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Summary

Food allergy represents an increasing health concern worldwide. To identify mechanisms and risk
factors associated with food allergy development major research efforts are ongoing.

For a long time only food allergens that are resistant to gastric enzymes were accepted to harbor
sensitizing capacity via the oral route. However, over the past years several studies reported that
even important food allergens can be readily degraded by digestive enzymes. Interestingly, a
number of in vitro experiments confirmed that impairment of physiological gastric digestion by
elevating gastric pH levels was associated with protein resistance. Additionally, pharmacological
gastric acid suppression was found to be a risk factor for food allergy induction. In contrast,
protein modifications resulting in increased susceptibility to digestive enzymes were reported to
decrease the sensitization capacity via the oral route. The here reviewed data highlight the
important gate keeping function of physiological gastric digestion in food allergy.
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Introduction

From a psychological point of view food intake should be associated with pleasure and well-
being. However, an increasing number of patients especially in the Western population
experience unpleasant, in some cases even life threatening reactions upon ingestion of
specific dietary compounds. Over the past decades food allergy, i.e. the immunological
reaction against harmless dietary protein compounds,1 has steadily increased. To date it is
generally accepted that more than 2 % and less than 10 % of the general population are
affected by this diseasel corresponding to approximately 220-250 million patients world-
wide. Additionally, several studies demonstrate that the number of food allergic patients has
considerably increased over the past decades.2 Furthermore, a substantial economic burden
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comprising of health care as well as personal expenses has been identified directly related to
the diagnosis of food allergy. While in the US the overall cost associated with childhood
food allergy was defined to be as high as 25 billion $ per year, a large European study
reported a doubling of patients’ based health care costs associated with food allergy
irrespective of the different countries included in the study.3, 4 Thus, it is not surprising that
this disease has also gained awareness of regulatory authorities with the aim to enhance the
safety of allergic consumers. In the European Union, an adopted regulation has become
affective in December 2014 requiring labeling of the 14 main food allergens not only on
manufactured, pre-packed food products, but also food directly sold e.g. in restaurants.5

To enhance patients’ safety and to develop prevention and treatment strategies it is essential
to identify mechanisms and risk factors for the development of food adverse reactions.

In affected patients the development of food allergy is associated with the lack of induction
or the loss of oral tolerance towards dietary compounds.6 Together with immunological
events such as immune exclusion and cellular interactions associated with regulatory
mechanisms, also physical properties of the intestinal epithelium, an intact mucosal barrier
consisting of tight epithelial cells as well as mucus and bacterial layers are of paramount
importance for the development and maintenance of oral tolerance.7 Also specific
characteristics of dietary proteins acting as allergens i.e. small size, solubility, and stability
to food processing and food digestion during the transit trough the gastrointestinal tract
contribute to food allergy induction.8 Especially stability to digestive enzymes and food
processing is well accepted to represent an important characteristic of allergenic food
compounds and are considered in test procedures defining the allergenicity of novel dietary
proteins, which enter the food market.9

Assessment of protein digestibility in vitro

In laboratory settings, food protein digestibility is evaluated simulating the physiological
degradation along the gastrointestinal tract upon protein ingestion. After a rapid passage
through the esophagus food proteins enter the gastric lumen together with all other food
components in a macerated chyme. Here, substances are exposed to low gastric pH resulting
in protein denaturation. Additionally, major gastric proteases, pepsins, being secreted into
the gastric lumen by chief cells of the gastric glands get activated by intraluminal acidity.
These enzymes have their optimal activity at pH levels below 3.2 and cleave protein amino
acid (AA) chains preferentially at phenylalanine, tyrosine, and leucine residues.10 After
initiating protein cleavage in the stomach, resulting peptide fragments are peristaltically
transported into the duodenum where low pH levels of the chyme trigger secretin secretion.
11 This hormone stimulates a subsequent release of pancreatic proteases and peptides into
the intestinal lumen, and peptide fragments are further degraded to short AA chains or single
AAs serving as nutrition of the human body.11 However, they are too small to interact with
the human immune system.10 Based on this knowledge sequential exposure of specific
proteins to gastric and/or intestinal proteases in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) experiments is performed to assess digestibility of food proteins.12
Results generated in these assays have led to the assumption that only digestion-stabile, so-
called class | food proteins to harbor the capacity to induce food allergy via the oral route.8
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However, there is growing evidence that a number of major allergen, which are responsible
for severe allergic reactions, are degraded in SGF experiments (Fig. 1) and, thus, may not be
able to trigger allergic sensitization via the oral route.10 We have demonstrated that
physiological gastric digestion extensively reduces IgE binding and histamine releasing
capacity of cod fish allergens.13 Taking into consideration these data, it remains
questionable whether /n vitro digestion assays might at all provide reliable results regarding
protein allergenicity as important food allergens would not prove digestion stability in these
assays.14

Hindered gastric digestion and induction of food allergy

When gastric digestion was impaired due to hypoacidity in SGF assays, digestion-labile
food proteins remained stable for the average gastric transit time of 2 hours.13, 15 As
reviewed previously,10 there are numerous situations which may be associated with elevated
pH levels in the gastric lumen: the first two years of live, atrophic gastritis, and intake of
gastric acid suppression drugs. Of interest, several experimental studies in mouse models
repeatedly revealed a direct link between gastric acid suppression by all different forms of
available pharmacological acid reducing medication (Sucralfate, H2 receptor blockers,
proton pump inhibitors, antacids and base powder) and the development of food allergy. We
were able to demonstrate the induction of elevated allergen-specific IgE levels, positive skin
tests and anaphylactic reactions upon oral provocations measuring the anaphylaxis marker
mouse mast cell tryptase 1 (MMCP1) and core body temperature.16—-23 Microscopic
analysis of the gastrointestinal mucosa revealed influx of eosinophilic granulocytes and mast
cells into the gastrointestinal mucosa.17, 23 Furthermore, repeated immunizations with fish
allergens under gastric acid suppression resulting in fish allergy induction and caused
elongation of intestinal villi and elevated numbers of mucus producing goblet cells.24 In
addition to murine experiments, the association between pharmacological gastric
hypoacidity and sensitization towards food proteins was verified in human studies. In an
observational study including 153 previously non-allergic patients with dyspeptic disorders
being treated with either H2 receptor blockers or proton pump inhibitors for three month an
increase or de novo formation of IgE towards regular constituents of the daily diet could be
observed. Sensitization was confirmed by positive skin tests.15 In a sub-group of patients,
positive oral provocation tests resulted in diagnosis of food allergy towards hazelnut.20
However, not only gastric acid suppression might impede peptic protein digestion. Recently,
surgical elimination of gastric digestion due to bariatric gastric bypass operations was
demonstrated to be associated with increasing number of sensitizations towards food
proteins diagnosed by specific IgE and positive skin tests after surgical intervention.25 The
influence of gastric digestion on allergy development might not only be of relevance for
adult patients but also for other age groups. In a mouse model during pregnancy, food
allergy induction after gastric acid suppression was not only observed in mothers, but also
influenced the offsprings’ immune response by favoring a Th2 milieu.19 These results were
underlined by a population based health register study reporting a correlation between
maternal anti-ulcer drug intake and the development of childhood asthma.26 Furthermore,
two studies confirmed the relevance of this mechanism also for childhood food allergy: A
questionnaire study revealed a correlation between increasing numbers of food allergy in
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children and anti-ulcer drug intake,27 and analysis of an insurance data base reported an
association between gastric acid suppression and increased risk for food allergy
development.28 Also in aged individuals an association between impaired gastric digestion
by hypoacidity and food allergy was demonstrated. In mouse experiments as well as in
human studies incomplete food allergen digestion by elevation of gastric pH levels was a
risk factor for food allergy development also in immunosenescence.21, 29 Based on this
knowledge we have developed a standardized immunization protocol in Balb/c mice of oral
immunizations under gastric acid suppression resulting in food allergy induction towards the
model allergen of interest.16 This protocol has been applied in several mechanistic studies
highlighting the importance of gastric digestion in the sensitization phase of food allergy. In
one of our studies tyrosine nitration, a chemical protein modification observed in situations
of environmental pollution due to smog and ozone exposure but also endogenously during
inflammatory processes and ageing in the human body, was evaluated. This modification
was previously found to be associated with enhanced allergenicity when injected
systemically.30 However, when nitrated proteins were administered via the oral route a
reduced de novo sensitization capacity was determined.22 These results were partially
explained by enhanced digestibility of the nitrated Ovalbumin (OVA), a major hens’ egg
allergen used as a model allergen in these study, highlighting the important gate-keeping
function of gastric digestion in food allergy.

Conclusions

Based on the here reviewed data it is evident that functional gastric digestion is important for
food allergy prevention. Impairment of physiological peptic digestion has repeatedly been
reported to be associated with food allergy induction. On the other hand, allergen
modifications being related with enhanced susceptibility to gastric enzymes showed
decreased sensitization capacity. For patients’ safety it is therefore essential to limit
situations of hypoacidity to the treatment of medically diagnosed dyspeptic disorders. By
raising common knowledge and awareness the aim should be avoidance of long-term
medication and patients’ overuse due to over-the-counter availability of these drugs
associated with self-medication.
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Figure 1. Digestion of OVA proteinsby SGF experiments.
The major hens’ egg allergen OVA (undigested, lane 1) was incubated with SGF made of

NaCl and pepsin containing drug Enzynorm f® (Nordmark, Germany) at pH 1.5 for 1 min
(lane 2), 30 min (lane 3) and 2 hours (lane 4). Proteins were separated by SDS-PAGE.
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