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ABSTRACT

The current allergenicity assessment of novel proteins is based on the EFSA GMO guidance. Recently, EFSA
launched a new guidance document on allergenicity assessment of GM plants (2017). This document describes,
amongst other topics, the new scientific and regulatory developments on in vitro protein digestibility tests. The
EFSA GMO Panel stated that for in vitro protein digestibility tests, additional investigations are needed before
any additional recommendation in the form of guidance can be provided. To this end, an interim phase is
considered necessary to evaluate the revisions to the in vitro gastrointestinal digestion test, proposed by EFSA.
This prompted the establishment of a joint workshop through two COST Action networks: COST Action
ImpARAS and COST Acton INFOGEST. In 2017, a workshop was organised to discuss the relevance of digestion
in allergenicity risk assessment and how to potentially improve the current methods and readouts. The outcome
of the workshop is that there is no rationale for a clear readout that is predictive for allergenicity and we suggest
to omit the digestion test from the allergenicity assessment strategy for now, and put an effort into filling the
knowledge gaps as summarized in this paper first.

Abbreviations: AD, Atopic dermatitis; APC, Antigen presenting cells; BBM, Brush border membrane; DCs, Dendritic cells; GMO, Genetically modified organism; GI,
Gastrointestinal; HPLC, High-pressure liquid chromatography; MS, Mass spectrometry; OVA, Ovalbumin; SPT, Skin prick test
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1. Introduction

The global food industry has a challenge to provide food for 9 bil-
lion people, at a sustainable level, by 2050, in the context of an in-
creasing shortage of protein sources from known and traditional foods.
By introducing novel protein sources, consumers will encounter new
proteins, some of which may act as food allergens and thus significantly
increase the probability of food allergy.

Food allergy is one of the most prevalent disorders in the Western
world, with a prevalence around 5-8% in young children and 2-4% in
adults (Sicherer and Sampson, 2014). Although severe, fatal reactions
are rare, they are also very unpredictable. This results in a significant
adverse impact on the quality of life of allergic individuals and their
families, due to the potential for serious, potentially life-threatening
allergic reactions (anaphylaxis). Food allergy has a substantial eco-
nomic impact that directly impacts on society (e.g., medical care,
dietary provision etc.) and indirectly due to illness, time and money
spent for non-allergenic food purchase, etc. Also, the food industry
regularly faces the financial and reputational consequences of food
incidents and recalls, for instance, due to food allergen cross-con-
tamination during production.

The food industry is tasked with (under national/pan-national reg-
ulations) the provision of safe food. Significant cost savings and im-
proved resource utilization can be achieved when allergenic risk is
predicted early in the development process of (novel) food proteins.
However, the components of such a risk assessment have not yet been
fully developed. The interplay between different factors, such as protein
characteristics, mechanisms underlying allergic sensitization and in-
dividual risk factors remains unclear and validated predictive methods
are lacking. The need for an allergen risk assessment for novel foods is
set in the European legislation (EU-2015/2283). The allergenicity as-
sessment suggested is based on EFSA GMO (Genetically Modified
Organisms) guidance: “Allergenicity assessment of GM plants” pub-
lished in 2011 and Implementing Regulation EU (No) 503/2013 (EFSA,
2011). Recently, EFSA launched a guidance document on allergenicity
assessment of GM plants (Naegeli et al., 2017), which supplements the
aforementioned guidance document. This new guidance document de-
scribes, amongst other topics, new scientific and regulatory develop-
ments on in vitro protein digestibility tests and suggested as an addi-
tional recommendation for a digestion test more investigation is
needed. Therefore, an interim phase has been implemented to in-
vestigate the applicability and scientific relevance of the digestion test
in allergenicity assessment.

This context was a perfect occasion for COST Actions ImnpARAS and
INFOGEST to join forces. COST Actions are bottom-up, pan-European
research networks funded by the various research and innovation fra-
mework programmes, such as Horizon 2020. The Improved
Allergenicity Risk Assessment Strategy COST Action (ImpARAS,
FA1402, www.imparas.eu) focusses on identifying gaps and generating
new ideas and plans for improving the allergenicity assessment
strategy. The COST Action INFOGEST stands for “Improving Health
Properties of Foods by Sharing our Knowledge on the Digestive Process”
and aimed to improve the current scientific knowledge on how foods
are disintegrated during digestion and successfully promoted and im-
plemented a harmonized digestion model (FA1005, www.
cost-INFOGEST.eu/). In April 2017, a joint workshop was dedicated
to the topic of the relevance of digestion in allergenicity risk assessment
and how to improve the current methods and readouts. The outcome of
the workshop is summarized in this paper including current knowledge,
identified gaps and suggestions for future research.

Throughout the document we use the terms allergenicity, allergenic
potential and immunogenicity. The definitions are defined as: i) aller-
genicity or allergenic potential: the potential of a material to cause
sensitization and allergic reactions, frequently associated with IgE an-
tibody and ii) immunogenicity: the ability of a material to elicit an
immune response.
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1.1. Current approach

The allergenicity risk assessment of novel proteins is mainly based
on the guidelines mandated for GMOs using a weight-of-evidence ap-
proach, which involves an integrated case-by-case strategy. The safety
evaluation incorporates as its main focal elements consideration of: the
origin of the gene; sequence homology of the new encoded protein with
known allergens; binding of the new protein by IgE from allergic in-
dividuals; and stability of the protein in a pepsin resistance test. No
clear protocol for the pepsin resistance test is provided in the guide-
lines, thus many applicants use the method described by Astwood et al.
(1996) or derivatives thereof, such as the protocol of Thomas et al.
(2004) as that one has been adopted more widely in industry as a
harmonized approach to the assay. However, this method has never
been rigorously validated and there is still controversy regarding the
potential link between the ability of a protein to resist the digestive
process and its ability to induce an immune response. Presumably, it is
not necessary for a protein to be intact when reaching the epithelial
cells for this to happen. Fragments generated during digestion are fre-
quently long enough to include at least 2 epitopes (i.e., with a mole-
cular weight of 3.5kDa) to cause sensitization (Lack et al., 2002; Mills
et al., 2004). In a pioneering study, Astwood et al. used a rather crude
incubation test with pepsin and compared the resistance to pepsin di-
gestion of 16 known food allergens (e.g., ovalbumin (OVA)), p-lacto-
globulin, Ara h2, B-conglycinin) and 9 common plant proteins con-
sidered to be non-allergenic (e.g., Rubisco Large Sub Unit and Small
Sub Unit from spinach leaf, lipoxygenase from soybean seed, sucrose
synthetase from wheat kernel, (-amylase from barley kernel or acid
phosphatase and phosphofructokinase from potato tuber). Overall,
major food allergens resisted the digestion process in contrast to non-
allergenic proteins (mainly enzymes) that were rapidly digested
(Astwood et al., 1996). In another study, impairment of the digestion
process was shown to increase allergenicity of parvalbumin, the major
fish allergen protein as measured by specific IgE and IgG1 levels and
skin tests in a BALB/c mouse model, supporting the hypothesis that
there is a link between resistance to digestion and allergenicity
(Untersmayr et al., 2003). These results were later confirmed in human
adults (Untersmayr et al., 2005a). However, when reviewing published
literature on the digestion of pure allergens, Bsgh and Madsen did not
find clear evidence of this link among a wider range of proteins (Bggh
and Madsen, 2016). Actually, the assessment of the allergenicity of
digestion products, by either IgE-binding, elicitation or sensitising ca-
pacity, showed that digestion may abolish, decrease, have no effect, or
even increase the allergenicity of food allergens. Fu et al. tested a
number of comparable allergenic and nominally non-allergenic proteins
with similar cellular functions for their ability to survive in vitro di-
gestion. They selected 23 allergens and found no clear relationship
between digestibility measured in vitro and allergenicity (Fu et al.,
2002). This absence of link between the ability of a protein to resist
digestion and allergenicity might be explained by the experimental
conditions used to digest the proteins (enzyme: substrate ratio, pH and
duration of the gastric phase, etc.) and also by differences in the ana-
lytical techniques that were used to characterise the digested product
(e.g., ELISA, mass spectrometry, basophil activation tests, etc).

In 2013, a report on protein digestion commissioned by EFSA con-
firmed the contradictions found using the pepsin digestion test and
suggestions for improvements were presented (Mills et al., 2013), as
summarized below:

1) Lack of harmonisation of in vitro digestion test conditions that makes
comparison of results difficult.

— Needed: standardisation and optimization of digestion conditions
(e.g., clear description of the source and specific activity of the
proteases used; time course and sampling method employed; mixing
method used during digestion; inactivation of further proteolysis)
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Fig. 1. Factors influencing food digestion and sensitization to food proteins.

2) No standardised method for monitoring and characterizing protein
fragments and intact protein after digestion.

— Needed: methods to characterise large resistant fragments that are
more difficult to follow using LC-MS and standardised staining
protocols for SDS PAGE.

3) Digestion protocol (“batch” assays) cannot replicate the dynamic
digestion process that takes place in real life situations.

— Needed: apply several analyses using pH ranges and pepsin: protein
ratios such as those found physiologically.

4) Lack of consensus on comparators and standardised proteins to be
included in digestion tests.

— Needed: a “reference” set of allergenic and non-allergenic proteins.

5) At present digestion is not a sufficiently mature area of science to
warrant inclusion in the risk assessment process.

— Needed: interim phase to investigate the applicability of the diges-
tion test in allergenicity assessment and to evaluate the revisions
suggested.

During the interim phase, the old guidance on digestion remains in
place (using solely pepsin digestion) and a two-year interim period was
provided to further investigate (Naegeli et al., 2017): different test
conditions to mimic digestion in healthy, impaired and elderly in-
dividuals and infants, to identify the interplay between pH, enzyme
concentration and duration of the digestion, to consider intestinal di-
gestion, and the use of a reference set of allergenic and non-allergenic
proteins. Methods should be investigated to ensure reliable and robust
digestion read-outs and end-points which enable a better comparison of
test results. In addition, a definition of transience and persistence of
digestion fragments should be defined, using concepts such as half-life.
The report suggests that persistent peptide fragments with =9 amino
acids in length are critical and may indicate that further assessment is
required.

Based on the discussions during the ImpARAS-INFOGEST joined
workshop, it was concluded that other factors in addition to those
stated in the EFSA document might play a role as well in protein sen-
sitization and digestion (See Fig. 1). These factors should be considered
to establish a well-defined opinion about whether digestion resistance is
relevant in an allergenicity assessment and if further optimization of the
digestion protocol is worthwhile. The workshop members proposed that
further information is needed relating to the following:

e Characteristics of the normal versus atopic population (stomach
PpH, enzyme concentrations) which may affect digestion of proteins.

e Barrier function and sensitization routes may be essential to
determine if other routes of sensitization (e.g., skin, lung) are re-
levant in food allergy, which bypasses GI digestion.

e influence of pH on digestion and the factors that may impact this
pH such as other diseases and medicine use which may influence
gastric acid secretion as well as production of intestinal digestive
juices and stomach and gastrointestinal pH.

o The role of brush border membrane enzymes in the digestion of
proteins and peptide fragments focusing on luminal digestion pro-
ducts that can be further degraded by these enzymes, and may then
be activated/inactivated before reaching the immune system.

e Involvement of antigen presenting cells (APC) in the digestion
process. APC digest proteins internally with endolysosomal enzymes
before presenting to antigen-specific T cells, suggesting that en-
dolysosomal digestion should be as important as gastrointestinal
digestion.

e How matrix and processing influence digestion intensity and ki-
netics and thus, the degradation of allergenic proteins, but also the
generation of allergenic protein fragments. In theory, processing of
an intact protein may result in different fragments to those observed
without processing. Furthermore, re-aggregation of small non-sen-
sitising fragments may occur resulting in larger entities which can
be presented by APCs.

o The relevance of dynamic vs. static digestion models to closely
mimic physiological digestion conditions.

e The importance of sensitivity and reproducibility of digestion
readouts (e.g., kinetics, fragments, bioactivity of fragments, etc.).

In the following sections, these topics will be addressed in more
detail.

2. How might physiological differences between atopic and non-
atopic individuals affect allergen digestion and absorption?

Allergen digestion and absorption is a complex process which is
often divided into three phases:

Oral phase: Mechanical digestion in the oral cavity is an essential
first step in increasing the potential surface area of food to enzymatic
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action, initially to salivary amylase. The ability to chew food varies
with age; as a response, infants are fed pureed foods which do not
need to be chewed. Saliva is a mixture of components, which vary
through early childhood and may be related to the introduction of
solid foods in this age group (Manconi et al., 2013; Morzel et al.,
2011). Absorption can also occur across the buccal mucosa without
enzymatic degradation — something which has been demonstrated for
peanut — with the potential to cause an immune response (Dirks et al.,
2005). The latter study was performed in healthy, non-allergic adults.
Whether absorption is different in atopic individuals is unknown.
Saliva might also contain allergen-specific Immunoglobulin A (IgA),
an antibody which binds allergen and potentially affects its absorp-
tion. Levels of allergen-specific IgA vary with age (Bottcher et al.,
2002), although this may be confounded by allergen exposure. Of
interest, a prospective study in 79 children with family history of
atopy and 129 controls without an atopic family history found a
higher occurrence of saliva IgA deficiency in the former, although no
association was found between salivary IgA levels and the presence of
clinical disease (van Asperen et al., 1985).

Gastric phase: Suppression of gastric acidity has been reported to
be associated with increased protein absorption (Bloch et al., 1979;
Kraft et al., 1967). This has led to concerns that gastric acid sup-
pression may affect allergen denaturing (Untersmayr and Jensen-
Jarolim, 2008) and might explain epidemiological data that antacid
treatment in early childhood can increase the risk of food allergy
(Mitre et al., 2018). Gastroesophageal reflux is common in infants
with cow's milk protein allergy. However, there is a lack of data as to
whether gastric pH levels are altered in atopic individuals, or whether
the risk is purely due to iatrogenic use of medication. In support of the
latter, pepsin secretion — considered important in the digestion of
peanut allergens (Kopper et al., 2004) — appears to remain stable
throughout childhood to mid-adulthood, but then may wane in old age
(Feldman et al., 1996), yet this has not been associated with increased
food allergy in old age. Furthermore, in an adult cohort, only a small
percentage of food-allergic patients (7.7%) used antacids (Versluis
et al., 2016). However, studies on the development of adult food al-
lergy are rather scarce. Humans have a wide variation in their gastric
secretions: pepsin concentration can vary over 10,000 fold between
individuals (da Silva Gomes et al., 2003), and is further affected by the
type of food consumed. But again, no data is available regarding dif-
ferences in atopic versus non-atopic individuals.

Intestinal phase: Atopic status may affect allergen absorption
through both IgE-mediated and -independent mechanisms. The in-
cidence of non-IgE-mediated food allergy is up to 5% in infancy and
can result in impaired epithelial barrier integrity, increasing allergen
exposure and absorption. In laboratory studies, facilitated allergen
uptake through the low affinity-IgE receptor may occur (Li et al.,
2006), suggesting that sensitized atopic individuals may have dif-
ferent absorption kinetics for the allergens against which they produce
antibody (Steele et al., 2012). Gut motility and intestinal blood flow
will both affect digestion and absorption, though there are no data
that these differ with atopic status; a greater effect is likely to be seen
with everyday activities including exercise and alcohol intake, as well
as medication use. Nonetheless, recent studies have identified changes
in gut microbiota associated with food allergy status (Plunkett and
Nagler, 2017), although it is difficult to assess the impact of reverse
causality.

Hardly any information is available on physiological differences in the
oral and gastric phase between atopic and non-atopic individuals.
Already sensitized individuals may have an altered absorption kinetics
for the allergens against which they produce antibodies.
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3. How does the gastrointestinal pH influence allergen digestion?

The impact of pH on in vitro or in vivo gastrointestinal protein di-
gestion of allergenic versus non-allergenic food proteins has not been
thoroughly investigated. Based on currently available scientific litera-
ture, it is evident that the pH of the different gastrointestinal com-
partments has a substantial impact on food protein digestion.

Food is exposed to varying pH conditions within the gastrointestinal
(GI) tract, which significantly influences protein denaturation, (af-
fecting protein conformation). and local enzyme activity. In the mouth,
food is macerated through chewing and comes into contact with saliva
produced by submandibular, parotid and sublingual glands. Saliva has
an average pH range of 6.2-7.6 (Marsh, 1994), although this is affected
by oral health; for example, in patients with clinically healthy gingiva,
saliva had a pH of 7.06 falling to 6.85 in patients with chronic gen-
eralized periodontitis and increasing to more alkaline pH with chronic
generalized gingivitis (Baliga et al., 2013).

After a quick oesophageal passage, the food bolus enters the sto-
mach where it is exposed to a low pH. Typical gastric pH in a fasted
state is between 1.5 and 3.0 (Dressman et al., 1990; Evans et al., 1988;
Ono et al., 2009), although this may vary from pH 1.0 to pH 8.0 even in
healthy volunteers, with short periods of high pH peaks attributed to
water intake, swallowing of saliva or reflux of duodenal content
(Bergstrom et al., 2014; Koziolek et al., 2015). No gender differences
have been reported (Dressman et al., 1990), but pH does vary with age
due to reduced gastric fluid secretion in infants under 6 months (only
10-20% of adult volumes, when normalized to body weight) and also in
older individuals (over age 65 years) compared to mid-adulthood
(Agunod et al., 1969; Feldman et al., 1996; Hosking et al., 1975). In a
recently published meta-analysis of eight different studies, the average
gastric pH in fasted infants was pH 2.8 (Kamstrup et al., 2017). Gastric
pH is higher in preterm infants (between 3.1 and 3.4), increasing to
above pH 6 after an infant milk meal (Kamstrup et al., 2017; Michalek
et al., 2011; Omari and Davidson, 2003). At least one study in healthy
preterm infants reported an even more pronounced effect of feeding,
increasing pH to pH 7 (Omari and Davidson, 2003). The food matrix
also has a significant effect on gastric pH in adults, due to its inherent
buffering capacity: gastric pH can increase up to 5.5, and then fall to pH
1.5 or below towards the end of the gastric emptying phase (Keller,
2012; Michalek et al., 2011). Disease also influences gastric acid se-
cretion: hyperparathyroidism, Zollinger-Ellison syndrome and ex-
tensive small bowel resection are associated with enhanced gastric se-
cretion (Keller, 2012; Layer et al., 1995; Seal et al., 1982). More
commonly, gastric acid hyposecretion or achlorhydria is observed in
chronic H. pylori infection, autoimmune gastritis or due to gastric re-
sections or vagotomy (Keller, 2012). However, whether patients with
these diseases are at a higher risk of food allergy is unknown.

Most studies linking the pH of gastrointestinal fluids and food pro-
tein allergenicity have, to date, focused on the gastric environment. The
use of antacid medication to treat dyspepsia will increase fasting gastric
pH > 5, even after relatively short periods of treatment (Banerjee
et al., 2010; Bohle et al., 2006; Ono et al., 2009; Prichard et al., 1985).
Given the association between antacid medication and the sensitization
to food allergens (Scholl et al., 2005; Untersmayr et al., 2003, 2005a).
Untersmayr et al. investigated the effect of different pH levels of si-
mulated gastric fluid on the digestion of food proteins. Fish and milk
protein digestion was completely inhibited upon shifting the pH of the
simulated gastric fluid to either pH 2.75 for codfish or 3.0 for milk
proteins (Untersmayr et al., 2005a, 2005b). Digestion of codfish pro-
teins at pH 1.25 was associated with a reduced IgE-binding activity in a
digestion-time dependent manner (Untersmayr et al., 2005b). With
regards to elicitation of food allergy, low pH of the simulated gastric
fluid used for digestion of codfish proteins was found to substantially
influence their ability to trigger allergic reactions, evidenced by a sig-
nificantly reduced histamine releasing activity of the digested samples
(Untersmayr et al., 2005b). These findings were confirmed by a reduced



K. Verhoeckx, et al.

Food and Chemical Toxicology 129 (2019) 405423

Table 1
Oral and gastrointestinal pH levels in health and under acid-suppressive medication.
Site Average pH level Age group Fasted/fed status Health status Ref.
oral 7.06 Adults not specified healthy Baliga et al. (2013)
6.85 Adults not specified healthy Baliga et al. (2013)
7.24 adults not specified healthy Baliga et al. (2013)
stomach 1.5-3 adults fasted healthy (Dressman et al., 1990; Evans et al., 1988; Ono et al., 2009)
5> >1.5 adults fed healthy Kamstrup et al. (2017)
2.8 infants fasted healthy Kamstrup et al. (2017)
6.4 infants fed healthy (Layer et al., 1995; Seal et al., 1982)
>5 Adults/infants fasted PPI treatment (Barbero et al., 1952; Bratten and Jones, 2009; Ono et al., 2009)
Small intestine 6.0-7.7 adults fasted healthy Koziolek et al. (2015)
5.6 adults fed healthy Fredrikzon and Olivecrona (1978)
7 infants fasted preterm Untersmayr et al. (2003)
6.5 infants fed preterm Jensen-Jarolim and Untersmayr (2008)

capacity of digested proteins to trigger clinical reactions in codfish-al-
lergic patients (Untersmayr et al., 2007). Increased pH of simulated
gastric fluids does not only mimic the intake of anti-acid medication,
but can also be used to simulate the situation of the immature infant
digestion. By SDS-PAGE and ELISA, Menard et al. (2014) assessed the
immunogenicity of milk proteins incubated in solutions of decreasing
pH, starting at pH6.5 to mimic pH in piglets (Menard et al., 2014).
Moreover, digestion resistant and immunogenic fractions of processed
milk proteins were identified after simulating infant digestion (Dupont
et al., 2010c). By comparing models for infant and adult digestion, a
higher percentage of residual immunogenic egg proteins were observed
after simulation of infant digestion (Dupont et al., 2010b).

Despite major efforts to establish a detailed record of pH in the
different compartments of the GI tract, there remain a number of
knowledge gaps, particularly with respect to intestinal pH distal to the
stomach (Table 1). A better understanding about the influence of meal
composition on pH and gastrointestinal transit time of the food bolus
will be essential to better predict protein digestibility. Whether atopic
individuals have altered pH in the different compartments of the GI
tract due to inflammatory process, altered digestive fluid production
etc. remains unknown. As has been demonstrated for H. pylori, infection
and inflammation can be associated with altered local pH, which could
influence protein degradation locally and therefore be associated with
increased uptake of immunologically intact allergens. Finally, more
work is needed to understand the impact of altered gastrointestinal pH
on the overall microbiota composition, since the latter substantially
influences immune response and oral tolerance induction (Chinthrajah
et al., 2016; Imhann et al., 2016) as well as affect degradation of food
proteins influencing their immunogenicity (Maiga et al., 2017).

Many parameters, including disease state, food matrix and medical
prescriptions, can influence the pH in the stomach and have a sub-
stantial impact on protein digestibility. It is unknown if atopic in-
dividuals have altered gastrointestinal pH levels compared to healthy
individuals. Furthermore other factors influenced by pH must be
considered (e.g. microbiota, transit time through GI tract and protein
absorption).

. What is the role of barrier function and sensitization route?

Physical barriers form a key part of immune defences protecting the
host from a harmful environment. These barriers include the skin and
mucosal epithelial surfaces and maintain a variety of functions for ex-
cluding undesirable foreign materials. Immune cells, microbiota and
anti-microbial peptides support this barrier function. However, when a
physical barrier is disrupted, introduction of infectious, non-infectious,
and potentially allergenic proteins may occur allowing for local and
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systemic invasion/immune response. The sensitization route then cor-
responds to the location where the encounter with an antigen will lead
to specific Th2 cell activation. This encounter takes place at the epi-
thelial interface of the organism with the external milieu, e.g., skin,
pulmonary tract or GI tract epithelium, and the Th2 activation occurs in
the corresponding draining lymph nodes. In this context, food allergy is
considered to occur mainly after exposure to food antigens through the
GI route.

The GI epithelium is a complex physical barrier allowing the
transport of nutrients and small molecules while barring macro-
molecules, microbes and other non-digestible/non-absorbable mate-
rials. The epithelium interacts with food proteins after modification
with gastric acids, gastric and pancreatic enzymes and brush-border
proteases, leading mainly to peptides and amino acids, which are ab-
sorbed depending on size, polarity and shape (Snoeck et al., 2005).
However, ingested food antigens can reach the epithelial GI barrier
unmodified or as large immunogenic fragments, the quantity of which
will depend on the protein (e.g., resistance to digestion), the food (e.g.,
matrix, processing, protein levels/contents), or host characteristics
(e.g., defect in digestive function), as explained in previous sections.
The epithelial cells create an effective highly regulated tight barrier
allowing selective permeability to these antigens as part of immune
tolerance (Menard et al., 2010; Watson et al., 2005). In this context,
oral tolerance is the “default” response induced towards harmless in-
gested food antigens/fragments present in GI lumen. Oral tolerance
results from an active immune process and relies on a controlled lu-
minal food antigen sampling through intestinal epithelium and on the
pro-tolerogenic intestinal mucosa environment, both necessary for the
preferential induction of regulatory T cells in the mesenteric lymph
nodes.(Adel-Patient et al., 2011; Hadis et al., 2011); (Hamad and Burks,
2017; Rezende and Weiner, 2017). This suppressive response then relies
on an intact intestinal barrier function, which can be affected by i)
microbial signals (e.g., pathogenic bacteria, lipopolysaccharides, hel-
minth infection and Helicobacter pylori-associated gastritis) (Corrado
et al., 1998; Snoeck et al., 2005), ii) the diet (e.g., high-fat diet), iii)
medication (e.g., non-steroidal anti-inflammatory drugs), iv) some
properties of luminal proteins (e.g., allergens presenting protease ac-
tivity, such as proteins from house dust mite (Grozdanovic et al., 2016;
Price et al., 2014; Tulic et al., 2016), v) aggregation state or chemical-
induced structural change