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a b s t r a c t

This paper reviews studies on allergy, intolerance and sensitivity to cereals, especially to wheat, barley,
rye, maize, rice and oats with regard to reducing their incidences. Prevalence of allergy to cereals is
generally low; prevalence of other cereal-related diseases are highest for wheat and lowest for oats.
Compared to the other cereals, wheat (and its components wheat starch and vital gluten) are most
abundantly applied in a broad range of food products world-wide, which justifies the major focus of this
review on wheat. Current knowledge on diagnosis of the cereal-related diseases and on detection and
characterization of the relevant proteins is discussed in the context of the development of prevention
strategies. Aiming at their design and implementation, such strategies require building of knowledge
frameworks at the primary, secondary and tertiary prevention levels. In this regard, selection and
breeding of low-allergenic/low-intoleragenic crop varieties, application of processing and technological
approaches, and the introduction of alternative safe cereal crops is discussed. Sustainable reduction of
immune-related diseases in general (including cereal allergies and intolerances) is discussed with regard
to eating habits and lifestyle factors, human genetic and physiological characteristics, and the role of the
intestinal micro-flora.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

During recent decades, allergies and certain food intolerances
have shown a worldwide gradual increase in prevalence, concom-
itantly with economic growth, urbanization, and changes in life-
style and dietary patterns. They are triggered in humans with an
unbalanced immune system and intestinal micro-flora by specific
animal and plant proteins present in a variety of foods including
cereals. Allergies are generally violent immune reactions, whereas
symptoms of intolerances are mainly chronic.

Cereals contain various types of proteins, including water-
soluble albumins, saline-soluble globulins, alcohol-soluble pro-
lamins, and insoluble glutenins. The absolute and relative amounts
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of these protein types vary considerably among cereals, as do their
digestibility and immunogenicity.

The prevalence of allergies to cereals is low, although no exact
frequencies are known. Most commonly mentioned, and described
in this review, are allergies to wheat, maize and rice, of which
occupational bakers’ asthma has the highest economic impact.
Lipid transfer protein, u-5-gliadin and amylase trypsin inhibitor, all
related proteins in the prolamins superfamily, are the causal pro-
teins. Sensitization (i.e. the presence of specific IgE in serum
without clinical symptoms) involves a wider variety of protein
types, mainly known from wheat, and affects about 2% of the
population. Sensitizing and allergenic proteins are generally iden-
tified through IgE binding.

Cereal intolerance occurs at a prevalence of 1e3% of the popu-
lationworldwide, but varies between countries. The causal proteins
are the gliadins and the glutenins from wheat and related proteins
from barley and rye, together commonly called ‘gluten’. Gluten
intolerance (or coeliac disease, CD) is classified as an auto-immune
disease and occurs in individuals with the human leucocyte antigen
(HLA) DQ2 and/or DQ8 genotype. The increase of wheat gluten
consumption, especially through the worldwide increased appli-
cation of ‘vital gluten’ in a broad variety of food products and
through increased consumption of wheat flour-based products,
may have contributed to the increased prevalence of CD during the
last decades since the 1950s.
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Recently, rapid and significant growth has been observed in the
number of consumers embracing a gluten-free or wheat-free diet.
No clear and unambiguous medical and scientific symptoms are yet
available to consider this so-called ‘non-coeliac gluten sensitivity’
(ncGS; also known as non-coeliac wheat sensitivity, ncWS) as a
new health threat. A correlation with IBS (Irritable Bowel Syn-
drome) is suggested.

To develop strategies for reduction of the incidence of cereal
allergy and intolerance, we review the most up to date information
on (1) the diagnosis of the diseases and (2) the detection and
characterization of the relevant proteins. Cereal allergies are reli-
ably tested by skin-prick tests and (double-blind placebo-
controlled) food challenges. For ncGS, a wheat/gluten elimination
diet is currently the only diagnostic tool. CD is diagnosed according
to five well-defined criteria, but it is thought that only about 10% of
the total CD population has been diagnosed properly. Because of
the chronic character and the high diversity of the symptoms,
misdiagnosis often occurs. Many undiagnosed individuals, unaware
they may have CD, accept their chronic state of ill health as normal.
Nevertheless, this large group forms a significant societal issue in
terms of prevention.

In CD, the gliadins and glutenins form a complex mixture of
proteins from different protein families, of which most carry one or
more of the 31 internationally agreed HLA-DQ2 andeDQ8 epitopes.
Measuring CD toxicity depends on the identification and quantifi-
cation of the immunogenicity (number and clinical impact of the
various epitopes) of a cereal cultivar or a cereal-derived food
product. By far the most CD-toxic epitopes are known from the
gliadins (especially from the a-gliadins). Diagnostic tools available
are monoclonal antibodies, T cells, genomics and proteomics
analysis, and reference material and volunteers are required.

Knowledge built on diagnostic and detection/characterization
data enables the development of a framework to design and
implement prevention strategies at the primary, secondary and
tertiary levels. We have reviewed in particular the possibilities for
prevention by (1) searching for low CD-toxic wheat varieties via
selection, breeding, mutation and genetic modification (deletion
and silencing of gluten gene loci); (2) production of safe cereal
foods through processing and other technological approaches, such
as sourdough fermentation, specifically removing gliadins from
gluten extracts, the development of gluten alternatives for appli-
cations in food improvement, and increasing the overall quality and
reliability of gluten-free food products; and (3) the introduction of
safe alternative cereals into the gluten-free diet, with special
emphasis on oats. These strategiesmay result in better balancing of,
in particular, the use of wheat (gluten) with food safety. In this
regard, the overall growing interest in gluten-free foods should be
considered a positive challenge to the food industry for product-
innovation. A sustainable reduction in the incidence and the
prevalence of immune-related diseases, including cereal allergy
and intolerance, will require increasing the knowledge and un-
derstanding of the interactions between the threemajor pillars: the
food (eating pattern and lifestyle), human genetics and physiology,
and the intestinal micro-flora.

Developed societies, which until the 1940s struggled with in-
fectious diseases, are now confronted with rapid increases in
chronic diseases, such as type 2 diabetes, obesity, heart and
vascular diseases, hypertension, cancers, allergies and auto-
immune related diseases (Rook, 2011). The western lifestyle,
which is characterized by limited exercise, over-consumption of, in
particular, highly-refined processed foods and sugar-sweetened
beverages, high levels of hygiene, widespread use of antibiotics,
and stress, apparently has far reaching impacts on human physi-
ology, the immune system and the composition of the intestinal
micro-flora. About a quarter of the population in Europe, USA and
Japan suffers from allergies and intolerances (UCB, 1997; Gao et al.,
2012). The allergy burden in developing countries (China, India,
Brazil) is also increasing concomitantly with economic growth,
urbanization and lifestyle transitions (Gao et al., 2012). This burden
needs to be reduced worldwide. In this review we focus on cereal-
induced allergies and intolerances, and on strategies for their
prevention.

2. Cereal allergies and intolerances/sensitivities

2.1. Cereal allergies

Allergy (‘allos’ ¼ other; ‘ergon’ ¼ to work) in the narrow sense
refers to aberrant and violent reactions of the immune system to-
wards generally harmless compounds (mostly proteins from envi-
ronmental sources such as pollen, house dust, food-industrial dust,
from the surfaces of living plants and animals, from insect stings
and from food sources) that are normally tolerated by the immune
system. In these reactions, immunoglobulin E (IgE) acts as the
mediating antibody in the immediate development of inflamma-
tory responses or even life-threatening anaphylaxis. The symptoms
occur especially in those body regions that are in contact with
the outside world: lungs (80 m2), skin (2 m2) or digestive tract
(300m2), and include asthma, hay fever, eczema, oral allergies, food
and contact allergies, and sometimes combinations of these.
Anaphylaxis is a systemic reaction.

Allergic responses involve several steps and immune cell types.
Antigen-presenting cells (present in all body surfaces) expose a
part of a protein in its linear form toTcells (Th2 cells). When these T
cells recognize this protein part (T cell-epitope) as originating from
a harmful source (antigen), they will activate B cells to produce and
release antigen-specific IgE that can bind the antigen through
recognition of (generally) conformational epitopes (B cell- or IgE-
epitopes) at the surface of the antigen. The next steps of the
sensitization process include the loading of mast cells with antigen-
specific IgE. An allergic response requires a repeated contact with
the antigen, causing IgE bridging on the surface (IgE receptors) of
the mast cells through its double IgE-binding valence, upon which
themast cell will releasemediators (histamines, etc.) that cause the
allergic inflammation or anaphylaxis. Not all antigens have double
valence, which would enable them to bridge two IgEs, and so these
can only cause sensitization. Some individuals, due to genetic
predisposition combined with environmental factors, produce
relatively high amounts of IgE and are called ‘atopic’. These in-
dividuals are prone to becoming sensitized or to developing a real
allergy.

Plant food allergens fall largely within a limited number of
protein (super) families that are characterized on the basis of
structural and functional properties. These superfamilies are: the
cupins (globulin proteins such as vicilins and legumins in nuts, soy
and peanut), the prolamins (high in proline and glutamine with
conserved cysteine residues: prolamins in cereal grains; 2S albu-
mins in nuts; non-specific lipid transfer proteins [LTP] in fruits,
nuts, cereal seeds, vegetables; amylase- and protease-inhibitors in
cereals) and profilins (structural proteins in all eukaryotic cells)
(Shewry and Halford, 2002; Breiteneder and Radauer, 2004). Next
to these families, several types of plant pathogenesis-related (PR)
proteins include allergens. PR proteins are a collection of unrelated
proteins that function in the defence system of higher plants in
general, and include proteins belonging to one of the previous
allergen groups. Lectins (carbohydrate-binding proteins present in
most plants, such as wheat germ agglutinin, WGA) may also cause
adverse health effects, including allergy, but sound data are lacking.
Lectins generally lose their structure and biological activity upon
heating (Matucci et al., 2004).
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Cereal grain proteins (from wheat, barley, rye, maize, rice, oats,
sorghum, and various species of millet) include water-soluble al-
bumins, saline-soluble globulins and alcohol-soluble prolamins
(which include gliadins and glutenins in wheat). Representative
proteins of all of these groups have been proposed as potential
allergens in several of the species mentioned. Regarding cereal al-
lergy, the most widely suggested sources are wheat, maize, and
rice. Beer (barley) allergy is rare; the causal proteins have been
identified as nsLTP (non-specific lipid transfer protein; Quercia
et al., 2012) and serpin protease inhibitor Z (Garcia-Casado et al.,
2001; Tatham and Shewry, 2008). Analyses of IgE in sera from
patients with atopic dermatitis have shown strong cross-reactivity
of several proteins of different molecular weight (MW) between
wheat, rye and barley, reflecting their taxonomic relationships
(Varjonen et al., 1994). Oat food allergy is also a rare, delayed-type,
cell-mediated allergy, limited to infancy (Sicherer and Sampson,
2010). At the IgE level, oat flour showed only weak cross-
reactivity with wheat, rye and barley. Non-specific IgE binding in
oats and also in wheat, rye and barley was ascribed to the presence
of a 66 kDa protein, probably a lectin (Varjonen et al., 1994). Contact
allergy to cosmetic moisturizers containing oat protein for their
presumed or demonstrated anti-inflammatory role may occur in
young children (under two years of age)with atopic dermatitis who
have an immature epidermal barrier but the protein(s) involved
have not yet been identified (Boussault et al., 2007). Below, we
describe the most common cereal allergies (see also Table 1).
2.1.1. Wheat allergy
Wheat allergy is generally related to common bread wheat,

Triticum aestivum, which dominates world wheat production.
Wheat allergy is considered a rare allergy. A systematic review on
food allergies indicated a prevalence of sensitization to wheat of
2.0% (from a total of four studies: 88/4470 adults, with highest
scores of 3.6% in the USA) as assessed by IgE, while wheat food
challenge tests revealed an overall prevalence of the actual allergy
of 0.25% (from a total of five studies: 7/2809 children younger than
14 years) (Zuidmeer et al., 2008). In children, wheat allergy
symptoms are mainly atopic eczema (dermatitis), vomiting, and
sometimes anaphylaxis.

The relatively high frequency of wheat sensitization includes
almost thirty antigens (including potential allergens) from different
protein families. It should be mentioned here that sensitisation
does not necessarily lead to clinical symptoms after re-contact with
the allergen, but indicates allergenic potential (see below under 3.
Diagnostics). These thirty antigens include various water-soluble
proteins such as amylase inhibitors (e.g. amylase trypsin inhibitor,
ATI) and xylanase inhibitors that have been identified as major
allergens. These can sensitize gastro-intestinally and through
inhalation, and can be involved in bakers’ asthma and cereal food
allergy (Pastorelli et al., 2002 and references therein). Furthermore,
LTP (nsLTP) is a known pan-allergen from many plant sources that
can act as food and inhalation allergen, and is a well-known cross-
reactive allergen, as well as thaumatin-like protein, and chitinases
Table 1
List of major cereal allergens and their related allergy type.

Cereal/allergen Wheat Barley Rye Maize Rice Oats

Lipid transfer
protein

Food allergy;
bakers’ asthma

Food
allergy

e Food
allergy

Food
allergy

e

u-5 gliadin Wheat-dependent
exercise-induced
anaphylaxis

Food
allergy

Food
allergy

Food
allergy

e e

Amylase trypsin
inhibitor

Food allergy;
bakers’ asthma

? ? Food
allergy

e e
that have been mentioned in this context (Tatham and Shewry,
2008; Sotkovský et al., 2011). All these proteins may take part in
specific IgE production and sensitization in sensitive (atopic) in-
dividuals. Apart from water-soluble wheat proteins, proteins from
other solubility groups are known to be involved in bakers’ asthma
andwheat food allergies in adults and children. Bakers’ asthma and
wheat food allergy generally involve different proteins, with the
exception of amylase inhibitors, peroxidase, gluten proteins and
especially nsLTP, which can be active in both allergy types (Tatham
and Shewry, 2008, and references therein; Battais et al., 2008;
Salcedo et al., 2011). Remarkably, limited IgE cross-reactivity be-
tween wheat LTP and LTPs from other food sources (e.g. peach) has
been found (Palacin et al., 2007), which is different from maize
allergy (see below). However, cross-reactivity between wheat flour
allergens and other cereal allergens (from barley, rye, rice and
maize) and grass pollen allergens does exist as common IgE-
reactivity has been identified (Sotkovský et al., 2011). Although
several glutenins are known allergens, the most severe allergic
symptoms are associated with the gliadins. IgE-cross-reactivity
with g-secalin of rye and g-hordein of barley suggests that wheat
u-5 gliadin is the primary sensitizer (Pastorelli et al., 2002) of
wheat-dependent exercise-induced anaphylaxis (WDEIA), of which
the relevant epitopes have been listed (Tatham and Shewry, 2008).
Although oat avenins have a relatively high sequence similarity to
wheat u-gliadins, they have never been found to be linked to
WDEIA.
2.1.2. Maize allergy
Allergic reactions to maize have been reported in southern

Europe, Mexico and the USA. The prevalence of maize allergy is low
but the exact frequency has not been established. The major food
allergens in maize are a-amylase inhibitor and LTP (Pastorello et al.,
2000, 2009). In contrast to wheat LTP, maize LTP is known to induce
allergic cross-reactivity with the LTPs found in other cereals (barley,
rice) and in fruits (cherry, peach). Maize-allergic individuals are,
therefore, different from typical cereal-allergic patients who have
wheat allergy with allergic cross-reactivity to barley and rye
(Scibilia et al., 2008; Venter et al., 2008). Sera of maize-allergic
patients bind to various new allergens: vicilin, globulin-2, g-zein
(homologous to wheat gliadins), endochitinases, thioredoxins and
trypsin inhibitor (Fasoli et al., 2009). The symptoms of maize al-
lergy are those common in food allergy, but according to the type of
environmental exposure, dietary habits and pre-existing sensiti-
zations, maize allergy can also involve respiratory symptoms,
occupational asthma and dermatitis; some cases of anaphylaxis
have also been reported (Pastorello et al., 2009). Thioredoxins,
known as minor food allergens of maize, have proved to be a cross-
reactive cereal allergen family related to bakers’ asthma, and may
also be related to grass pollen allergy (Weichel et al., 2006).
2.1.3. Rice allergy
Rice allergy is rare in western countries. Anaphylaxis caused by

rice consumptionmay occur in LTP-allergic patients, indicating that
rice should be also considered a potential cause of allergy. Three
cases of rice-induced anaphylaxis in LTP-allergic patients have been
reported. In vitro inhibition studies, carried out using LTP purified
from rice and apple as well as whole peach extract, showed that LTP
was the relevant allergen in these patients and demonstrated the
cross-reactivity between rice LTP and peach and apple LTPs (Asero
et al., 2007). Recently, an increase in the number of patients
sensitized to rice allergens with or without clinical symptoms has
been reported in Asian countries (Japan, Korea), with LTP as a
candidate major allergen (Jeon et al., 2011).
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2.2. Cereal intolerance and sensitivity

2.2.1. Coeliac disease (CD)
Allergy, in the formal definition, includes the presence of IgE

antibodies against the allergen. When considered more broadly,
cereals may also cause food intolerance, in which there is a specific
reaction to cereal components (i.e. prolamin storage proteins in the
seeds of wheat (gluten), barley (hordein) and rye (secalin)) without
the occurrence of specific IgE antibodies but with increased T-cell
activity (Mills et al., 2013). Under normal physiological conditions,
the immune system in the gut develops a tolerance against the vast
majority of food proteins, including gluten. Individuals that express
the human leucocyte antigen (HLA) DQ2 and/or DQ8 (which in-
cludes about one third of the population; Troncone et al., 2008) can
be intolerant to gluten proteins and may develop coeliac disease
(CD), a chronic inflammation of the small intestine that occurs as a
response to continuous consumption of gluten, which leads to a
variety of symptoms ranging from bowel to skin, bone, nerve and
muscle complaints. The, still increasing, prevalence of CD is 1e3% of
the general population worldwide (Lindfors et al., 2012, and ref-
erences therein), but it varies from country to country. The
immunogenic gluten fragments that cause CD in many patients
have been identified (Sollid et al., 2012).

CD is classified as an auto-immune disease because of the
involvement of auto-antibodies (i.c. IgA and IgG against tissue-
transglutaminase (TG2), of which the IgAs have the highest dis-
ease specificity), and the occurrence of auto-reactive intra-epithe-
lial lymphocytes (Sollid and Jabri, 2005). Auto-antibodies were also
observed in extra-intestinal manifestations of CD, such as gluten
ataxia and dermatitis herpetiformis. In the latter case, next to TG2
antibodies, antibodies have been identified against TG3, a trans-
glutaminase that is uniquely expressed in the dermal papillae in
these patients (Sollid and Jabri, 2005).

2.2.2. Gluten-related type 1 diabetes (T1D)
It has been suggested that the increased intake of gluten-

containing products across the world is also one of the triggers to
the development of type 1 diabetes. Undiagnosed CD, disturbing the
intestinal barrier to large protein molecules (gluten) and enteric vi-
ruses,maybe the start of T1D (Frisk et al., 2008). Theprevalenceof CD
in patients with T1D is w20 times higher than in the general pop-
ulation; 60% of the patients with both diseases initially started with
Fig. 1. Classification of wheat- and gluten-related disord
CD, while the other 40% developed CD a few years after the onset of
T1D (Barera et al., 2002). This shared pathogenesis also shares the
genetics of auto-immune-related diseases (Zhernakova et al., 2009).

2.2.3. Non-coeliac wheat/gluten sensitivity (ncWS; ncGS)
Recently, the spectrum of wheat/gluten-related disorders was

analysed by Sapone et al. (2012) (Fig. 1). Of particular interest is the
rapid growth of the population embracing a gluten-free diet: the
gluten-free food market shows an annual increase of 25e30%, and
by now represents an annual market value of almost V2.5 billion
worldwide. Although it is clear from medical observations that not
all of these consumers need a gluten-free diet for medical reasons,
this gradual increase indicates that the number of people who feel
comfortable on this diet exceeds by far the number of diagnosed CD
and wheat allergic patients (Sapone et al., 2012). Analysis of 200
million restaurant visits in US showed that almost 30% of adult
customers claimed to cut down on or avoid gluten completely
(NPD, 2013). In clinical practice this has led to a diagnostic problem
because many of these people lack serological and duodenal bio-
markers, which raised the question whether sensitivity to wheat,
gluten or other wheat-related compounds beyond CD really exists,
or what the observed health effects may be, as there are large
correlated changes in the diet excluding fast food and switching to
different food products.

Two independent studies recently suggest that ncWS exists. In a
double-blind placebo-controlled re-challenge trial, patients with
irritable bowel syndrome (IBS) in whom CD was excluded and who
were symptomatically controlled on a gluten-free diet, were
significantly worse for overall symptoms within one week after
starting gluten consumption (Biesiekierski et al., 2011). Another
study diagnosed 276 patients with IBS-like presentations in a
double-blind placebo-controlled challenge and confirmed the ex-
istence of ncWS as a clinical condition different from CD (Carroccio
et al., 2012). Interestingly, the data in this study also suggested the
existence of two distinct populations of subjects with ncWS: one
group with characteristics more similar to CD, and the other group
with characteristics pointing to food allergy with additional sen-
sitivities to e.g. cows’milk (Carroccio et al., 2012). This is consistent
with a study on wheat ATIs (Junker et al., 2012). These pathogen-
related proteins appeared to be strong indicators of the innate
immune responses of several cell types (monocytes, macrophages
and dendritic cells) of the immune system in coeliac as well as in
ers (after Sapone et al., 2012; Gilissen et al., 2013a).
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non-coeliac patients. These findings define cereal ATIs as novel
(innate) contributors to coeliac disease. It was suggested that these
ATIs may also fuel inflammation and immune reactions in other
intestinal and non-intestinal immune disorders. Nevertheless, the
absence of clear biomarkers and knowledge on the aetiology, the
high frequency of self-reported ncWS, and the fact that gluten-free
is turning into an internet trend, emphasises the need for a reliable
and sound diagnosis, and shows that we have no information about
the prevalence in the population, although, in correlation to IBS
data (Carroccio et al., 2012), a prevalence of 5e10% of the popula-
tion has been suggested (Brouns et al., 2013). Furthermore, other
explanatory factors should be (re)considered, such as abdominal
discomfort due to regular fermentation processes that occur in all
(healthy) individuals.

We can conclude that the issue of ncWS is complex, and that
various stakeholders take different positions and have different in-
terests. From a medical point of view, further investigations of the
causes, the aetiology, the independent disease status, the clinical
relevance and the possibilities for prevention of gluten sensitivity are
required. According to current knowledge, ncWS can best be
considered an inconvenience that can be avoided by reduced
gluten consumption or a gluten-free diet. At present there are no
clear and unambiguous signs that ncWS represents a new health
threat to the population, although the rapid increase in the general
demand for gluten-free foods would suggest differently. The gluten-
free food industry now advertises with the intent to expand the
market beyond CD patients. This is a positive change for the gluten-
intolerant and sensitive population and also for potential and undi-
agnosed CD patients, as well as a challenge to the food industry to
design and develop innovative healthy, nutritious, safe and sustain-
able foodproducts fromsourcesother thanwheat andrelatedcereals.

2.2.4. Versatility of wheat and gluten, and the choice for a gluten-
free diet

Wheat is widely grown and consumed. It is the second largest
crop annually produced and consumed (w650 million tonnes), and
supplies about 20% of the world’s calories. Wheat has the largest
global production area (w240million ha) and the largest volume of
a single crop traded internationally (w140 million tonnes) (USDA,
2013; Wikipedia, 2013). Its qualities have been recognized since
ancient times. Palaeolithic people already consumed cereals as
processed foods, as shown by remains found on grinding stones
(Piperno et al., 2004;Wrangham et al., 2009) long before they were
domesticated (maybe even Neanderthals cooked cereals [probably
barley]; Fresco, 2012). Cereals were one of the major factors in the
‘escape’ of humanity from the Palaeolithic ‘paradise’. The physico-
chemical properties of flour and dough make wheat highly popu-
lar in all kinds of food applications. Inmanywheat-based foods, such
as bread and bakery products, pasta, pizza, noodles, and breakfast
cereals, the presence of wheat is evident. But it is increasingly being
used as a hidden ingredient in a large number and diversity of food
items, mainly since the 1960s, and especially since the 1990s. These
include soups and sauces, dressings, snacks, jams and spreads,
candy and chocolates, and processed herbs and spices. Wheat can
also be present in many processed meat products, frozen poultry,
fish and vegetables, ice creams, and popcorn. As a result, currently
more than 30% of packed supermarket food items contain wheat or
wheat-derived constituents, especially wheat gluten and wheat
starch. These applications are still increasing rapidly (Atchison et al.,
2010). The network forming properties of wheat gluten means that
it is highly versatile in food technological applications. All western
consumers eatwheat/gluten-containing foods in large amounts; the
daily gluten intake is about 20 g, with segments of the population
consuming up to 50 g (Sapone et al., 2012, and references therein;
Gilissen et al., 2013a).
It has also been suggested that gluten-free diets could be
harmful for people who do not have CD, as gluten-free diets in
western society are generally poor in, amongst others, dietary fibre
(Aziz et al., 2012; Elli, 2012; Di Sabatino et al., 2013). The nutritional
value and quality of the gluten-free diet is currently receiving
increasing attention (Lee et al., 2009; Arendt et al., 2011) and is
rapidly becoming an equivalent to gluten-containing diets.

2.2.5. Wheat and immune interactions
When discussing wheat allergy, we have already noted that

various wheat proteins have immunogenic (sensitizing) potential
rather than causing real allergic reactions (Sotkovský et al., 2011),
and that the prevalence of sensitization is much higher than the
prevalence of wheat allergies (occurrence of clinical symptoms)
(Zuidmeer et al., 2008). Together the immunogenicity of the specific
protein and the sensitization of the individual host reflect an im-
mune interaction inwhich a change in the complex balances within
the immune system occurs, possibly in combination with changes
in the cross-talk of the immune system with the diversity of in-
testinal micro-organisms in the gut micro-flora. Food components,
the immune system and the gut micro-organisms form an inter-
active system. These may lead to changes in the production and
balance of specific cytokines and their signalling activities, but do
not necessarily result in complaints or clinically relevant symptoms
after renewed contact with the immunogenic protein/peptide
(antigen). In this respect it is of interest that allergy (Th2-mediated)
and auto-immunity (Th1-mediated) do not necessary exclude each
other (Kidd, 2003), as had been commonly accepted for many years.
Upon complex immunogenic stimulation, the differentiation of
CD4þ T cells is not restricted to a small number of well-defined T
cell phenotypes (Th1, Th2, Th17, Treg), but rather operates through a
continuum of mixed-phenotype states in which the levels of T cell
lineage-specific activities change with the levels of the stimulation,
leading to a continuously tuneable cell state (Antebi et al., 2013).
This may bring wheat allergy, CD, and maybe also wheat/gluten
sensitivity, closer together and emphasize the complex immuno-
genic composition of the wheat food matrix. Another complex
immunological phenomenon is peanut allergy, in which a series of
allergens is involved (Ara h 1e7) representing different protein
families, and including both Th1 and Th2 phenomena in a murine
model (Van Wijk et al., 2004). Allergies and intolerances to wheat
may now also be studied in this broader context, beyond the Th1/
Th2 balance. Some authors have suggested that restoring the mi-
crobial flora towards the complexity found in poor rural commu-
nities may already be effective in reducing the incidence of allergy
and auto-immune related diseases (Rook, 2012).

3. Diagnostics

3.1. Allergy

In allergy, sensitization can have been taken place without
further consequences for the development of clinical symptoms
after repeated contacts with the allergen and is defined as the
presence of a specific IgE response occurring upon exposure of the
immune system to an allergen. Allergen-specific IgE can be detec-
ted in serum (in vitro assays) and in skin-prick tests (SPT) in which
allergens applied subcutaneously provoke mast cells (loaded with
allergen-specific IgE on their surface receptors) to release their
mediators (histamines, etc.) causing inflammation of the skin.
Many years of daily medical practice have demonstrated that these
in vitro and skin-prick tests are unable to reliably predict clinically
relevant allergy (i.e. the occurrence of clinical symptoms upon
contact with the allergen): they just measure sensitization (Asero
et al., 2007). SPT responses may occur due to cross-reactivity of
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IgE, especially in atopic individuals that, by genetic predisposition,
produce relatively high amounts of IgE. The most reliable test to
identify clinical relevance and to predict clinical symptoms is the
double-blind placebo-controlled food challenge (DBPCFC). The
reliability of this test is high, but it may result in false-negative
responses in cases of food (wheat) dependent exercise-induced
anaphylaxis, because these responses only occur if the ingestion
of the responsible food is followed by exercise within a time period
between a few minutes to 3 h, and require other cofactors to in-
crease intestinal absorption (Asero et al., 2007).

The clinical presentations of food allergy can include the oral
allergy syndrome (OAS; IgE-mediated contact urticaria involving
lips, tongue, palate, throat, ears, nose, eyes) which generally has
mild symptoms. Commonly, OAS occurs after sensitization with
pollen allergens (e.g. birch and grasses, the latter being relevant in
cereal allergies) and subsequent cross-reactivity involving homol-
ogous proteins in fresh foods (especially fruits, nuts with birch-
related proteins) and grasses (the allergens involved are generally
labile to heating and processing makes them easily digestible).
Grass pollen and cereal food cross-reactivity has been described for
profilin (Constantin et al., 2009). Stable allergens can also be
involved in OAS with further gastrointestinal response, as was
observed in maize-allergic cases (Scibilia et al., 2008).

Cereal allergies mostly involve stable food proteins that cause
gastrointestinal disorders including nausea, vomiting, gastric
retention, intestinal hyper-motility, abdominal pain due to colonic
spasm and diarrhoea. These symptoms rarely occur in isolation and
are often accompanied by allergic symptoms in other organs (skin,
nose, lungs and eyes) (Asero et al., 2007). Skin symptoms, such as
urticaria, are the most common skin disorders in adult patients
with food allergy, including cereal allergy. Proteomic techniques
are under development for the further identification and charac-
terization of allergens (Uvackova et al., 2013). The resulting data are
helpful for the biotechnological production of recombinant pure
allergens which may, on one hand, overcome the limitations of
natural extracts, but on the other hand lack the effects of the
accompanying food matrix.

The way an antigen is presented to the immune system de-
termines its potential allergenicity. This is especially relevant in
food allergy. Processing, digestion and the food matrix largely
determine the presentation of the food allergen to the immune
system of the entire digestive tract. These factors can modify the
original form and presentation of the protein and may mask the
real characteristics that make the protein an allergen. This is the
protein/food side of the allergy coin. The other side is the allergic
individual: what factors dispose an individual to first become
sensitized and then to become allergic? Genetic predisposition,
gender, and age-related physiology, the immune status at the time
or season of exposure to allergens, the status of the composition of
the (gut) micro-biota, disease history, medication history
(including vaccinations and antibiotics used), geography-related
and social-economic status-related lifestyle factors and dietary
habits all play a role in the sensitization to an allergen, as well as in
the clinical presentation after repeated contact with the allergen.

IgE-mediated allergies generally show an immediate response
and the offending sources can often be identified relatively easily
using panels of allergens in skin-prick tests. This diagnosis is more
difficult in intolerances where symptoms have a chronic character
and symptoms may be diverse.

3.2. Intolerances

Cereal-related intolerances include CD and wheat/gluten
sensitivity. Diagnostic criteria for CD are (1) typical symptoms such
as chronic diarrhoea and growth retardation in children, and
weight loss and iron deficiency anaemia in adults, concomitant
with (2) positive serum coeliac disease IgA class auto-antibodies at
high titre (IgA class TTG and EMA in IgA-sufficient, and IgG class
TTG and EMA in IgA-deficient subjects; presence of IgG class anti-
deamidated gliadin peptide adds evidence to the diagnosis).
Further evidence is (3) the HLA DQ2 or DQ8 genotype. In the small
intestine (jejunum), (4) villous atrophy, crypt hypertrophy and the
increased intra-epithelial lymphocyte count as measured from bi-
opsies have long been the gold standard for diagnosis. Finally, (5) a
positive response to a gluten-free diet is a diagnostic marker. Family
history also contributes to the diagnosis. The diagnosis is consid-
ered positive when 4 out of 5 of the criteria have been met (or 3 out
of 4 if HLA genotyping is not used). Small intestinal biopsy, which is
especially burdensome in young children with growth retardation,
can now be omitted when high-titre IgA class anti-TTG and EMA
antibodies are found (>10 times the upper limit of normal) (Catassi
and Fasano, 2010; Husby et al., 2012). Gluten sensitivity exists
beyond CD (Biesiekierski et al., 2011; Carroccio et al., 2012)
although currently no biological markers are available. The wheat/
gluten elimination diet is presently the only diagnostic tool.

The chronic character of CD and the wide variety of symptoms,
often beyond the spectrum described above, may result in wrong
diagnoses (and, as a result, wrong treatments). Current estimates,
based on epidemiological data and medical practice, suggest
that only a minority (w10% in The Netherlands; Stichting
Voedselallergie, website communication) of CD patients have
been properly diagnosed. Many undiagnosed individuals accept a
chronic state of ill health as normal, but maintain or worsen their
ill health status by continued gluten consumption (Mearin et al.,
2005). This is the major societal issue related to CD: how to treat
this undiagnosed majority. Mass screening has been proposed
(Mearin et al., 2005) while other strategies include various routes
of prevention and treatment. This first requires detection of the
relevant proteins involved.

4. Detection of the responsible proteins

4.1. Allergens

Based on IgE from patients’ sera, a large number of sensitizing
and allergenic wheat proteins have been identified. The most
harmful cereal allergens are LTP, u-5 gliadin and ATIs. These aller-
gens can be involved in different allergy types (Table 1). Testing of
IgE reactivity in patients with different clinical profiles of wheat
allergy (food, WDEIA, bakers’ asthma) to salt-soluble and salt-
insoluble protein fractions from wheat flour revealed a wide het-
erogeneity among recognized allergens in groups with different
clinical profiles as well as within each group. However, the salt-
soluble proteins are mainly associated with bakers’ asthma, and
prolamins with WDEIA, whereas both protein fractions react to IgE
from food-allergic patients (Salcedo et al., 2011). This heterogeneity
limits diagnosis and the identification of the specific proteins and
their exact epitopes.

Regarding allergy to deamidated gluten, a consensus epitope
was found on native g- and u-2 gliadins (QPQQPFPQ) which is
repeated several times in these proteins. Deamidation of the glia-
dins or peptides to give QPEEPFPE resulted in increased IgE
recognition. Allergy to deamidated gluten is considered to be
separate from allergy to other wheat proteins. The potential for
severe symptoms excludes food challenge tests for diagnosis
(Denery-Papini et al., 2012). On the other hand, this allergy is very
rare: in France only 15 patients have been diagnosed. Furthermore,
deamidated gluten can sensitize mice much more efficiently than
natural gliadin. This mouse model of allergy to deamidated gliadin
revealed an IgE reactivity pattern against purified gliadins which



Table 3
Estimated gluten gene copy numbers per gluten type in a haploid genome.

a-gliadins Up to 150 (with 50% pseudogenes) Anderson and
Greene, 1997

g-gliadins 17e39 Rafalski, 1986
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was very similar to that of deamidated gluten-allergic patients
(Gourbeyre et al., 2012). Remarkably, these data suggest that dea-
midation plays a role in the increasing occurrence of allergy to
gliadins, in the same way as deamidation increases peptide
recognition and binding by CD4þ T cells in CD.
u-gliadins 15e18 Sabelli and Shewry, 1991
LMW glutenins 30e40 Cassidy et al., 1998
HMW glutenins 2 (1 x-type; 1 y-type) Shewry and Halford, 2002
4.2. Intoleragenic proteins

4.2.1. The factors determining CD toxicity
CD is caused by prolamins: gliadins and glutenins from wheat

and related proteins frombarley and rye.Wheat gluten is a complex
mixture of several protein classes representing together about 80%
of the total protein content of the grain. The amounts of prolamins
(gliadins) and glutenins are broadly similar (around 50% for each)
among the different wheat species. Table 2 gives an overview of the
major protein characteristics of the glutenprotein classes. Each class
represents a protein family that can be extensive in number and
coded by many genes, as for the a-gliadins, or small, as for the high
molecular weight (HMW) glutenin subunits (Table 3). Specific
fragments of these proteins (called epitopes) are involved in the
development of CD. Such epitopes can be present in all the gliadins
and glutenins of wheat (and similar proteins in barley and rye) and
occur in proline- and glutamine-rich protein parts that are resistant
to digestion (Bethune and Khosla, 2008). CD epitopes are peptide
sequences of nine amino acids. Peptides of this length fit in theHLA-
DQ receptor of the antigen presenting cell and can be recognized by
epitope-specific T cells that in turn become activated and start
producing cytokines that ultimately can result in inflammation and
atrophy of the villi in the small intestine leading to problems with
food uptake and further symptoms. The most severe and immuno-
dominant epitopes for CD are present in the gliadin fraction
(Dørum et al., 2009; Tye-Din et al., 2010). In 2012, a list of well-
defined CD epitopes (twenty-four HLA-DQ2 restricted epitopes
and seven HLA-DQ8 restricted epitopes) was agreed internationally
(Sollid et al., 2012). In this list, epitopes from a-gliadins and g-glia-
dins are dominating, with six and eleven representatives, respec-
tively. Furthermore, two u-gliadin epitopes, three LMW-glutenin,
and two HMW-glutenin epitopes (only DQ8-restricted) are listed. It
is well-established that over 90% of CD patients are HLA-DQ2 posi-
tive while the remainder is usually HLA-DQ8 positive (Koning,
2008). This suggests a minor role of HLA-DQ8 epitopes in the
development of CD (Koning, 2012). In addition, when defining an
epitope, it is important to assess and categorize this epitope in the
context of the HLAmolecules that are expressed by the T cell donor.
Patients generally express an individual-specific profile of T cells
with epitope-specific sensitivity (Vader et al., 2002; Camarca et al.,
Table 2
Summary of types and characteristics of wheat gluten proteins (adapted from Shewry an

Protein class Size (kDa) % of total S-re

HMW glutenins x-type 65e90 6e10a 2e5
HMW glutenins y-type 65e90 6e7
a-gliadins 30e45 70e80b 6
C-type LMW glutenins 30e45 7e8
g-gliadins 30e45 8
B-type LMW glutenins 40e50 7e8
D-type LMW glutenins 30e75 10e20c 1
u-gliadins 30e75 0

a 30e35% Gln (Q), 10e16% Pro (P).
b 30e40% Gln, 15e20% Pro.
c 40e50% Gln, 20e30% Pro.
d Interchain bonds lead to polymer formation (Pm); Sequence analyses revealed that

majority of g-gliadins have 8 cysteines and some have 7 or 9 cysteines (Salentijn et al., 20
cysteines may form an interchain bond.

e L: long arm; S: short arm.
f The chromosome loci encoding the various gliadin types are known in detail from t
2009; Sollid et al., 2012). Several steps occur between ingestion
and inflammation, forming a reaction cascade inwhich at least four
well-defined factors are the key players.

Firstly, the incomplete digestion of gluten proteins in the gastro-
intestinal tract. After ingestion, the gastro-intestinal proteases begin
to digest the proteins, but gluten proteins are incompletely digested
by such enzymes because of their high contents of proline and
glutamine residues. Cleavage adjacent to proline is highly dis-
favoured formost proteases, and glutamine is not a preferred amino
acid for any of the proteases in the gut (pepsin, trypsin, chymo-
trypsin, carboxypeptidases, elastases and brush-border membrane
enzymes). In addition, the proteolytic resistance of gluten is
enhanced by intra-chain (in the case of gliadins) and inter-chain
(especially in glutenins) disulphide bonds that make these mole-
cules poorly water-soluble with low-proteolytically susceptibility
(Bethune and Khosla, 2008). It has been hypothesized that gliadins
are hardly broken down at all and remain immunologically inactive
in healthy individuals, but that CD patients might harbour a CD-
specific micro-flora in their small intestine producing gliadinases
of bacterial origin thatwould degrade the gliadins. In thismodel, the
bacterial degradation would lead to CD in predisposed individuals
(Bernardo et al., 2009). A recent discovery appears to contradict this
hypothesis. Zamakhchari et al. (2011) and Fernandez-Feo et al.
(2013) characterized the oral micro-biome as a rich source of
gluten-degrading (including the proteolysis-resistant immunogenic
domains) micro-organisms, many of which are selectable and
cultivable. But a possible difference in presence or activity of these
bacterial enzymes in the saliva of CD versus non-CD individuals was
not mentioned, nor the gluten-degradation capacity of this flora
demonstrated in vivo, which needs to be established. Nevertheless,
the data suggest that the gluten-degrading enzymes from these
bacteria might be useful as pharmaceutical drugs or dietary sup-
plements (Zamakhchari et al., 2011; Fernandez-Feo et al., 2013).

Secondly, the low degradability of gluten results in the forma-
tion of stable bioactive peptides that have sufficient length to
provoke immune responses. Clear examples are a 33-mer and a
related 17-mer a-gliadin-derived peptide, which contain multiple
epitopes. In two studies, these gluten fragments were recognized
d Halford (2002)).

sidues Intrachain
bonds

Interchain
bondsd

Chromosome
locationf (L/S)e

0e1 2e3 (Pm) 1L
0e2 3> (Pm) 1L
3 0 6S
3e4 1 (Pm) 1S þ 6S
4 0 1S þ 6S
3 1e2 (Pm) 1S
0 1 (Pm) 1S
0 0 1S

the majority of a-gliadins have 6 cysteines but some may have 4 or7 cysteines; the
12; Goryunova et al., 2012); The a-gliadins and g-gliadins with an uneven number of

he work of Metakovsky (1991).
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by T cells from about 50% of the patients (Vader et al., 2002;
Camarca et al., 2009). Another fragment is a 26-mer g-gliadin-
derived peptide.

Thirdly, before recognition by the T cells, most gluten fragments
first need to be deamidated in the lamina propria of the intestine
(i.e. the tissue on the body-side of the intestine) by the enzyme
tissue transglutaminase (tTG or TG2), which converts glutamine (Q)
into glutamic acid (E). This change considerably increases the
binding capacity by the HLA-DQ receptor of the antigen presenting
cells and the recognition by the T cells, thus making the epitope
effective, and in the fourth step, making the T cells proliferate and
inflammatory.

Recently, an u-gliadin-derived peptide was found that is
recognized by most T cells and may be the canonical dominant T
cell-stimulatory peptide in HLA-DQ2-associated CD. Some T cells,
especially those specific for the u-gliadin-derived peptide
PFPQPEQPFPW (containing two nine-amino-acid-long overlapping
and E-substituted epitopes PFPQPEQPF and PQPEQPFPW), are
highly redundant in peptide recognition. This might be due to
degenerate recognition or to cross-reactivity as a result of close
sequence homologies of reactive peptides (Tye-Din et al., 2010).
Furthermore, in addition to the four factors described above, reti-
noic acid, a metabolite of vitamin A, has been shown in a mouse
model to act as an adjuvant that strongly promotes the inflam-
matory response to gluten (DePaolo et al., 2011).

4.2.2. Measuring CD toxicity
The identification and quantification of the CD-immunogenicity

(number and clinical impact of various epitopes) of an individual
wheat variety, is essential to the development of strategies towards
the reduction of CD as this information will enable the comparison
and selection for low- or non-CD toxicity. Hexaploid and tetraploid
wheats are self-pollinators, resulting in highly homozygous vari-
eties. Modern varieties are also generally highly uniform. However,
old varieties and especially landraces in gene banks are often
composed of multiple genotypes, sometimes even mixtures of
tetra- and hexaploid seeds (Salentijn et al., 2009). Therefore, gene
bank accessions need to be carefully pre-screened for ploidy level
and tested on a single-seed basis to select individual lines with
reduced CD-immunogenicity. Analysis of CD-immunogenic poten-
tial further requires the availability of reliable technical ‘tools’
based on knowledge of the various aetiology-related factors
described above. Most of the tools listed below are available, but all
still have serious limitations, which we will discuss.

� A set of epitope-specific monoclonal antibodies to identify the
presence (and approximate amount) of specific epitopes

� Patient biopsy-derived epitope-specific T cell clones or induced
polyclonal gluten-specific T cells in peripheral blood to verify
the immunogenicity of (deamidated) gluten extracts

� Sequence data of CD epitopes in gluten genes present in indi-
vidual varieties and of CD epitope variants, according to the
genome (A, B, D) on which the genes reside

� Expression data for gluten genes in developing seeds from the
various genomes in a given line

� Epitope-directed proteomic mass spectrometric analysis of seed
proteins

� Volunteer patients for in vivo and epidemiological studies as
ultimate proof.

Monoclonal antibodies (mAbs). Sequences that are recognized by
mAbs are generally shorter (mostly four to six amino acids) than
the nine amino acid-long sequences that are recognized by T cells.
In addition, such mAbs may be insensitive to amino acid sub-
stitutions that may abolish T cell binding, and thus completely
destroy the toxic properties of the epitope (Mitea et al., 2010).
These factors might lead to overestimation of the amount of T cell
epitopes and inaccurate data on the level of CD toxicity. Before the
application of mAbs, an adequate and reliable extraction protocol
for these gluten proteins is required. Such a protocol is available
(Van den Broeck et al., 2009a,b). Notwithstanding these caveats,
commercial mAbs are available in test kits for the detection and
quantification of total gluten content in foods, most notably
establishing whether or not food is ‘gluten-free’ (i.e. contains less
than 20 ppm gluten). The R5 antibody recognizes an overall motif of
Q(P)-Q(P,L)-Q(L)-PF/YP(Osman et al., 2001), while the G12 antibody
recognizes QPQLPY, QPQQPY and QPQLPF (Morón et al., 2008).
Thus, these mAbs recognise gliadins, not CD epitopes. Results ob-
tained using these mAbs are broadly correlated with the level of CD
toxicity because CD epitopes occur widely in gliadins from wheat
and related prolamins from barley and rye. This correlation be-
tween the antibody signal and a T cell response should not be
extrapolated to other crops such as oats (Londono et al., 2013,
2014), and it will be invalid once CD-safe varieties or varieties
with low levels of CD epitopes have been developed (see below).

T cells. T cells can be isolated and cloned from patient biopsies.
Individual T cell clones (TCC) need first to be tested for epitope spec-
ificity. Extracts from cereal seeds should be prepared according to the
growth requirements of the Tcells, aswell as to ensure thepresenceof
all relevant gluten proteins to be tested. Both aspectsmake Tcell tests
laborious. Because of the high epitope specificity of each clone, a set of
specific TCCs is required to be able to assess the presence of all epi-
topes in a cereal seed. The outcome is a predominantly qualitative
assessment. Suligoj et al. (2013) evaluated the safety of ancient wheat
varieties in CD. They observed heterogeneous responses of the TCCs
from individual patients to these varieties and concluded that any
wheat variety that is suggested to be low in CD toxicity needs to be
tested in multiple CD patients using TCCs because detecting CD toxic
epitopes with single gluten-specific mAbs or epitope-specific TCCs
will not fully reflect the toxicity of a wheat variety for the overall
population of CD patients. Alternatively, blood samples can be taken
from challenged CD individuals. Thesewill contain all ormost of the T
cells reflecting the patient-characteristic gluten epitope specificities
(Camarca et al., 2009) (Tye-Din et al., 2010).

Genomic analysis. Pyrosequencing was used to study the gluten
gene family-specific quantitative transcriptome profile at themRNA
level. Salentijn et al. (2009) detected large differences in the tran-
script frequencies of a-gliadins among various hexaploid and
tetraploid wheat varieties. Since the genes from the homoeologous
loci on the A, B, and D genomes within one variety may differ in the
amounts of conserved CD-epitopes, screening for differential
expression from the homoeologous gliadin gene loci can be
employed for the pre-selection ofwheat varietieswith very lowCD-
immunogenic potential (Salentijn et al., 2009). Furthermore high
throughput sequencing of cDNAs enables the classification of wheat
lines according to genetic variation in gliadin transcripts and the
screening of plants that are potentially less CD-immunogenic. For
this, Salentijn et al. (2013) used mRNAs extracted from developing
grains. This implies, however, that the observed gene expression
does not necessarily correlate to the amounts of the various proteins
in the seed endosperm. Nevertheless, the sequence data can be
collected into a reference sequence database that is useful as a
reference in further quantitative proteomic analysis of the immu-
nogenic potential of mature grains of selected wheat genotypes.

Proteomics. All barley-based beers contain hordein, the barley-
specific prolamin related to wheat gluten. However, ELISA ana-
lyses of beer did not correlatewith the contents of hordein peptides
determined bymass spectrometry (MS) and total epitope load. This
is probably due to the fact that the particular 4e6 amino acid se-
quences detected by the mAbs in the ELISA vary in occurrence
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among hordeins. This highlights the need for new, sensitive and
selective quantitative (MS-based) assays (Tanner et al., 2013a,b)
such as RP-HPLC, coupled with UV, FLD (fluorescence detection) or
MS/MS detection (Konitzer et al., 2013). Currently, the possibilities
of using LCeMS are being developed. This method enables non-
targeted label-free comparative analysis of the gluten proteins
present in different wheat varieties and species resulting in the
identification and semi-quantification of gluten peptides contain-
ing CD-epitopes. The untargeted LCeMS analysis further allows the
design of a faster and quantitative method for subsequent targeted
analysis, using triple quadrupole mass spectrometry (Van den
Broeck et al., 2013; MS in preparation).

Volunteers. The ultimate proof of the CD-toxicity of a wheat
variety or a processed wheat-containing food product is a patient
food challenge. Such tests need a double-blind placebo-controlled
challenge under ethically agreed conditions. This test is not quan-
titative since individual volunteering patients will respond differ-
ently. This shortcoming can be circumvented by testing a
statistically significant number of participants. However, highly
sensitive patients will be reluctant to participate in such test panels
because of symptom severity. Such tests are laborious and expen-
sive, but necessary as ultimate proof to assess the safety of a food
product for diagnosed CD patients on a gluten-free diet.

Reference material. The Working Group on Prolamin Analysis and
Toxicity (PWG) offers a gliadin reference material for scientific
research and industrial applications (Peter.Koehler@tum.de). The
isolation and characterization of this PWG gliadin has been described
in detail (Van Eckert et al., 2006). Briefly, gliadinwas extracted from a
mixtureof28Europeanwheat cultivars.Albuminsandglobulinswere
removed by extraction using 0.4 M NaCl and gliadins were extracted
with 60% (v/v) ethanol. The gliadin extracts were concentrated,
desalted by ultrafiltration, freeze-dried, and homogenized. The re-
sidual material after lyophilization is referred to as PWG gliadin.
Detailed specifications are given on thewebsite of theWorkingGroup
on Prolamin Analysis and Toxicity (http://wgpat.com). More recently,
a modified two step total gluten extraction protocol has been devel-
opedbasedonthedifferent solubilitycharacteristicsof thegliadinand
glutenin fractions, enabling quantification of the ‘epitope load’ for
patients using ELISA (e.g. RIDASCREEN�) or in LCeMS analysis (Van
den Broeck et al., 2009a, 2013).

5. Routes to prevention

5.1. Prevention types

Three levels of prevention can be applied to alleviate symptom
development in allergies and intolerances (adapted from the Eu-
ropean Allergy White Paper, UCB, 1997, with additions; Gilissen
et al., 2006, 2013b):

� Primary prevention addresses in particular symptom-free chil-
dren who are at risk. Smoking during pregnancy is a high risk
factor that should be avoided, as is exposure of the new-born to
tobacco smoke. Breast-feeding is recommended (Ivarsson et al.,
2002; Chertok, 2007). Sensitization to potent food allergens (eg.
wheat bread) can be reduced by avoidance during the first four
months of life. Antibiotics should be applied with caution as
bacterial infections during childhood may naturally increase the
robustness of the developing immune system and strongly limit
the development of allergies. Foods that may stimulate the
robustness of the immune system, such as oats which contain
specific b-glucans, may help prevention (Van der Meer et al.,
2012; Volman et al., 2008).

� Secondary prevention focuses on sensitized individuals in their
social context. Symptom development can be prevented by
avoidance of the offending allergens in the environment and
food. Allergen labelling on packaged foods is currently legally
obligatory in Europe. However, ‘may contain’ labelling may
safeguard the producer rather than consumer interest. Due to
growing awareness in the food industry, and interest from
consumers, the market for ‘free from’ food products is growing
rapidly, especially the ‘free from gluten’ market.

� Tertiary prevention includes non-dietary therapeutic (medical)
treatment of (chronic) symptoms in diagnosed individuals. In the
case of CD, the proven treatment is a strict life-long gluten-free
diet. Other treatments being developed include supplementation
withgliadinaseorgluten-degradinghumanoralmicro-organisms
or enzymes isolated from such organisms (Fernandez-Feo et al.,
2013), the use of specific mAbs (such as anti-CD3, anti-CD20
and anti-IL15) or of HLA blockers and TG2 inhibitors, or the in-
duction of gluten-tolerance via epitope-based vaccination. These
and other therapies have been discussed and evaluated by Osorio
et al. (2012). These medical strategies, however, need first to be
proven safe and as efficacious as a gluten-free diet (Lindfors et al.,
2012), and preferably to be cheaper, easier and less burdensome.
Some of these strategies have already been found to be adverse,
e.g. the anti-CD3-induced toxic cytokine syndrome (Lindfors
et al., 2012). Increasing attention is also being paid to comple-
mentary and alternative medical treatment (at the level of pre-
vention, care and cure, and their potential tomodulate the effects
of allergic diseases) (Li, 2012).
5.2. Allergy/Intolerance knowledge framework

The genetic predisposition of an individual with its specific life-
style related physiological and immunological status in its specific
environment determines the response to an allergen in the specific
food or environmental matrix. This reflects the multifactorial na-
ture of allergy and intolerance. As a consequence, the prevention of
allergy and intolerance recognizes a multifactorial and multi- and
interdisciplinary approach, with specific attention paid to each in-
dividual allergen and its source. One element that we consider
requires more attention is the possibility to prevent disease, and to
develop prevention strategies at the pre-medical stage (primary
and secondary prevention strategies). Such strategies benefit from
a knowledge framework inwhich data are collected and analysed at
different levels for further societal implementation. Such levels
may include (Gilissen et al., 2012a):

� Fundamental research. Data need to be collected and integrated
to create an understanding of the phenomenon of allergy/
intolerance with regard to the aetiology of the disease (sensiti-
sation and symptom development) and of the allergenicity- or
tolerance-breaking capacity of a given environment or food
source (i.e. which factors make the source allergenic/intolerable
and what makes a specific protein from that source an allergen/
intoleragenic compound?) This should include the multidisci-
plinary integration of medical and food sciences.

� Designing research. Based on the fundamental knowledge, spe-
cific and efficient tools can be developed for improved diagnosis
of patients and to adapt life-style in such a way that allergens
and intoleragenic compounds can be avoided; this knowledge
also allows better characterization of allergenic sources aiming
at designing hypoallergenic products and environments.

� Development of practical prevention strategies. Based on the
tools that are designed and the identified prerequisites and
stakeholders, practical and straightforward strategies can now
be developed for prevention and management of allergy/intol-
erance but what actions are needed from what stakeholder?
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� Implementation. This requires the active and coordinated con-
tributions of various stakeholders, e.g. to make an operational
allergen- (gluten-) free production chain, to distribute
consumer-friendly tools (such as internet apps) for easy product
scanning for allergens in supermarkets, and to improve plans for
large-scale growing of allergen- or gluten-safe crops.

� Dissemination. Education, communication and exchange of in-
formation among and between stakeholders further facilitates
and complements the knowledge framework to establish a solid,
flexible and sustainable infrastructure in society.

For any given type of allergy or allergenic source, these levels
can be integrated into a matrix to better identify gaps of knowledge
and to facilitate the various actions to be taken for prevention,
specifically or in general. Such a matrix will include medical and
natural sciences on the one hand, and social sciences, governmental
actions and responsibilities, and commercial activities and pro-
duction on the other hand. Application of the matrix approach will
elucidate the multidisciplinary nature of allergy and intolerances,
and their prevention and management, and opens ways for co-
operation in interdisciplinary settings, from local initiatives (crop
cultivation systems; production of easy achievable and reliable
information on hypoallergenic and gluten-safe products) to the
establishment of large national and international public-private
partnerships (e.g. HealthGrain Forum; Working Group on Prola-
min Analysis and Toxicity; Coeliac Disease Consortium; The Dutch
Oat Chain).
5.3. Potential and current prevention activities

Cereal proteins can come into contact with individuals through
ingestion, inhalation and through contact with the skin. Cereal-
related allergies and intolerances present a diversity of clinical
symptoms that are not necessarily presented separately and can be
individual-specific. This hinders identification of the source and the
nature of the allergen/intoleragen, the aetiology of the symptoms,
and the development of appropriate prevention strategies. Such
strategies can be directed at the undiagnosed (to reduce the inci-
dence) or diagnosed (to reduce the occurrence and severity of
symptoms) levels, and at the individual and the (sub) population
levels and require application of the ‘allergy knowledge framework’
approach to the identify the knowledge gaps (Table 4).
5.3.1. Prevention of cereal allergies
Of all forms of wheat allergy, occupational bakers’ asthma has

the highest direct economic impact, but strategies to reduce the
impact remain limited by gaps in our knowledge. According to
Salcedo et al. (2011) these include the wide heterogeneity in
sensitization patterns among patients regarding the different
Table 4
Levels of approach of the Allergy/Intolerance knowledge framework.

Individual Population

Undiagnosed Identification of individuals
at risk (primary prevention)

Reducing application of major
allergens/intoleragenic
compounds (especially wheat,
and gluten) in foods (including
those in which they did not use
to occur (similar approach as
reduction of fat, carbohydrate,
salt); adaptations of social
environments (e.g. school,
sporting facilities)

Diagnosed Allergen-free products;
adaptation of in-house and
working (bakery) conditions

Facilitation of availability of
allergen-free foods and
environments
proteins that can be involved, the lack of clear markers of clinical
symptoms and of purified (natural and recombinant) allergens for
diagnostic tests (including lack of knowledge on the glycosylation
of specific potential allergens such as amylase inhibitors and per-
oxidases), the relatively low numbers of volunteer patients that can
be included in tests, the route of sensitization, and the lack of
conclusive results on cross-reactivity with other cereal flours (rye,
barley), pollen (from grasses, birch, Artemisia) and plant foods (e.g.
Rosaceae fruits). The current incidence of bakers’ asthma among
young bakers ranges from 0.3 to 2.4 cases per 1000 person-years
and is increasing among supermarket bakery workers (Salcedo
et al., 2011 and references therein). Strategies for the prevention
of bakers’ asthma should therefore not be based on modifying or
eliminating the allergenic protein sources in the cereal (flour), but
rather focus on adaptation and improvement of the occupational
working conditions, including adjusting air flows and protection
from inhalation.

In the case of cereal food allergy, the range of proteins respon-
sible for sensitization and symptom development is wide (Battais
et al., 2008). Quantitative and qualitative differences in allergens
have been observed among wheat varieties and species, (e.g. in
their IgE binding). Bread wheat varieties that lack the Gli-B1 locus
for u-gliadins did not cause certain severe symptoms. Also Triticum
spelta (spelt), Triticum turgidum (farro) and Triticum monococcum
(einkorn) showed differences in allergen contents. The in vitro and
in vivo reactivities of patients with wheat food allergy-related
eczema were lower with diploid T. monococcum (Denery-Papini
et al., 2007, 2009). Currently, attention to other wheat species is
growing as demand is increasing. Einkorn and spelt wheat are
increasingly mentioned as less burdensome to allergic individuals
than common bread wheat. However, more sound scientific data to
support this ‘hypoallergenic’ characteristic are needed (see also
below under Tolerances). When patients are diagnosed, a gluten-
free (in fact also wheat-free) diet is still the option of choice for
prevention of symptoms.

Because of the thermo-stability of the major cereal allergens
(nsLTP, ATI, and u-5 gliadin), processing (heating) apparently does
not reduce their allergenicity and is not a viable strategy for pre-
vention of allergy.

5.3.2. Prevention of intolerances to cereals
5.3.2.1. In search for low CD-toxic wheat varieties. Selection of ac-
cessions from gene banks. Many thousands of wheat accessions are
maintained in gene banks worldwide (including the Centre of Ge-
netic Resources, the Netherlands (CGN) in Wageningen). These
include modern and old hexaploid and tetraploid varieties (origi-
nating from selection and breeding), landraces, cultivated and wild
species, and diploid wild species that are related to the ancestors of
cultivated wheat. Synthetic hexaploids have also been produced in
which genetic variation in the D genome has been introgressed
from wild Aegilops tauschii. These collections of natural and syn-
thetic wheats form a useful source for analysis of the relationships
between individual gluten genes and proteins and CD toxicity, and
for identifying wheat lines with reduced CD toxicity.

It has been shown that the occurrence of epitopes for CD varies
among gliadin genes, between homoeologous loci, and between
wheat varieties and species. For example, the a-gliadin sequences
from the A, B and D genomes appear to form distinct groups that
have a non-random distribution of T cell epitopes with the D
genome contributing most to CD immunogenicity and the B
genome the least (Mitea et al., 2010; Van Herpen et al., 2006;
Molberg et al., 2005; Spaneij-Dekking et al., 2005). This situation
appears to be similar for the g-gliadins (Salentijn et al., 2012), as the
highest number of CD epitopes was found in the g-gliadins from the
D genome. For u-gliadins it is not clear because of the lack of
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sequence information on this type of gliadin; the involvement of u-
gliadins in CD toxicity has been only recognized recently in the
context of a high degree of cross-reactivity with rye and barley
(Tye-Din et al., 2010).

The occurrence and level of CD epitopes has been compared
between large sets of modern and old hexaploid wheat varieties,
land race accessions, and tetraploid accessions. In modern varieties,
genetic diversity was limited and they showed overall high total
binding to mAbs specific for Glia-a1 [PFPQPQLPY] and Glia-a3
[FRPQQPYPQ] epitopes. Remarkably, the modern varieties demon-
strated an increased amount of Glia-a1 epitopes and a reduced
amount of Glia-a3 epitopes. This may explain why coeliac patients
respondmore violently to Glia-a1 epitopes than to Glia-a3 epitopes
(Vader et al., 2002; Camarca et al., 2009). In addition, this may be
the reason for a higher prevalence of CD, because the level of the
immuno-dominant epitope Glia-a1 seems to have increased as a
result from wheat breeding during the last decades (Van den
Broeck et al., 2010). Furthermore, old hexaploid wheat varieties
have been identified with relatively lowmAb responses, suggesting
a low number of immuno-dominant CD epitopes. Such lines may be
useful at reducing levels of CD epitopes as a new quality trait for
breeding. In addition, such screening revealed the existence of a
tetraploid durum wheat land race with strongly reduced mAb re-
sponses. This land race was a heterogeneous mixture of seeds, from
which two single seed-derived lines have been selected and
multiplied for further analysis. These lines will be exploited for
direct applications in food products, e.g. pasta and pizza (Van den
Broeck et al., 2010). Analysis of nine cultivars of farro wheat
(T. turgidum) in a test with T cells from four patients revealed
negligible proliferation responses comparable to the untreated
control, whereas the other varieties showed intermediate to very
high responses (Vincentini et al., 2009). For the diploid einkorn
(T. monococcum), which is an ancient A genomewheat species with
relatively good nutritional characteristics and bread making qual-
ity, the variety Monlis was well-tolerated by CD patients and
showed similar absence of CD toxicity-related events as rice, which
was used as the control (Zanini et al., 2013). As combinations of
gluten genes containing low CD epitopes are much more easily
made by crossing and selection in a diploid species, this is an
intriguing finding that needs to be confirmed by studies employing
other patients and detection methods.

Deletion lines. A set of hexaploid wheat deletion lines from the
variety Chinese Spring (Wheat Genetic & Genomic Resource Center
[WGGRC], Kansas State University, USA, http://www.k-state.edu/
wgrc/Germplasm/Deletions/del_index.html) was used to test the
effects of individual loci on reduction of CD toxicity and changes in
technological properties. Removal of the a-gliadin locus from the
short arm of chromosome 6 of the D genome (6DS) (Table 2)
resulted in strongly decreased mAb responses against the Glia-a1
and Glia-a3 epitopes. Concomitantly, a significant loss of techno-
logical properties, such as dough mixing properties and dough
rheology, was observed. The dough became stiffer and less elastic.
In contrast, the deletion of u-gliadins, g-gliadins and lowmolecular
weight (LMW)-glutenin subunits from the short arm of chromo-
some 1 of the D genome (1DS) (Table 1) apparently removed some
epitopes but retained technological properties (Van den Broeck
et al., 2009b). To improve or restore dough quality, oat prolamins
(avenins) appear to be a good alternative for wheat gliadins and
could be added to the flour of certain wheat deletion lines that lack
encoding CD-stimulating gliadin proteins (Van den Broeck et al.,
2011). These lines may be economically competitive so as to be
developed commercially.

Genetic modification. Hexaploid bread wheat contains many
different gluten proteins (Table 1), most of which contain CD epi-
topes. The genes for these proteins are present in blocks that are
inherited as single loci (Table 2). It is therefore not possible to
develop a CD-safe bread wheat variety through crossing and se-
lection alone. Since glutenins aremost important for baking quality,
while gliadins contain most of the CD epitopes, scientists have been
exploring ways to mutate gliadins or to delete or to silence their
genes. Becker et al. (2012) silenced a-gliadins using RNA interfer-
ence (RNAi), eliminating 20 different storage proteins from the
grains. Gil-Humanes et al. (2010) also effectively down-regulated
the CD-related gliadin genes in bread wheat by an RNAi
approach. T cell tests revealed a 10e100-fold reduction in the
amounts of DQ2 and DQ8 epitopes in a-gliadins, g-gliadins and u-
gliadins. Total gluten extracts of three transgenic wheat lines were
unable to elicit T cell responses (Gil-Humanes et al., 2010). Down-
regulation of the g-gliadins only resulted in non-specific in-
creases in other gluten proteins, but had no or little effect on dough
strength and on gluten and starch properties (Pistón et al., 2011;
Gil-Humanes et al., 2012). These lines have been developed in
Spain, which has a less restrictive attitude to genetically modified
(GM) crops. Another report describes transcriptional suppression of
wheat DEMETER (DME) homoeologous using RNAi. The DME genes
encode a 5-methylcytosine DNA glycosidase, which is responsible
for the transcriptional de-repression of gliadins and LMW glutenin
subunits by active demethylation of their promoters in the wheat
endosperm. The transformed plants showed a high degree of sup-
pression in DME gene transcript abundance resulting in over 75%
reduction in the amount of immunogenic prolamins. Such lines
may form the basis for the development of wheat varieties
compatible for coeliac patients (Wen et al., 2012). Such RNAi wheat
lines, where their other agronomic properties, yields and regula-
tory aspects are acceptable, may become candidates for the pro-
duction of wheat-based products for ‘gluten-free’ or ‘low-in-gluten’
diets. The European attitude towards GM crops is now changing. In
the UK, a policy has been initiated at the governmental level to
accept GM crops and the UK government now advocates more
flexibility with the EU on the advantages of GM, supporting the
current advice of the European Food Safety Authority (David
Cameron, The Telegraph, 14 June 2013).

Breeding. ‘Reduced CD toxicity’ (through a combination of se-
lection of germplasm, mutation breeding, and/or genetic modifi-
cation) will become a global breeders’ aim in the near future.
Although breeding of bread wheat varieties exclusively through
crossing and selection will not produce varieties that are
completely safe, selection can consider the allelic blocs or clusters
(Metakovsky, 1991) and pyramidize within a line (variety) the blocs
carrying the lowest numbers of epitopes. Here, deep mRNA
sequencing and proteomics are useful tools for efficient diagnosis of
the selected lines regarding quantification of CD toxicity (Salentijn
et al., 2013). The application of such new less- or non-CD-toxic
wheat varieties in food products will then require the develop-
ment of separate production chains from field to consumer to avoid
contamination with regular high CD-toxic wheat varieties. Such
developments, when accepted globally, may have a strong impact
on reducing the incidence of gluten-related disorders in the general
population.

5.3.2.2. Production of CD-safe cereal foods by processing and other
technological approaches. People who suffer from CD require a
gluten-free diet. Wheat/gluten-free diets generally suffer from
limitations especially concerning nutritional value, fibre content,
taste and palatability. Several technologies can be applied to reduce
the CD toxicity by processing.

Sourdough fermentation. Sourdough bread-making is a very
ancient technology, that may today make a valuable contribution
to the production of high-quality bread from various CD-safe ce-
reals (such as sorghum), but also from wheat and rye (Moroni
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et al., 2009). Loponen (2006) examined gluten degradation during
sourdough fermentation and suggested that proteolytic food
processing technology could be used to manufacture new ‘gluten-
free’ or ‘low CD-toxic gluten’ wheat-based products. A 60 days
administration of a wheat flour-derived product, containing a
hydrolysed gluten content below 10 ppm through Lactobacillus
sourdough fermentation, appears not to be harmful to CD patients.
Hydrolysis was achieved in two steps. Medium sized polypeptides
(including the 33-mer a-gliadin derived fragment) were obtained
from a primary hydrolysis using fungal proteases, and were
further degraded by Lactobacillus endo-peptidase activity (Greco
et al., 2011). These observations are promising, but it is too early
to claim that sourdough is CD-safe. Further research is needed in
two directions: (1) what is the potential of sourdough (bread)
products in a safe ‘gluten-free’ diet for individual cases and (2) can
large-scale consumption of sourdough products by the whole
population (including the potential and non-diagnosed patients)
contribute to reduction of the incidence and symptom severity of
CD and ncGS? Economically, this approach may enlarge the cur-
rent niche market for sourdough products. Interestingly, the
prevalence of CD (measured using a single antibody test) in Ger-
many, with a longstanding tradition of sourdough bread con-
sumption, is remarkably low: 0.4% among women, and 0.2% in
men (Kratzer et al., 2013).

Production of safe gluten proteins. The presence of several major
epitopes has been recognized in a-gliadins and other gluten pro-
teins, of which the HLA-DQ2-Glia-a1 (PFPQPQLPY), HLA-DQ2-Glia-
a2 (PQPQLPYPQ), HLA-DQ2-Glia-a3 (FRPQQPYPQ) and HLA-DQ8-
Glia-a1 (QGSFQPSQQN) are dominant. Would it be possible to
‘detoxify’ such epitopes? To answer this crucial question, the se-
quences of over 3000 naturally expressed a-gliadins from 11 bread
wheat varieties were analysed to determine whether they encode
for peptides potentially involved in CD. This provided data on the
frequency and genome relationships (A, B, or D) of the canonical
sequences and their natural variants. All variant peptides have been
synthesized and tested for binding to the disease-associated HLA-
DQ2 and HLA-DQ8 molecules and for recognition by patient-
derived a-gliadin specific T cell clones. Several naturally occurring
amino acid substitutions were identified for each of the variant
peptides that appeared to have no antigenic properties. From these
data, Mitea et al. (2010) concluded that the CD toxicity of the four T
cell epitopes in a-gliadins can be completely eliminated by utilizing
naturally occurring amino acid substitutions. This strategy can be
extended to all other epitopes in gliadins and glutenins. It is ex-
pected that such modified gluten proteins will show no differences
in technological properties, thus enabling further steps towards the
production of CD-safe gluten proteins for food products. This
knowledge can be applied to recombinant production in large-scale
fermenters of safe gluten proteins for food industry uses. However,
although this may result in the long run in mass production of pure
CD-safe gluten, it will never be able to out-compete the worldwide
and large-scale production of ‘vital gluten’ as a by-product from the
starch industry. Alternatively, a set of CD-safe gliadin and glutenin
protein genes can be introduced recombinantly in otherwise
gluten-free crops (such as maize or rice) to considerably improve
their technological (bread baking) properties and thus to increase
product choice for gluten-intolerant individuals. However, it is first
necessary to show that these crops are able to express gluten
proteins in effective amounts. In addition, the genetically modified
nature of these foods may still remain (in the near future, at least in
Europe) a barrier to acceptance. Furthermore, the detection system
for gluten-free food would have to be improved to be able to
distinguish between gluten proteins with and without CD epitopes.

Reduction of gluten use in foods. Alternatively, the total amount of
gluten in food products may be reduced as currently recommended
for salt, carbohydrates and fat and adopted by the food industry.
The extraction of gluten (so-called ‘vital gluten’) from starch is a
large-scale and low-tech procedure. Vital gluten is increasingly
applied as additive in food products for technological improve-
ment. The addition raises the question about the amount of vital
gluten that contributes to total gluten consumption. Kasarda (2013)
calculated a triple increase in vital gluten consumption since 1977,
which may be of interest because this time frame fits with the es-
timations on the increased prevalence of CD (Rubio-Tapia et al.,
2009). Since 2000, gluten production at least doubled, which may
have led to further increase in gluten consumption. Notably, whole
grain bakery products (e.g. bread) require high amounts of addi-
tional vital gluten to maintain high loaf volumes. As the economic
margin on gluten protein is low (it is currently among the cheapest
proteins world-wide), no technological improvements to extraction
are to be expected to occur in the near future. However, it can be
suggested that the efficiency of gluten production can be improved
by more thorough extraction procedures, retaining functionality
and allowing the use of less gluten to achieve the same results in
food processing.

Separation. Gliadins and glutenins can be separated almost
completely at the lab scale (Gilissen et al., 2012b). At the industrial
scale this process is more recalcitrant but extraction of the gliadin
and the glutenin fraction can be achieved (Bassi et al., 1997). The
glutenin components are more important for processing quality
than the gliadin components which can functionally be replaced
(by for example avenin from oat; see above, Van den Broeck et al.,
2011). As the gliadins contain most of the coeliac-relevant epitopes,
separation of the glutenin fraction from the total gluten in an
economically and technologically viable way will contribute to
produce food products for the overall population, including undi-
agnosed coeliac and gluten-sensitive individuals, with significantly
reduced CD toxicity.

Gluten alternatives. Another novel approach is to develop alter-
native protein systems for elastic dough making. One such alter-
native is to use a structured suspension containing whey protein
particles. This is based on the hypothesis that a number of gluten
characteristics originate from a particle structure present in the
gluten network. Early promising results showed changes in a starch
mixture from a liquid into a cohesive material with strain hard-
ening (dough) properties (Van Riemsdijk et al., 2011). This research
is now being continued to improve the dough-making qualities of
oat flour (Londono et al., 2014).

Infant diet. In Sweden, a four-fold increase in the incidence of CD
was recorded due to changed infant feeding practices including the
use of increased amounts of gluten (Ivarsson et al., 2000). This in-
crease strongly suggests that the total amount of gluten in the diet
is a factor in determining incidence and prevalence. Indeed, a
change towards the more gradual introduction of gluten-
containing foods into the diet of infants while being breast-fed
was found to reduce the risk of CD in early childhood and beyond
(Ivarsson et al., 2002). This subject is now under further investi-
gation in the framework of PREVENTCD (www.preventcd.com). The
conclusion of this study from a systematic review of early infant
feeding and the prevention of CD is that it is sensible to avoid both
early (<4months) and late (>7months) introduction of gluten, and
to introduce gluten while the infant is still being breastfed
(Szajewska et al., 2012). Furthermore, the UK branch of the
ESPGHAN together with Coeliac UK recently published guidelines
for the diagnosis and management of CD in children, aiming at
simplification and shortening of the diagnostic process and
providing didactic stratagems to be of assistance for non-
gastroenterological pediatricians (Murch et al., 2013).

The gluten-free trend. ‘Gluten-free’ seems to have become a
global trend with a significant annual market growth since 2004

http://www.preventcd.com
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(Sapone et al., 2012). Starting in the USA, this billion dollar market
trend is expected to reach Europe soon and may cause a consid-
erable reduction in overall gluten consumption. As a consequence,
the incidence of CD may decrease. However, there are currently no
data on the impact of this trend on the incidence and prevalence of
CD, probably because such figures are masked by the rapid growth
(in the awareness) of ‘gluten sensitivity’ as a new ‘disease’.

Improvement of the gluten-free diet per se. Some patients
have persistent symptoms and villous atrophy despite strict
adherence to a gluten-free diet. They are referred to as having “non-
responsive CD”, a subset of which has true refractory CD. Some non-
responding CD patients simply react to gluten cross-contamination
present in regular gluten-free food products. Most (over 80%) of
these patients improved on a gluten contamination elimination
diet (GCED), including plain unflavored brown and white rice, fresh
fruits and vegetables, meats, and fish, eggs, dried beans, nuts in the
shell, butter, unflavored yoghurt, milk and cheese, oils, vinegar,
honey and salt, 100% pure fruit and vegetable drinks. These patients
appeared not to be refractory and were able to return to a tradi-
tional gluten-free diet without return of symptoms. This clearly
demonstrates that the traditional gluten-free diet still contains
amounts of gluten that may prevent some very sensitive patients
from recovering (Hollon et al., 2013).

5.3.2.3. Alternative cereals. The gluten intolerance-causing cereals
(wheat, rye and barley) all belong to the Triticeae clade of grasses.
This is most closely related to the Aveneae, Chlorideae, Oryzeae and
Festucaceae clades, to which oats, teff, rice and finger millet (ragi)
belong, respectively. More distantly related are the Trypsacineae,
Andropogoneae and Paniceae, which include maize, sorghum and
millet, respectively. The seeds of all these species contain storage
proteins with some similarities to gluten (see above: 2.1. Cereal
allergy). All cereals beyond the Triticeae are considered safe for
gluten-sensitive individuals. Oats have been for a long time on the
list of toxic gluten-containing cereals. However, it appeared that
the most serious problem for CD-patients in consuming oat prod-
ucts was the frequent contaminationwith wheat gluten and gluten
containing cereal material which occurs during cultivation, harvest,
storage, milling, baking, etc.

There is sound scientific evidence that gluten-intolerant pa-
tients can regularly eat amounts of oats without any harm (Pulido
et al., 2009; Kaukinen et al., 2013), even though oat avenins can
elicit T cell responses in some rare cases (Arentz-Hansen et al.,
2004). Several factors may be involved in the relative CD-safety of
oats: (1) although avenins (the oat prolamins) are structurally
related to wheat gliadins (most closely to u-gliadins), only a few
gene copies are present; (2) the total amount of avenins in oats is
much lower than the total amount of gliadins in wheat; (3) none of
the currently known epitopes from wheat, rye and barley occur in
oats (Londono et al., 2013); (4) two avenin-specific epitopes exist,
but only very few patients react to these. Thus, consumption of oats
results in much lower and generally tolerated exposure to antigenic
peptides, if any (Tjon et al., 2010). This makes oats a good
replacement for wheat, rye and barley, providing an important
rich-in-fibre (b-glucan) and also otherwise healthy supplement
(Jones and Anderson, 2008; Andon and Anderson, 2008) of the
patients’ daily diet (Peräaho et al., 2004).

In January 2009, EC Regulation 41/2009 on the content and
labelling of foods for individuals with CD came into force in Europe.
Oat products containing less than 20 ppm gluten are now allowed
to be sold as gluten-free in the Netherlands and may carry the
official logo of the Dutch Coeliac Disease Patient Society. Countries
such as Sweden and Finland have already developed separate
gluten-free oat production chains. In the Netherlands, a CD-safe
chain extending from the field to the consumer was recently
established in cooperation with food industries and the Dutch
Coeliac Disease Patient Society. Its first products were marketed in
2011 and several new gluten-free oat-based product types are
under development (Gilissen et al., 2012b), one of which is gluten-
free oat beer, in cooperation with a consortium of Dutch breweries.
Since August 2013, also the USA (www.federalregister.gov) allows
oats to be sold as gluten-free, provided any contamination with
gluten from wheat, barley and rye is below 20 ppm. This demon-
strates that worldwide governments (although Australia and New
Zealand might still be reluctant according to their Food Standard
Code) recognize that the positive effects of oat consumption by
coeliacs outweigh by far the minor potential hazards.

Recently, Kaukinen et al. (2013) further confirmed the safety of
oats for CD patients from a long-term consumption study involving
over 100 coeliac volunteers. Oat consumption of 20 g (range 1e
100 g) per day for eight years resulted in significantly better
mucosal morphology when oats was consumed in higher amounts
over a longer period, as compared to the controls that used a
gluten-free diet without oat during this period, which is suggested
to be the positive effect of oat fibre intake.

6. Further considerations

6.1. Lifestyle, diet and micro-flora

The high frequency of individuals sensitized to a broad variety of
cereal (i.e. wheat) proteins led Zuidmeer et al. (2008) to suggest
that wheat (and related cereals) foods have high immunogenic
potential, perhaps greater than other foods in general. We hy-
pothesize here that the consumption of wheat positively influences
the maturation of the immune system in early childhood and the
intestinal microbial community of individuals that are not affected
by the ‘western lifestyle’, but may act negatively on the health of
individuals with a genetic predisposition and suffering from the
western lifestyle syndromewith disturbed immune and (intestinal)
microbial functioning and increased susceptibility to develop
chronic inflammatory diseases. Several environmental factors,
many of which are microbial, may have led to a decrease in the
efficiency of immuno-regulatory mechanisms in humans living in
modern urban environments. In such environments, many mi-
crobes with which humans have co-evolved as inducers of
immuno-regulatory circuits are reduced in occurrence. Integration
of research on factors related to gut micro-biota (including foetal
programming by maternal microbial exposure, neonatal program-
ming and hygiene), diet and lifestyle, combined with human ge-
netics, can provide the missing immuno-regulatory environmental
factor(s) needed to explain the recent increases in immune-related
diseases. The manipulation of the gut micro-flora is in its infancy
but may have enormous potential for the future in this regard
(Rook, 2011, 2012).

6.2. European organisations on health and disease aspects of
cereals

Because of their direct or indirect activities directed towards the
reduction of cereal allergies and intolerances, several international
and European organisations working on cereals in relationship to
health and disease should be mentioned here:

� EAACI: European Academy of Allergology and Clinical Immu-
nology (www.eaaci.org)

� ESPGHAN: European Society for Paediatric Gastroenterology,
Hepatology, and Nutrition

� AOECS: Association of European Coeliac Societies (www.aoecs.
org)

http://www.federalregister.gov
http://www.eaaci.org
http://www.aoecs.org
http://www.aoecs.org
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� HealthGrain Forum (including its ‘Cereality Europe’ initiative)
(www.healthgrain.org)

� Working Group on Prolamin Analysis and Toxicity (www.wgpat.
com)

� PreventCD (www.preventcoeliacdisease.com)
� Celiac Disease Consortium (The Netherlands) (www.celiac-
disease-consortium.nl)

Further research initiatives may be appropriate for support from
the Horizon 2020 framework in the European Technology Platform
“Food for Life”. Its strategic research and innovation agenda (2012e
2020 and beyond) includes ‘The gluten challenge: a public health
issue of growing significance (Section B, Project 22; http://etp.ciaa.
eu, p54) with a focus on the reduction of (coeliac) toxicity in regular
wheat- and gluten-containing foods, and on the production of
guaranteed safe foods particularly for individuals that are already
diagnosed with CD and ncWS and have to follow a life-long gluten-
free diet (Gilissen et al., 2012b).

7. Concluding remarks

We have discussed strategies for reducing the incidence of
cereal allergies and intolerances. Cereal allergies are rare but re-
sponses to the offending foods can be rapid and consumption
should be avoided.

In the case of cereal intolerances, the symptoms are chronic and
diverse, and many patients are undiagnosed or misdiagnosed
because the patient is unaware of the causal factor (gluten) or
because the clinician is ignorant of the illness and its symptoms.
Several strategies have been proposed to reduce the incidence and
prevalence. One strategy is based on the assumption that any
reduction in the overall amount of ‘toxic’ gluten in food products
will help to decrease sensitivity and associated symptom severity.
The processing quality of gluten depends mainly on the glutenin
fraction, whereas the gliadin fraction contributes most to toxicity.
This opens routes for ‘detoxification’. The reduction or absence of
the toxic gliadins while maintaining the glutenins can now become
a new breeding aim. Wheat lines have been selected that show low
responses towards various gluten epitope-specific mAbs and have
proved to be low in immunogenic gluten epitopes when analysed
by mass spectrometry. This research demonstrated high variation
in toxicity, especially among old varieties which may serve as
starting material in breeding programmes for low CD epitope-
containing wheat. Approaches such as partial chromosome dele-
tion and re-synthesis of new hexaploids may be required to
develop CD-safe wheats in combination with gene silencing
through RNAi technology. Avenins (prolamin proteins from oats)
appear to be good and safe replacements for gliadins.

The other strategy focuses on individuals with diagnosed CD for
whom food processing (i.e. hydrolysis of gluten through sourdough
fermentation), large-scale recombinant expression of sets of
‘detoxified’ gliadins and glutenins in safe food crops, and the
development of alternative safe cereals, especially oats, may be
appropriate. However, the nutritional quality and the safety of the
gluten-free diet should be guaranteed.

Multidisciplinary and interdisciplinary approaches are required
to execute these strategies, posing new challenges and re-
sponsibilities for wheat breeders, food industries, research orga-
nizations and governments to better balance wheat (cereal) and
gluten applications with food safety. We are aware that these are
the ‘nearby’ and ‘ad hoc’ approaches. Improving our understanding
of the interaction between the three major pillars: (1) food (eating
pattern and life style), (2) human genetics and physiology, and (3)
intestinal micro-flora, is a further and deeper approach that will
ultimately deliver applications which are more effective to
sustainably reduce the incidence and prevalence of immune-
related diseases, including cereal allergy and intolerance.
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