-180 solid tumor in mice.
Anticancer Res. 2014, 34, 1663–1671. [PubMed]

92. Chen, X.; Nie, W.; Fan, S.; Zhang, J.; Wang, Y.; Lu, J.; Jin, L. A polysaccharide from Sargassum fusiforme protects against
immunosuppression in cyclophospha-mide-treated mice. Carbohydr. Polym. 2012, 90, 1114–1119. [CrossRef]

93. Lee, H.H.; Cho, Y.; Kim, G.-H.; Cho, H. Undaria pinnatifida Fucoidan-Rich Extract Recovers Immunity of Immunosuppressed
Mice. J. Microbiol. Biotechnol. 2020, 30, 439–447. [CrossRef]

94. Zhu, X.; Zhu, R.; Jian, Z.; Yu, H. Laminarin enhances the activity of natural killer cells in immunosuppressed mice. Cent. Eur. J.
Immunol. 2019, 44, 357–363. [CrossRef]

95. Hwang, P.-A.; Hung, Y.-L.; Chien, S.-Y. Inhibitory activity of Sargassum hemiphyllum sulfated polysaccharide in arachidonic
acid-induced animal models of inflammation. J. Food Drug Anal. 2015, 23, 49–56. [CrossRef] [PubMed]

96. Kyung, J.; Kim, D.; Park, D.; Yang, Y.-H.; Choi, E.-K.; Lee, S.-P.; Kim, T.-S.; Lee, Y.-B.; Kim, Y.-B. Synergistic anti-inflammatory
effects of Laminaria japonica fucoidan and Cistanche tubulosa extract. Lab. Anim. Res. 2012, 28, 91–97. [CrossRef]

97. Choi, J.-I.; Raghavendran, H.R.B.; Sung, N.-Y.; Kim, J.-H.; Chun, B.S.; Ahn, D.H.; Choi, H.-S.; Kang, K.-W.; Lee, J.-W. Effect of
fucoidan on aspirin-induced stomach ulceration in rats. Chem. Interact. 2010, 183, 249–254. [CrossRef]

98. Matsumoto, S.; Nagaoka, M.; Hara, T.; Kimura-Takagi, I.; Mistuyama, K.; Ueyama, S. Fucoidan derived from Cladosiphon
okamuranus Tokida ameliorates murine chronic colitis through the down-regulation of interleukin-6 production on colonic
epithelial cells. Clin. Exp. Immunol. 2004, 136, 432–439. [CrossRef]

99. Lean, Q.Y.; Eri, R.D.; Fitton, J.H.; Patel, R.P.; Gueven, N. Fucoidan Extracts Ameliorate Acute Colitis. PLoS ONE 2015, 10, e0128453.
[CrossRef] [PubMed]

186



Nutrients 2021, 13, 2613

100. Wang, L.; Ai, C.; Wen, C.; Qin, Y.; Liu, Z.; Wang, L.; Gong, Y.; Su, C.; Wang, Z.; Song, S. Fucoidan isolated from Ascophyllum
nodosum alleviates gut microbiota dysbiosis and colonic inflammation in antibiotic-treated mice. Food Funct. 2020, 11, 5595–5606.
[CrossRef] [PubMed]

101. Xue, M.; Liang, H.; Ji, X.; Zhou, Z.; Liu, Y.; Sun, T.; Zhang, L. Effects of fucoidan on gut flora and tumor prevention in
1,2-dimethylhydrazine-induced colorectal carcino-genesis. J. Nutr. Biochem. 2020, 82, 108396. [CrossRef]

102. Park, S.-B.; Chun, K.-R.; Kim, J.-K.; Suk, K.; Jung, Y.-M.; Lee, W.-H. The differential effect of high and low molecular weight
fucoidans on the severity of collagen-induced arthritis in mice. Phytother. Res. 2010, 24, 1384–1391. [CrossRef] [PubMed]

103. Jeong, J.-W.; Hwang, S.J.; Han, M.H.; Lee, D.-S.; Yoo, J.S.; Choi, I.-W.; Cha, H.-J.; Kim, S.; Kim, H.-S.; Kim, G.-Y.; et al. Fucoidan
inhibits lipopolysaccharide-induced inflammatory responses in RAW 264.7 macrophages and zebrafish larvae. Mol. Cell. Toxicol.
2017, 13, 405–417. [CrossRef]

104. Li, C.; Gao, Y.; Xing, Y.; Zhu, H.; Shen, J.; Tian, J. Fucoidan, a sulfated polysaccharide from brown algae, against myocardial
ischemia-reperfusion injury in rats via regulating the inflammation response. Food Chem. Toxicol. 2011, 49, 2090–2095. [CrossRef]
[PubMed]

105. Yu, H.-H.; Chengchuan Ko, E.; Chang, C.-L.; Yuan, K.S.-P.; Wu, A.T.H.; Shan, Y.-S.; Wu, S.-Y. Fucoidan Inhibits Radiation-Induced
Pneumonitis and Lung Fibrosis by Reducing Inflammatory Cytokine Expression in Lung Tissues. Mar. Drugs 2018, 16, 392.
[CrossRef]

106. Bai, X.; Li, M.; Wang, X.; Chang, H.; Ni, Y.; Li, C.; He, K.; Wang, H.; Yang, Y.; Tian, T.; et al. Therapeutic potential of fucoidan in
the reduction of hepatic pathology in murine schistosomiasis japonica. Parasites Vectors 2020, 13, 1–14. [CrossRef]

107. Li, J.; Chen, K.; Li, S.; Liu, T.; Wang, F.; Xia, Y.; Lu, J.; Zhou, Y.; Guo, C. Pretreatment with Fucoidan from Fucus vesiculosus
Protected against ConA-Induced Acute Liver Injury by Inhibiting Both Intrinsic and Extrinsic Apoptosis. PLoS ONE 2016, 11,
e0152570. [CrossRef] [PubMed]

108. Xue, M.; Liang, H.; Ji, X.; Liu, Y.; Ge, Y.; Hou, L.; Sun, T. Fucoidan prevent murine autoimmune diabetes via suppression
TLR4-signaling pathways, regulation DC/Treg induced immune tolerance and improving gut microecology. Nutr. Metab. 2019,
16, 1–15. [CrossRef]

109. Ko, W.-S.; Shen, F.-P.; Shih, C.-J.; Chiou, Y.-L. The 25(OH)Vitamin D Status Affected the Effectiveness of Oligo Fucoidan in Patients
with Chronic Hepatitis B Virus Infection with Immune Tolerance Phase. Nutrients 2020, 12, 321. [CrossRef]

110. Myers, S.P.; O’Connor, J.; Fitton, J.H.; Brooks, L.; Rolfe, M.; Connellan, P.; Wohlmuth, H.; Cheras, P.A.; Morris, C. A combined
phase I and II open label study on the effects of a seaweed extract nutrient complex on oste-oarthritis. Biol. Targets Ther. 2010, 4,
33–44. [CrossRef]

111. Takahashi, H.; Kawaguchi, M.; Kitamura, K.; Narumiya, S.; Kawamura, M.; Tengan, I.; Nishimoto, S.; Hanamure, Y.; Majima, Y.;
Tsubura, S.; et al. An Exploratory Study on the Anti-inflammatory Effects of Fucoidan in Relation to Quality of Life in Advanced
Cancer Patients. Integr. Cancer Ther. 2017, 17, 282–291. [CrossRef]

112. Peng, F.-H.; Zha, X.-Q.; Cui, S.-H.; Asghar, M.-N.; Pan, L.-H.; Wang, J.-H.; Luo, J.-P. Purification, structure features and
anti-atherosclerosis activity of a Laminaria japonica polysaccharide. Int. J. Biol. Macromol. 2015, 81, 926–935. [CrossRef] [PubMed]

113. Wang, X. Fucoidan attenuates atherosclerosis in LDLR−/− mice through inhibition of inflammation and oxidative stress. Int. J.
Clin. Exp. Pathol. 2016, 9, 6896–6904.

114. Xu, Y.; Xu, J.; Ge, K.; Tian, Q.; Zhao, P.; Guo, Y. Anti-inflammatory effect of low molecular weight fucoidan from Saccharina
japonica on atherosclerosis in apoE-knockout mice. Int. J. Biol. Macromol. 2018, 118, 365–374. [CrossRef]

115. Soin, J.; Kurzejamska, E.; Gaciong, Z.; Henrykowska, G.; Bojakowski, K. Fucoidan Inhibits Vascular Remodeling in Transplant
Vasculopathy in Rat. Funct. Foods Health Dis. 2018, 8, 323. [CrossRef]

116. Zhou, M.; Ding, Y.; Cai, L.; Wang, Y.; Lin, C.; Shi, Z. Low molecular weight fucoidan attenuates experimental abdominal aortic
aneurysm through interfering the leukocyte-endothelial cells interaction. Mol. Med. Rep. 2018, 17, 7089–7096. [CrossRef]

117. Mo, W.; Wang, C.; Li, J.; Chen, K.; Xia, Y.; Li, S.; Xu, L.; Lu, X.; Wang, W.; Guo, C. Fucosterol Protects against Concanavalin
A-Induced Acute Liver Injury: Focus on P38 MAPK/NF-kappaB Pathway Activity. Gastroenterol. Res. Pract. 2018, 2018, 2824139.
[CrossRef] [PubMed]

118. Bogie, J.; Hoeks, C.; Schepers, M.; Tiane, A.; Cuypers, A.; Leijten, F.; Chintapakorn, Y.; Suttiyut, T.; Pornpakakul, S.; Struik, D.;
et al. Dietary Sargassum fusiforme improves memory and reduces amyloid plaque load in an Alzheimer’s disease mouse model.
Sci. Rep. 2019, 9, 1–16. [CrossRef]

119. Lacy, M.; Atzler, D.; Liu, R.; de Winther, M.; Weber, C.; Lutgens, E. Interactions between dyslipidemia and the immune system
and their relevance as putative therapeutic targets in atherosclerosis. Pharmacol. Ther. 2019, 193, 50–62. [CrossRef]

120. Schulman, I.G. Liver X receptors link lipid metabolism and inflammation. FEBS Lett. 2017, 591, 2978–2991. [CrossRef]
121. Gonzalez, N.A.; Castrillo, A. Liver X receptors as regulators of macrophage inflammatory and metabolic pathways. Biochim.

Biophys. Acta. 2011, 1812, 982–994. [CrossRef]
122. Irfan, M.; Kwon, T.-H.; Yun, B.-S.; Park, N.-H.; Rhee, M.H. Eisenia bicyclis (brown alga) modulates platelet function and inhibits

thrombus formation via impaired P 2 Y 12 receptor signaling pathway. Phytomedicine 2018, 40, 79–87. [CrossRef]
123. Han, E.J.; Kim, H.S.; Sanjeewa, K.K.A.; Herath, K.; Jeon, Y.J.; Jee, Y.; Lee, J.; Kim, T.; Shim, S.Y.; Ahn, G. Eckol from Ecklonia cava

Suppresses Immunoglobulin E-mediated Mast Cell Activation and Passive Cutaneous Anaphylaxis in Mice. Nutrients 2020, 12,
1361. [CrossRef] [PubMed]

187



Nutrients 2021, 13, 2613

124. Herath, K.H.I.N.M.; Mihindukulasooriya, S.P.; Kim, H.J.; Kim, A.; Kim, H.J.; Jeon, Y.J.; Jee, Y. Oral administration of polyphenol-
rich Sargassum horneri suppresses particulate matter exacer-bated airway inflammation in murine allergic asthma: Relevance to
the TLR mediated NF-kappa B pathway inhibition. J. Funct. Foods 2020, 71, 103991. [CrossRef]

125. Sugiura, Y.; Nagayama, K.; Kinoshita, Y.; Tanaka, R.; Matsushita, T. The anti-allergic effect of the ethyl acetate fraction from an
Ecklonia kurome extract. Food Agric. Immunol. 2015, 26, 181–193. [CrossRef]

126. Son, M.; Oh, S.; Choi, J.; Jang, J.T.; Choi, C.H.; Park, K.Y.; Son, K.H.; Byun, K. Attenuation of Inflammation and Leptin Resistance
by Pyrogallol-Phloroglucinol-6,6-Bieckol on in the Brain of Obese Animal Models. Nutrients 2019, 11, 2773. [CrossRef] [PubMed]

127. Son, M.; Oh, S.; Choi, J.; Jang, J.T.; Choi, C.H.; Park, K.Y.; Son, K.H.; Byun, K. The Phlorotannin-Rich Fraction of Ecklonia cava
Extract Attenuated the Expressions of the Markers Related with Inflammation and Leptin Resistance in Adipose Tissue. Int. J.
Endocrinol. 2020, 2020, 1–11. [CrossRef]

128. Eo, H.; Jeon, Y.-J.; Lee, M.; Lim, Y. Brown Alga Ecklonia cava Polyphenol Extract Ameliorates Hepatic Lipogenesis, Oxidative
Stress, and Inflammation by Activation of AMPK and SIRT1 in High-Fat Diet-Induced Obese Mice. J. Agric. Food Chem. 2014, 63,
349–359. [CrossRef] [PubMed]

129. Yang, Y.-I.; Ahn, J.-H.; Choi, Y.S.; Choi, J.-H. Brown algae phlorotannins enhance the tumoricidal effect of cisplatin and ameliorate
cisplatin nephrotoxicity. Gynecol. Oncol. 2015, 136, 355–364. [CrossRef] [PubMed]

130. Kim, S.; Choi, S.-I.; Kim, G.-H.; Imm, J.-Y. Anti-Inflammatory Effect of Ecklonia cava Extract on Porphyromonas gingivalis
Lipopolysaccharide-Stimulated Macrophages and a Periodontitis Rat Model. Nutrients 2019, 11, 1143. [CrossRef]

131. Kim, E.A.; Kim, S.Y.; Ye, B.R.; Kim, J.; Ko, S.C.; Lee, W.W.; Kim, K.N.; Choi, I.W.; Jung, W.K.; Heo, S.J. Anti-inflammatory effect of
Apo-9′-fucoxanthinone via inhibition of MAPKs and NF-kB signaling pathway in LPS-stimulated RAW 264.7 macrophages and
zebrafish model. Int. Immunopharmacol. 2018, 59, 339–346. [CrossRef]

132. Kang, K.; Park, Y.; Hwang, H.J.; Kim, S.H.; Lee, J.G.; Shin, H.-C. Antioxidative properties of brown algae polyphenolics and
their perspectives as chemopreventive agents against vascular risk factors. Arch. Pharmacal. Res. 2003, 26, 286–293. [CrossRef]
[PubMed]

133. Kim, S.Y.; Kim, E.A.; Kang, M.C.; Lee, J.H.; Yang, H.W.; Lee, J.S.; Lim, T.I.; Jeon, Y.J. Polyphenol-rich fraction from Ecklonia cava (a
brown alga) processing by-product reduces LPS-induced in-flammation in vitro and in vivo in a zebrafish model. Algae 2014, 29,
165–174. [CrossRef]

134. Fernando, I.P.S.; Kim, H.S.; Sanjeewa, K.K.A.; Oh, J.Y.; Jeon, Y.J.; Lee, W.W. Inhibition of inflammatory responses elicited by urban
fine dust particles in keratinocytes and macro-phages by diphlorethohydroxy-carmalol isolated from a brown alga Ishige okamurae.
Algae 2017, 32, 261–273. [CrossRef]

135. Li, S.; Liu, J.; Zhang, M.; Chen, Y.; Zhu, T.; Wang, J. Protective Effect of Eckol against Acute Hepatic Injury Induced by Carbon
Tetrachloride in Mice. Mar. Drugs 2018, 16, 300. [CrossRef]

136. Sugiura, Y.; Usui, M.; Katsuzaki, H.; Imai, K.; Kakinuma, M.; Amano, H.; Miyata, M. Orally Administered Phlorotannins from
Eisenia arborea Suppress Chemical Mediator Release and Cy-clooxygenase-2 Signaling to Alleviate Mouse Ear Swelling. Mar.
Drugs 2018, 16, 267. [CrossRef] [PubMed]

137. Choi, J.; Oh, S.; Son, M.; Byun, K. Pyrogallol-Phloroglucinol-6,6-Bieckol Alleviates Obesity and Systemic Inflammation in a Mouse
Model by Reducing Expression of RAGE and RAGE Ligands. Mar. Drugs 2019, 17, 612. [CrossRef] [PubMed]

138. Son, M.; Oh, S.; Lee, H.S.; Chung, D.-M.; Jang, J.T.; Jeon, Y.-J.; Choi, C.H.; Park, K.Y.; Son, K.H.; Byun, K. Ecklonia Cava Extract
Attenuates Endothelial Cell Dysfunction by Modulation of Inflammation and Brown Adipocyte Function in Perivascular Fat
Tissue. Nutrients 2019, 11, 2795. [CrossRef]

139. Goc, A.; Gehring, G.; Baltin, H.; Niedzwiecki, A.; Rath, M. Specific composition of polyphenolic compounds with fatty acids as an
approach in helping to reduce spirochete burden in Lyme disease: In vivo and human observational study. Ther. Adv. Chronic Dis.
2020, 11. [CrossRef]

140. Park, E.Y.; Kim, E.H.; Kim, M.H.; Seo, Y.W.; Lee, J.I.; Jun, H.S. Polyphenol-Rich Fraction of Brown Alga Ecklonia cava Collected
from Gijang, Korea, Reduces Obesity and Glucose Levels in High-Fat Diet-Induced Obese Mice. Evid. Based Complement Altern.
Med. 2012, 2012, 418912. [CrossRef]

141. Zhao, Z.; Bao, X.Q.; Zhang, Z.; Liu, H.; Zhang, D. Phloroglucinol derivative compound 21 attenuates cuprizone-induced multiple
sclerosis mice through pro-moting remyelination and inhibiting neuroinflammation. Sci. China Life Sci. 2020, 63, 905–914.
[CrossRef]

142. Zhao, Z.; Bao, X.-Q.; Zhang, Z.; Li, F.; Liu, H.; Zhang, D. Novel phloroglucinol derivative Compound 21 protects experimental
autoimmune encephalomyelitis rats via inhibiting Th1/Th17 cell infiltration. Brain Behav. Immun. 2020, 87, 751–764. [CrossRef]

143. Miyashita, K.; Hosokawa, M. Carotenoids as a Nutraceutical Therapy for Visceral Obesity. In Nutrition in the Prevention and
Treatment of Abdominal Obesity; Watson, R.R., Ed.; Academic Press: San Diego, CA, USA, 2014; pp. 329–340.

144. Sugawara, T.; Baskaran, V.; Tsuzuki, W.; Nagao, A. Brown Algae Fucoxanthin Is Hydrolyzed to Fucoxanthinol during Absorption
by Caco-2 Human Intestinal Cells and Mice. J. Nutr. 2002, 132, 946–951. [CrossRef]

145. Maeda, H.; Kanno, S.; Kodate, M.; Hosokawa, M.; Miyashita, K. Fucoxanthinol, Metabolite of Fucoxanthin, Improves Obesity-
Induced Inflammation in Adipocyte Cells. Mar. Drugs 2015, 13, 4799–4813. [CrossRef] [PubMed]

146. Martin, L.J. Fucoxanthin and Its Metabolite Fucoxanthinol in Cancer Prevention and Treatment. Mar. Drugs 2015, 13, 4784–4798.
[CrossRef]

188



Nutrients 2021, 13, 2613

147. Menna, M.; Imperatore, C.; D’Aniello, F.; Aiello, A. Meroterpenes from Marine Invertebrates: Structures, Occurrence, and
Ecological Implications. Mar. Drugs 2013, 11, 1602–1643. [CrossRef]

148. Gwon, W.-G.; Joung, E.-J.; Shin, T.; Utsuki, T.; Wakamatsu, N.; Kim, H.-R. Meroterpinoid-rich fraction of the ethanol extract from
Sargassum serratifolium suppresses TNF-α-induced monocytes adhesion to vascular endothelium and vascular inflammation in
high cholesterol-fed C57BL/6J mice. J. Funct. Foods 2018, 46, 384–393. [CrossRef]

149. Zhang, H.; Tang, Y.; Zhang, Y.; Zhang, S.; Qu, J.; Wang, X.; Kong, R.; Han, C.; Liu, Z. Fucoxanthin: A Promising Medicinal and
Nutritional Ingredient. Evid. Based Complement. Altern. Med. 2015, 2015, 1–10. [CrossRef]

150. Kong, Z.-L.; Sudirman, S.; Hsu, Y.-C.; Su, C.-Y.; Kuo, H.-P. Fucoxanthin-Rich Brown Algae Extract Improves Male Reproductive
Function on Streptozoto-cin-Nicotinamide-Induced Diabetic Rat Model. Int. J. Mol. Sci. 2019, 20, 4485. [CrossRef] [PubMed]

151. Kong, Z.-L.; Kao, N.-J.; Hu, J.-Y.; Wu, C.-S. Fucoxanthin-Rich Brown Algae Extract Decreases Inflammation and Attenuates
Colitis-associated Colon Cancer in Mice. J. Food Nutr. Res. 2016, 4, 137–147.

152. Wang, P.-T.; Sudirman, S.; Hsieh, M.-C.; Hu, J.-Y.; Kong, Z.-L. Oral supplementation of fucoxanthin-rich brown algae extract
ameliorates cisplatin-induced testicular damage in hamsters. Biomed. Pharmacother. 2020, 125, 109992. [CrossRef] [PubMed]

153. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2017, 9, 7204–7218. [CrossRef]

154. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

155. Tan, C.-P.; Hou, Y.-H. First Evidence for the Anti-inflammatory Activity of Fucoxanthin in High-Fat-Diet-Induced Obesity in Mice
and the Antioxidant Functions in PC12 Cells. Inflammation 2013, 37, 443–450. [CrossRef]

156. Maeda, H.; Hosokawa, M.; Sashima, T.; Murakami-Funayama, K.; Miyashita, K. Anti-obesity and anti-diabetic effects of
fucoxanthin on diet-induced obesity conditions in a murine model. Mol. Med. Rep. 2009, 2, 897–902. [CrossRef] [PubMed]

157. Sugiura, Y.; Kinoshita, Y.; Usui, M.; Tanaka, R.; Matsushita, T.; Miyata, M. The Suppressive Effect of a Marine Carotenoid,
Fucoxanthin, on Mouse Ear Swelling through Regulation of Activities and mRNA Expression of Inflammation-associated
Enzymes. Food Sci. Technol. Res. 2016, 22, 227–234. [CrossRef]

158. Kwon, M.; Lim, S.-J.; Joung, E.-J.; Lee, B.; Oh, C.-W.; Kim, H.-R. Meroterpenoid-rich fraction of an ethanolic extract from Sargassum
serratifolium alleviates obesity and non-alcoholic fatty liver disease in high fat-fed C57BL/6J mice. J. Funct. Foods 2018, 47, 288–298.
[CrossRef]

159. Cheng, I.C.; Weng, S.-Y.; Wu, M.-S.; Suk, F.-M.; Lien, G.-S.; Chen, C.-N. Low-molecular-weight fucoidan and high-stability
fucoxanthin decrease serum alanine transaminase in patients with nonalcoholic fatty liver disease—A double-blind, randomized
controlled trial. Adv. Dig. Med. 2019, 6, 116–122. [CrossRef]

160. Kurylowicz, A.; Jonas, M.; Lisik, W.; Jonas, M.; Wicik, Z.A.; Wierzbicki, Z.; Chmura, A.; Puzianowska-Kuznicka, M. Obesity is
associated with a decrease in expression but not with the hypermethylation of thermogene-sis-related genes in adipose tissues.
J. Transl. Med. 2015, 13, 31. [CrossRef]

161. Borzouie, S.; Rathgeber, B.M.; Stupart, C.M.; MacIsaac, J.; MacLaren, L.A. Effects of Dietary Inclusion of Seaweed, Heat Stress
and Genetic Strain on Performance, Plasma Biochemical and Hematological Parameters in Laying Hens. Animals 2020, 10, 1570.
[CrossRef]

162. Kawauchi, S.; Horibe, S.; Sasaki, N.; Tanahashi, T.; Mizuno, S.; Hamaguchi, T.; Rikitake, Y. Inhibitory Effects of Sodium Alginate
on Hepatic Steatosis in Mice Induced by a Methionine- and Choline-deficient Diet. Mar. Drugs 2019, 17, 104. [CrossRef] [PubMed]

163. Lee, H.H.; Cho, Y.J.; Yu, D.; Chung, D.; Kim, G.-H.; Kang, H.; Cho, H. Undaria pinnatifida Fucoidan-Rich Extract Induces Both
Innate and Adaptive Immune Responses. Nat. Prod. Commun. 2019, 14. [CrossRef]

164. Wang, W.; Lu, J.-B.; Wang, C.-S.; Zhang, H.-H.; Li, C.-Y.; Qian, G.-Y. Effects of Sargassum fusiforme polysaccharides on antioxidant
activities and intestinal functions in mice. Int. J. Biol. Macromol. 2013, 58, 127–132. [CrossRef] [PubMed]

165. Nagamine, T.; Kadena, K.; Tomori, M.; Nakajima, K.; Iha, M. Activation of NK cells in male cancer survivors by fucoidan extracted
from Cladosiphon okamuranus. Mol. Clin. Oncol. 2019, 12, 81–88. [CrossRef] [PubMed]

166. Irhimeh, M.R.; Fitton, J.H.; Lowenthal, R.M. Fucoidan ingestion increases the expression of CXCR4 on human CD34+ cells.
Exp. Hematol. 2007, 35, 989–994. [CrossRef] [PubMed]

167. Negishi, H.; Mori, M.; Mori, H.; Yamori, Y. Supplementation of Elderly Japanese Men and Women with Fucoidan from Seaweed
Increases Immune Responses to Seasonal Influenza Vaccination. J. Nutr. 2013, 143, 1794–1798. [CrossRef] [PubMed]

168. Chen, Y.-C.; Cheng, C.-Y.; Liu, C.-T.; Sue, Y.-M.; Chen, T.-H.; Hsu, Y.-H.; Huang, N.-J.; Chen, C.-H. Combined protective effects of
oligo-fucoidan, fucoxanthin, and L-carnitine on the kidneys of chronic kidney disease mice. Eur. J. Pharmacol. 2021, 892, 173708.
[CrossRef] [PubMed]

169. Yokota, T.; Nomura, K.; Nagashima, M.; Kamimura, N. Fucoidan alleviates high-fat diet-induced dyslipidemia and atherosclerosis
in ApoE(shl) mice deficient in apolipoprotein E expression. J. Nutr. Biochem. 2016, 32, 46–54. [CrossRef] [PubMed]

170. Kawashima, T.; Murakami, K.; Nishimura, I.; Nakano, T.; Obata, A. A sulfated polysaccharide, fucoidan, enhances the im-
munomodulatory effects of lactic acid bacteria. Int. J. Mol. Med. 2012, 29, 447–453. [CrossRef]

171. Hwang, E.; Park, S.-Y.; Shin, H.-S.; Lee, D.-G.; Yi, T.H. Effect of oral administration of fucosterol from Hizikia fusiformis on
DNCB-induced atopic dermatitis in NC/Nga mice. Food Sci. Biotechnol. 2014, 23, 593–599. [CrossRef]

189





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nutrients Editorial Office
E-mail: nutrients@mdpi.com

www.mdpi.com/journal/nutrients





ISBN 978-3-0365-5348-1 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


	A9Rzozm6e_jwmeoq_684.pdf
	Update on Nutrition and Food Allergy-1.pdf
	A9Rzozm6e_jwmeoq_684

