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1 Introduction

Wheat provides one-quarter of the global annual demand for dietary plant proteins
and has been consumed, if not cultivated, for at least 40,000 years, with breadmak-
ing dating back at least 14,000 years (Arranz-Otaegui et al. 2018; Henry et al. 2011,
2014). However, wheat may also have adverse health effects on susceptible indi-
viduals, some of which are well documented and understood, such as celiac disease,
while others have only recently been described and are still poorly understood.
There is a perception that the range and prevalence of these conditions have
increased in recent decades. We will, therefore, review the types, mechanisms, and
prevalence of adverse responses to wheat consumption and discuss strategies to
alleviate the effects in susceptible individuals. Most of these conditions are thought
to relate to the protein components of the grain, particularly gluten but also other
grain proteins. We will, therefore, begin by summarizing the properties of wheat
grain proteins.

2  Wheat Grain Proteins

Wheat grain proteins were among the earliest proteins to be studied, so a vast litera-
ture has been amassed dating back almost 300 years. However, until recently, the
focus was almost exclusively on the gluten proteins because of their unique role in
determining the food processing quality of grain. However, this interest has wid-
ened in recent years to include other proteins which may affect grain processing or
induce adverse reactions to wheat consumption. Although the total number of pro-
teins present in the mature grain may never be determined, using proteomics almost
500 proteins have been separated from flour (Dupont et al. 2011) and over 1100
from mature whole grain (Skylas et al. 2000). Most of these proteins fall into just a
few groups. We will, therefore, focus on these major components, particularly those
that have effects, whether positive or negative, on human health. It is only possible
to provide a broad overview here, and more detailed accounts are available in other
review articles (for example, Shewry et al. 2009; Wrigley et al. 2006).

2.1 Gluten Proteins

Gluten can be defined as the cohesive viscoelastic mass that remains after dough made
from wheat flour is washed to remove the starch and other particulate and soluble
materials. Gluten consists mainly of proteins, with most of the remainder being lipids
and residual starch. Isolated gluten contains small amounts of other proteins, either
because they associate with the gluten proteins or are entrapped in the gluten network
formed in dough. Based on the traditional fractionation method of Osborne (1924),
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gluten proteins are classified into two groups, the gliadins (classified as prolamins)
and glutenins (classified as glutelins). This classification is based on their sequential
extraction in a series of solvents, with prolamins being soluble in aqueous ethanol and
glutelins in dilute acid or alkali. However, the amounts and proportions of these frac-
tions vary widely with the precise solvents and extraction conditions, and it iS now
known that they comprise related proteins which differ in being present as monomers
(gliadins) or as components of polymeric complexes which may exceed 1 x 10° Da in
molecular mass (glutenins). Hence, it is more usual to consider them as a single pro-
tein family. The proportions of gliadins and glutenins in grain vary depending on the
genotype and the environment, but the ratio of 30% gliadins to 49% glutenins is typi-
cal of 17 European cultivars, as reported by Seilmeier et al. (1991). However, high
gluten protein content is generally associated with a higher proportion of monomeric
gliadins (Godfrey et al. 2010). The gliadins and glutenins form the major storage pro-
teins of wheat and are deposited in the starchy endosperm cells of the developing grain.

2.1.1 Gluten Protein Types

Gluten proteins are conventionally separated by electrophoresis, as shown in Fig. 1.
Comparisons of amino acid sequences show that all of these components are related,
but they can be classified into three groups and subgroups thereof. The gliadins are
most effectively separated by electrophoresis at low pH (Fig. 1) giving four groups
of bands which are called, in order of increasing mobility, a-gliadins, p-gliadins
(now considered as one group with a-gliadins), y-gliadins, and w-gliadins. Reduction
of the disulfide bonds which stabilize glutenin polymers allows the subunits to be
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) into two groups of bands, called high molecular weight (HMW) and
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Fig. 1 The classification and nomenclature of wheat gluten proteins separated by SDS-PAGE
(right) and electrophoresis at low pH (left). The D-type of LMW subunits are only minor compo-
nents and are not clearly resolved in the separation shown. Taken from Shewry et al. (1999) with
permission
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low molecular weight (LMW) subunits. Comparison of sequences shows that the
o-gliadins and HMW glutenin subunits form distinct groups, which have been
called sulfur-poor (to reflect their lack of cysteine residues) and HMW prolamins,
respectively (Shewry et al. 1986). The a-gliadins, y-gliadins and the major group of
LMW subunits (called B-type) are more closely related to each other than to the
o-gliadins and HMW subunits and have been defined as sulfur-rich prolamins. In
addition, two minor groups of LMW subunits, termed C-type and D-type, are most
closely related to a- and y-gliadins and to w-gliadins, respectively, differing in the
presence of unpaired cysteine residues which allow them to be incorporated into
gluten in polymers by interchain disulfide bonds.

Although no gluten proteins have been sequenced completely at the protein level,
a vast number of sequences derived from the sequences of cDNA and genomic DNA
are available in databases. For example, using gluten protein query sequences,
Bromilow et al. (2017) retrieved over 24,000 sequences from the UniProt database in
May 2015. After removal of redundant, partial, and mis-assigned sequences, a curated
database of 630 sequences was assembled. These sequences contain a vast amount of
information, and it is only possible to provide a brief summary here, focusing on fea-
tures which may relate to the role of gluten proteins in health and disease.

Firstly, the comparisons validate the broad classification into the S-rich, S-poor
and HMW prolamin groups and into major subgroups of gliadins and LMW glute-
nin subunits. Secondly, all of the proteins have clearly defined domain structures
with a central domain comprising repeated sequences based on one of two short
repeated peptide motifs flanked by non-repetitive domains. However, the relative
sizes of these domains vary widely between, and to a lesser extent within, the pro-
tein types. Notably, whereas the non-repetitive domains are reduced to a few amino
acids in the w-gliadins, the S-rich prolamins contain extensive non-repetitive
N-terminal domains.

The sequences of the non-repetitive domains of the three protein groups are
clearly related, and it has been suggested that they have been derived from a com-
mon ancestral protein by insertion of blocks of repeated peptide sequences. The
non-repetitive domains contain most, and often all, of the cysteine residues which
form intra-chain disulfide bonds in the monomeric a-gliadins and y-gliadins, and
both interchain and intrachain disulfide bonds in the polymeric HMW and B-type
LMW subunits. Most C-type and D-type LMW subunits have single cysteine resi-
dues which form inter-chain bonds.

In terms of health impacts, the repeated sequences are of prime interest, as they
contain the sequences known to trigger celiac disease (which are often called celiac
epitopes). The short peptide motifs range in length from three to about ten amino acid
residues and may be repeated in tandem or interspersed with a second motif. The
repetitive sequences of some prolamins are highly conserved with clear consensus
motifs, for example, PQQPFPQ, PQQPFPQQ, and PQGPQQ+GYYPTSPQQ+GQQ
(letters are single letter abbreviations for amino acids: G, glycine; F, phenylalanine; P,
proline; Q, glutamine; S, serine; Y, tyrosine; T, threonine). However, in other cases
such as the LMW subunits, the sequences are degenerate and consensus motifs are
difficult to define. Alignments of the repetitive domains of a range of gluten proteins
are presented by Shewry et al. (2009).
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The presence of repetitive sequence motifs determines the solubility of the pro-
lamin monomers and skews their amino acid compositions. Unusually glutamine
accounts for between 30% and 50% of the total amino acid residues. The numbers
of glutamine residues and their contexts within the sequence also define the ability
of gluten proteins to elicit a response in celiac disease.

2.2 Other Storage Proteins

Prolamins are only found in the grains of cereals and other grasses, where they usually
form the major storage protein fraction. Other types of storage protein may also be
present, such as globulins related to the 7S and 11S globulins which are the dominant
storage proteins in the seeds of most other plants. In wheat, 7S globulins are the major
storage protein in the aleurone layer and embryo, and small amounts of 11S globulins
(called triticins) are present in the starchy endosperm. A third globulin type, called
a-globulin, is low molecular weight member of the prolamin superfamily (discussed
below). These proteins are discussed in detail in Shewry et al. (2009). Dupont et al.
(2011) reported that total globulins accounted for about 0.4% of total proteins in white
flour, although 7S globulins are depleted from this fraction.

2.3 The Prolamin Superfamily

Wheat gluten proteins are defined as prolamins based on the characteristic solubility
and amino acid composition conferred by their repetitive domains. However, wheat
grain also contains several types of proteins whose sequences are related to the non-
repetitive domains of prolamins, particularly in the conservation of cysteine resi-
dues. They are therefore classified in the prolamin superfamily and together account
for most components with molecular masses between about 15,000 and 25,000 Da
in SDS-PAGE, although few individual components have been quantified. They
include two types of proteins which are considered to be modified forms of prola-
mins with storage functions. These have been called avenin-like proteins or farinins
and LMW gliadins or purinins (Kasarda et al. 2013) and together account for less
than 2% of total flour proteins (Dupont et al. 2011). However, three groups of pro-
teins, puroindolines, amylase/trypsin inhibitors (ATIs), and lipid transfer proteins
(LTPs) have been shown to have significant impacts on grain functionality and health.

2.4 Puroindolines

The wheat grain contains two puroindoline (Pin) proteins, each with a mass of about
15,000 Da and comprising about 120 amino acid residues including six conserved
cysteines. However, they differ from the rest of the prolamin superfamily in having
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a short domain which contains three or five tryptophan residues, which is thought to
form a loop region in the folded protein. Pins are encoded by genes at the Hardness
(Ha) locus, and allelic variation in their expression and/or sequences accounts for
60-80% of the variation in endosperm texture (hardness) in bread wheat (Turner
et al. 2004). Their biological function is not known.

There is a massive literature on Pins, particularly on the relationship between
protein sequences and variation in grain texture, which has been reviewed by
Shewry et al. (2009) and Morris (2002). However, Pins have no reported impact on
human health and will not be discussed further in this context.

2.5 Lipid Transfer Proteins

Unlike most members of the prolamin superfamily, lipid transfer proteins (LTPs)
are not restricted to seeds and have been characterized from a range of plant species
and tissues. Two forms occur, LTP1 with a molecular mass of about 9,000 Da and
LTP2 with a molecular mass of 7000 Da, both having eight cysteine residues which
form four intra-chain disulfide bonds. They were initially defined by their ability to
transfer phospholipids from liposomes to mitochondria in vitro, but this function
lacks specificity, and its relevance to their role in vivo is uncertain. LTPs are now
more widely considered to be involved in plant defense, as they are concentrated in
epidermal tissue and can inhibit fungal growth in vitro. LTPs are also a major group
of food allergens, as discussed by Marion et al. (2004) and Jenkins et al. (2005).
Wheat LTP has also been reviewed by Shewry et al. (2009).

2.6 Amylase/Trypsin Inhibitors (ATIs)

Water-soluble inhibitors of a-amylase and/or trypsin (ATIs) have been known for
over 70 years (Kneen and Sandstedt 1946) and are estimated to account for up to
80% of the total albumins and 1% of the total proteins in wheat flour (Cordain
1999). They are readily observed as a group of bands migrating faster than the glu-
ten proteins in SDS-PAGE separations. Early work led to some confusion due to the
use of different numbering systems, based either on their electrophoretic mobility at
alkaline pH (0.19, 0.28, 0.53) or their selective extraction in chloroform-methanol
mixtures (CM1, CM2, etc.). However, with further characterization and the avail-
ability of full sequences, eleven subunits which form monomeric, dimeric and tetra-
meric structures were identified, and their genes to be assigned to chromosomes (as
summarized in Table 1). ATIs are described in detail by Carbonero and Garcia-
Olmedo (1999), and reviewed by Shewry et al. (2009).

Although all ATTs are inhibitory to human a-amylases, their relative activity var-
ies, being very low for WTAI, higher for WMALI, and highest for WDAI (Salcedo
et al. 2004). Similarly, although all three forms are also active against a-amylases
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Table 1 Nomenclature and properties of wheat ATIs

% total
Aggregation Protein Gene Inhibitory flour
state subunit(s) Synonyms | Gene location | activity protein®
Monomeric WMAI-1 0.28 Imha-D1 | 6DS human and |0.5
WMAI-2 Imha-B1 | 6BS insect
a-amylases
Homodimeric | WDAI-1 0.53 IdhaB1.1 | 3BS human and | 1.0
WDAI-2 0.19 IdhaD1.1 | 3DS insect
WDAL-3 IthaB1.2 | 3BS o-amylases
Tetrameric 1st | WTAI-CM1 CM1 IthaD1 7DS human and | 1.7
subunit WTAI-CM2 | CM2 IthaBl | TBS insect
2nd subunit WTAI-CM16 | CM16 IthaB2 | 4BS a-amylases
WTAI-CM17 | CM16 IthaD2 | 4DS
3rd subunit (2 | WTAI-CM3B | CM3B/ IthaB3 4BS
copies) WTAI-CM3D | CM3D IthaD3 | 4D
Monomeric CMx® - 4AS 4BS" | trypsin? 0.2¢
4DL

The table is modified from Carbonero and Garcia-Olmedo (1999) to include data from
“Dupont et al. (2011) and

bSanchez de la Hoz et al. (1994).

‘Estimated value based on data from Dupont et al. (2011) and Altenbach et al. (2011)

from insects, WMAI and WTAI inhibit a-amylase from the coleopteran pest
Tenebrio molitor more strongly than WDAI, which is more active against a-amylase
from larvae of the lepidopteran Ephestia kuehniella (Salcedo et al. 2004). The CMx
proteins are encoded at a single locus on group 4 chromosomes and are proposed to
be trypsin inhibitors based on their similarity with the barley trypsin inhibitor BTI-
CMe (Sanchez de la Hoz et al. 1994).

Further information on the diversity and relative abundances of ATIs come from
two recent proteomic studies (Altenbach et al. 2011; Dupont et al. 2011). Coding
sequences for two forms of WMALI, four forms of WDAI, six forms of WTAI and
three forms of CMx were identified, and the relative abundances of the inhibitor
types (summarized in Table 1) and of the individual subunit forms were estimated
(Dupont et al. 2011; Altenbach et al. 2011).

2.7 Other Bioactive Proteins

Although ATTs form the major albumin fraction in wheat grain and flour, a number
of other proteins are present in very small amounts that could nevertheless contami-
nate protein preparations used in dietary interventions and other studies. They include
proteins related to the well-characterized chymotrypsin inhibitor and amylase/sub-
tilisin inhibitor of barley, serpin-type protease inhibitors, xylanase inhibitors, ribo-
some-inactivating protein (tritin) related to the well-characterized and highly
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bioactive ricin of castor bean, pathogenesis-related proteins (proteins produced in
response to infection, predation or damage), thionins and, in the embryo only, wheat
germ agglutinin (WGA). It is not possible to describe all of these proteins here, but
details can be found in review articles (Wrigley and Bietz 1988; Shewry et al. 2009).

3 Adverse Reactions to Wheat or Wheat Components

The contribution of wheat to health and disease in developed countries has been
widely debated, including the suggestion that wheat consumption results in obesity
and associated diseases. Although these suggestions are widely promoted in the
popular press and social media, they are not borne out by detailed scientific studies
(Brouns et al. 2013). However, there is clear scientific evidence that three types of
the disorder may present in susceptible individuals when exposed to wheat or wheat
components, most notably the proteins. These are celiac disease (CD), wheat allergy
(WA), and non-celiac wheat sensitivity (NCWS). These disorders are often misclas-
sified and referred to as allergies, which is incorrect. CD, WA, and NCWS differ in
the timeframe in which they develop, the mechanisms involved, symptomatology,
and options for diagnosis. Many studies have addressed the effects of gluten, and
gluten is the assumed cause of a wide range of adverse reactions and symptoms that
disappear after the elimination of gluten from the diet. However, it is important to
be aware that avoidance of wheat gluten also results in the avoidance of other pro-
teins and components of wheat. Even isolated wheat gluten, which is often used as
an ingredient in the food industry, is known to contain many components. A short
overview of the most relevant aspects of each of these disorders is given below.

3.1 Celiac Disease

CD is defined by Ludvigsson et al. (2013) as ‘a chronic small intestinal immune-
mediated enteropathy precipitated by exposure to dietary gluten in genetically pre-
disposed individuals.” CD is triggered by the ingestion of gluten, and over time
results in a variable degree of intestinal damage. In most patients with CD, the gut
pathology will reverse on the transition to a gluten-free (GF) diet. CD may present
in various degrees of ‘visibility,” for which different terms are used, described in
detail by Ludvigsson et al. (2013).

3.1.1 CD Etiology and Prevalence

CD results from a combination of a specific genetic predisposition and environmen-
tal factors. Approximately, 25-40% of the population has a genetic predisposition
as shown by the presence of HLA-DQ2 or HLA-DQS receptor genes. However, it is
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estimated that only 4% of these DQ2/8 positive individuals actually develop CD,
resulting in a mean CD prevalence of around 1% of the global population but there
is a large variation (range 0.3-5.6%) between countries (Stein and Schuppan 2014;
Catassi et al. 2015; Lionetti et al. 2015). The disease appears to be more common in
women than in men, with a ratio of 2-3 to 1. Factors other than genetic predisposi-
tion may trigger the disease such as age (Pinto-Sdnchez et al. 2016), the dose of
initial gluten exposure (Koning 2012), disease or drug/alcohol-related changes in
intestinal permeability, or exposure to viral infections (Lebwohl et al. 2018). Rubio-
Tapia et al. (2012) documented an increase in the prevalence of CD over recent
decades, which is often suggested to be the result of an increase in the consumption
of wheat gluten.

Other factors contributing to the recent increase in the prevalence of gluten-
induced disorders are major changes in overall lifestyle, diet, hygiene, and gut
microbiota, the use of antibiotics and vaccines, and improvements in diagnosis and
medical registrations leading to the recognition of formerly undiagnosed, misdiag-
nosed and unreported cases (Olivares et al. 2018). A well-known case of misdiagno-
sis comes from the Punjab province of India, where gluten sensitivity and intolerance
were misdiagnosed for a very long time as ‘summer diarrhea’, which is quite preva-
lent in the region but is only reported in summer when wheat flour is used for mak-
ing ‘chapatti’ flatbreads, instead of maize flour predominantly used in winter
(Cataldo and Montalto 2007).

The initial development of CD may be related to the food that a child receives
early in life. The influence of breastfeeding and the time of weaning on the disease
are not clear (Ludvigsson and Fasano 2012). However, it has been suggested that
intake of small quantities of gluten should start gradually before the age of 6 months,
preferably simultaneously with breastfeeding (Ivarsson et al. 2013). The reason for
this is that the immune-modulatory properties of breastfeeding and the intestinal
flora should contribute to the prevention of auto-immune diseases (Agostini et al.
2008). A number of studies indicated a role of gut microbial diversity and related
gut-associated immune competence in the etiology of CD (Nadal et al. 2007; Nistal
etal. 2012, 2016; Olivares et al. 2018). Whether this link is truly causal or a conse-
quence of altered dietary patterns in individuals that suffer from CD needs further
study. It is often suggested that vital wheat gluten, increasingly used as a functional
ingredient in food production, also plays a role. However, consumption data over
the years are difficult to obtain. Kasarda (2013) calculated that the intake of vital
gluten has tripled since 1977, from 136 to 408 g per year, or 0.37-1.12 g per day per
capita of the population. However, the impact of this increase is a matter of debate
given the many times higher intake of gluten from wheat flour in bread, 5-5.5 kg per
year, or 13.7-15.1 g per day. Furthermore, the protein content of wheat has tended
to decline as yield has increased (Shewry et al. 2016), and much of the vital gluten
is used in breadmaking to compensate for this decrease. Ever since humans began
to consume wheat, the ingestion of gluten contained in bread has been many times
higher than the amount of gluten that causes CD. Barley and rye contain proteins
related to wheat gluten, and hence, consumption of their grains contributes to daily
‘gluten’ exposure. The high contents of proline and glutamine in gluten proteins
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may contribute to them resisting digestion in the human gastrointestinal tract. In
individuals with altered gut permeability, these undigested gluten fragments (pep-
tides) may enter the lamina propria of the small intestine via transcellular or para-
cellular routes, leading to a cascade of reactions causing inflammation and immune
responses. These mechanisms are described in detail by Fasano (2012) and Lebwohl
et al. (2018).

When undigested gluten fragments enter the intestinal wall, the enzyme tissue
transglutaminase (tTG or TG2) converts the glutamine in the peptides into glutamic
acid, which then binds more strongly with the HLA-DQ2/8 receptor and with T-cells
of the immune system, activating an inflammatory response that finally leads to
damage to the intestinal villi. These inflammatory reactions allow substances to
pass through the intestinal wall and cause problems elsewhere in the body such as
dermatitis herpetiformis, which responds to a GF diet (Ludvigsson et al. 2013;
Ciacci et al. 2015). In addition, neurological manifestations and ataxia have been
described (Ludvigsson et al. 2013). Gluten ataxia is defined as ‘idiopathic sporadic
ataxia and positive serum antigliadin antibodies even in the absence of duodenal
enteropathy’. Wheat gluten consumption has also been suggested to be involved in
the etiology of some mental/psychological disorders (Hadjivassiliou et al. 2010).

In the long term, CD-related inflammation and immune reactions will impact on
the intestinal wall surface leading to the disappearance of the surface area increas-
ing villi flattening of the gut mucosa (Fig. 2) and resulting in impairment of nutrient
uptake, weight loss and, in children, growth retardation (Lebwohl et al. 2018).
However, it should be noted that this is not the only manifestation of CD. Some
individuals may have the HLA-DQ2 or DQ8 genes and CD-related antibodies in
their blood without verifiable damage to the intestinal mucosa but may have one or
more general complaints such as chronic fatigue, poor sleep or headaches. Often the
symptoms of these people are not recognized as possibly representing CD and, as a
result, such individuals are not tested or diagnosed for CD: a phenomenon which is
called the subclinical CD, or potential CD. It is estimated that only 1 out of 8 people
with CD (10,000-27,000 people) have been diagnosed based on symptomatology,
which means that many individuals remain undiagnosed because of unclear or
unrecognized symptoms, referred to as ‘the celiac iceberg’ (Fig. 3).

3.1.2 CD Causing Substances

Wheat gluten proteins all have high contents of proline and glutamine, which are
concentrated in their repetitive domains. As a consequence, these domains may only
be partially digestible by the enzymes present in the human intestine, producing
indigestible gluten fragments which contain short sequences of amino acids known
as epitopes. The identification of the fragments which cause immunological reac-
tions have led to rapid progress in CD research (Pastorello et al. 2007; Tatham and
Shewry 2008; Mamone et al. 2011; Ludvigsson et al. 2013). It includes the evalua-
tion of epitopes with the greatest ability to stimulate T-cells (immunodominance)
(Anderson et al. 2000, 2005; Shan et al. 2002, 2005; Tye-Din et al. 2010) and the
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Fig. 2 A schematic illustration of progressive tissue changes in the small intestine leading to flat-
tening of the villi and more intraepithelial lymphocytes (black dots) in the gut mucosa lining,
(source Cukrowska et al. 2017)

Fig. 3 The celiac iceberg. The Celiac Iceberg
(source Fasano 2007) 3
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agreement of an internationally accepted list of all epitopes known to play a role in
CD (Sollid et al. 2012).

It has also been shown that there are large differences between individuals in the
physical responses to single or combinations of gluten fragments. It is also clear that
there are broad differences in the celiac activity of different groups of gluten pro-
teins. In particular, the a-gliadins, and to a lesser extent the y-gliadins, yield large
numbers of immunogenic peptides in the form of indigestible protein fragments.
People with CD also react to related proteins from rye (secalins) and barley (horde-
ins), although neither species contains proteins closely related to the a-gliadins. A
minority of CD patients react to glutenins.

The number, type, and distribution of toxic epitopes within a wheat genotype are
clearly of interest (Shewry and Tatham 2016). Salentijn and coworkers noted the
presence of significantly fewer toxic epitopes in several tetraploid wheat species
(Salentijn et al. 2009, 2013), while several other reports indicate that ‘modern’
hexaploid wheat types may induce more immune and inflammatory reactivity than
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‘ancient’ tetraploid and diploid species, and hence result in more gastrointestinal
problems in wheat-sensitive individuals (Molberg et al. 2005; Spaenij-Dekking
et al. 2005; Pizzuti et al. 2006; Vincentini et al. 2007, 2009; Sofi et al. 2010, 2014,
Carnevali et al. 2014; Gelinas and McKinnon 2016). However, other studies have
shown that all types of wheat, whether ‘ancient’ species or modern cultivars, induce
some degree of immune reactivity and thus should be avoided by CD patients. For
example, when the contents of immunogenic a-gliadin in two old tetraploid wheats
(Graziella Ra and Kamut) and four modern tetraploid durum wheat varieties
(Capelli, Flaminio, Grazia, and Svevo) were compared (Gregorini et al. 2009;
Colomba and Gregorini 2012), the older varieties had significantly more, and so are
considered unsuitable for individuals with CD. More recent studies have confirmed
these findings (§uligoj et al. 2013; Escarnot et al. 2018).

By contrast, van den Broeck et al. (2010b) used immunoblotting with antibodies
to the Glia-a9 and Glia-a20 epitopes to classify modern bread wheat varieties
(1986-1998) and older types (1863—1982) as having low, medium or high reactivity.
The Glia-a9 antibody reacts with one of the most harmful epitopes, present in a
33-mer peptide from a-gliadin, while the epitope recognized by Glia-a20 is harmful
to a more restricted group of people. Based on this, the authors suggested that the
relative reactions of wheat lines with these two antibodies could be used to classify
them as more or less toxic for CD. The results showed that only 1 of the 36 modern
wheat varieties studied had low levels of the 33-mer peptide, compared with 15 of
the 50 older types. The number of lines with high reactivity to Glia-a20 was similar
in both groups. However, no systematic differences were found between the modern
bread wheat (7. aestivum subsp. aestivum) and older types of hexaploid wheat
(T. aestivum subsp. spelta and compactum). The authors suggested that scientific
breeding has contributed to an increased content of highly CD reactive epitopes in
modern wheat varieties and accordingly to increased CD prevalence (van den
Broeck et al. 2010b). However, more recent studies do not support this suggestion.
Kasarda (2013) reviewed the arguments as to whether wheat breeding programs
aimed at increasing gluten content may have contributed to the increase in CD in the
USA during the latter half of the 20th century, but the available data do not demon-
strate an increase in gluten due to breeding.

Ribeiro et al. (2016) compared modern varieties of bread wheat (Triticum aesti-
vum subsp. aestivum), spelt (T. aestivum subsp. spelta) and durum wheat (Triticum
turgidum subsp. durum), including modern cultivars and old landraces from differ-
ent countries. The lines were grown in the same year and location and under identi-
cal environmental growing conditions and the amounts of potential CD
immune-stimulatory epitopes measured with the RS monoclonal antibody assay
that recognizes several toxic peptides (QQPFP, QQQFP, LQPFP, QLPFP, QLPYP)
that occur repeatedly in gluten proteins. Different gliadin types were quantified by
reversed-phase high-performance liquid chromatography (RP-HPLC) and acid-
polyacrylamide gel electrophoresis (A-PAGE) in order to correlate toxic epitopes
with gliadin content. In line with earlier observations (Spaenij-Dekking et al. 2005;
van den Broeck et al. 2010a, b), this study confirmed that there is significant hetero-
geneity in the level of the T-cell-stimulatory epitopes in wheat varieties. For exam-
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ple, the modern 7. aestivum variety ‘Pernel’ presented more than 11-fold fewer
toxic epitopes than the variety ‘Alejo’. In addition, high heterogeneity in the content
of toxic epitopes in tetraploid lines was observed with values ranging from 26.40 +
1.65 g per kg in ‘Basto Duro’ to 223.14 + 30.04 g per kg in “Valenciano’. Spelt
varieties proved to have more toxic epitopes compared to other types of hexaploid
wheats, with a mean of approximately 311.15 g per kg. The authors concluded that
intensive wheat breeding has not resulted in increases in toxic epitopes in modern
wheat varieties, so cannot be the reason for increases in CD incidence.

It can, therefore, be concluded that there is no evidence to support the conjecture,
particularly in social media, that ancient tetraploid grains and spelt are more toler-
ated by individuals suffering from CD and WA. In fact, peptides from both spelt and
durum result in immune responses and should certainly not be recommended as
alternatives to conventional modern wheat for celiac patients (Ribeiro et al. 2016;
Vincentini et al. 2007, 2009; Gregorini et al. 2009; §uligoj et al. 2013; Escarnot
et al. 2018). Indeed, a recent comprehensive review of peptides from gluten diges-
tion comparing old and modern wheat varieties concluded that the old varieties may
actually contain more immunogenic and toxic sequences than modern varieties
(Prandi et al. 2017). The relative proportions of CD-immunogenic and CD-toxic
sequences in gluten proteins also vary depending on environmental factors such as
climate, soil, fertilization and agricultural practices, and their interactions with the
genotype (Ashraf 2014; Hajas et al. 2018).

Gianfrani et al. (2015) provided evidence that extensive in vitro gastrointestinal
hydrolysis drastically reduced the immune stimulatory properties of Triticum mono-
coccum gliadin. The MS-based analysis showed that several 7. monococcum pep-
tides, including known T-cell epitopes, were degraded during the gastrointestinal
treatment, whereas many of 7. aestivum gliadins survived the gastrointestinal diges-
tion. However, these findings need confirmation in vivo, but a crucial observation is
that not all peptides were degraded; thus, 7. monococcum is still not safe for CD
patients. More recently, Perez-Gregorio et al. (2018) showed that the composition
of gluten hydrolysates depended on the digestion time and structural characteristics
of the protein. On the other hand, the main T-cell stimulating epitopes formed dur-
ing hydrolysis depend on the identity of the precursor protein. Glutenin oligopep-
tides were degraded faster than gliadins, particularly a-gliadin oligopeptides.

In addition to gluten, it has recently been recognized that non-gluten proteins,
notably serpins, purinins, globulins, ATIs, and farinins, may also elicit antibody
responses (Huebener et al. 2015). The growth conditions of the plant (shade and
plant height) and grain storage conditions appeared to influence the ATI content of
three different types of durum wheat grown at three locations in Italy (Prandi et al.
2013), with the effect of the environment being greater than that of genotype.

Recent research has indicated that ATIs may play a role in the development of
both CD and non-celiac-related wheat hypersensitivity via the production of inflam-
matory factors (cytokines) in the intestine (Junker et al. 2012; Zevallos et al. 2017).
These studies were carried out in animal models (mice) and in vitro assays on
human cell lines, using isolated protein fractions enriched in ATIs. These studies
indicate a clear need to carry out human trials with oral exposure to ATTs that have
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also been exposed to heat treatment and simulated gastrointestinal digestion.
Zevallos et al. (2017) suggest that both the types and amounts of isoforms affect the
degree of bioreactivity of ATIs. ATIs are heat resistant, and active forms may be
present in wheat cooked for 5 min at 100°C and may cause an allergic reaction on
ingestion (Pastorello et al. 2007). Rye and barley also contain a range of related ATI
isoforms (Carbonero and Garcia-Olmedo 1999).

3.1.3 CD Diagnosis and Solutions

CD can be diagnosed based on the pattern of symptoms, blood serology, genetic
predisposition for CD and, finally, by the histological screening of small intestinal
tissue obtained by biopsy. General guidelines for CD diagnosis are given by Bai and
Ciacci (2017) and Lebwohl et al. (2018). A comparative overview of the character-
istics of CD, WA, and NCWS is given in Table 2.

A completely GF diet appears to be the only remedy for people with CD. Even
traces of wheat should be avoided in foods or food ingredients produced in a ‘wheat
presence environment’ or other ‘gluten’-containing grains (barley, rye) present in
GF food through cross-contamination that might occur during cultivation, harvest,
transport, production (see below for further details). By completely avoiding gluten,
the intestinal wall can recover, and symptoms disappear.

3.2 Wheat Allergy (WA)

An allergen is defined as a substance that causes an immediate immune reaction
upon exposure by ingestion, inhalation, or skin contact. Depending on the route of
allergen exposure and the underlying immunological mechanisms, WA may be clas-
sified as (1) an immediate food allergy, (2) wheat-dependent exercise-induced ana-
phylaxis, (3) a respiratory allergy, or (4) contact urticaria. IgE antibodies play a
central role in the pathogenesis of these diseases.

3.2.1 WA Etiology and Prevalence

In WA, the body reacts to the protein as if it was a pathogen that needs to be dealt
with. This misrecognition leads to inflammatory reactions and symptoms such as
swollen membranes of the mouth and throat, difficulty in swallowing, shortness of
breath, diarrhea, vomiting, abdominal pain, asthmatic reactions, and rashes. In some
cases, a whole-body reaction may cause a sudden severe drop in blood pressure
leading to anaphylactic shock or even death (Hadjivassiliou et al. 2015). The most
widely occurring allergy to wheat is bakers’ asthma, a respiratory allergy resulting
from the inhalation of wheat flour or starch.
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Table 2 Different features of celiac disease (CD), wheat allergy (WA), and non-celiac gluten
sensitivity (NCGS) according to Catassi (2015)

CD

NCGS

WA

Time interval
between gluten
exposure and onset
of symptoms

Weeks-years

Hours-days

Minutes-hours

Pathogenesis

Autoimmunity (innate
and adaptive immunity)

Immunity? (innate
immunity?)

Allergic immune
response

HLA HLA-DQ?2/8 restricted | Not HLA-DQ2/8 Not HLA-DQ2/8
(~97% positive cases) | restricted (50% restricted (35-40%
DQ2/8-positive cases) | positive cases as in the
general population)
Autoantibodies Almost always present | Always absent Always absent
Enteropathy Almost always present | Always absent (slight | Always absent
increase in IEL) (eosinophils in the
lamina propria)
Symptoms Both intestinal and Both intestinal and Both intestinal and
extraintestinal (not extraintestinal (not extraintestinal (not
distinguishable from distinguishable from distinguishable from
GS and WA with GI CD and WA with GI CD and GS with GI
symptoms) symptoms) symptoms)
Complications Co-morbidities, Absence of Absence of
long-term co-morbidities and co-morbidities,
complications long-term short-term
complications (long complications
follow-up studies (including
needed to confirm it) anaphylaxis)

GI = Gastrointestinal; GS = Gluten Sensitivity; IEL = Intraepithelial Lymphocytes

For a schematic representation of allergy mechanisms see: https://upload.

wikimedia.org/wikipedia/commons/e/e7/The_Allergy_Pathway.jpg. A number
of detailed reviews of WA have been published (Tatham and Shewry 2008;
Inomata 2009; Sapone et al. 2012; Gilissen et al. 2014; Cianferoni 2016; Pasha
et al. 2016).

WA prevalence amongst children varies from <0.1% to 1%, depending on age
and country (Hischenhuber et al. 2006; Kotaniemi-Syrjdnen et al. 2010; Sapone
et al. 2012). A large meta-analysis has shown that the general prevalence is at
most approximately 0.2% (Zuidmeer et al. 2008). About one-half of children
‘outgrow their food allergy,” and there are reports that more than 80% of children
with WA have outgrown it by their 8th year, and 96% before their 16th year
(Kotaniemi-Syrjanen et al. 2010). Accordingly, the number of adults with WA is
much lower than the number of people with CD. It has also been shown that the
prevalence of food allergies in women is generally higher than in men (Afify and
Pali-Scholl 2017). Interestingly, the prevalence of NCWS is also higher in
women than in men.


https://upload.wikimedia.org/wikipedia/commons/e/e7/The_Allergy_Pathway.jpg
https://upload.wikimedia.org/wikipedia/commons/e/e7/The_Allergy_Pathway.jpg
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3.2.2 WA Causing Substances

Wheat proteins that cause allergic reactions are very diverse and differ between indi-
viduals (Mamone et al. 2011; Cianferoni 2016). The two main wheat protein groups
causing food allergy are w5-gliadins and ATIs, and equivalent proteins from other grains.
To a lesser extent, reactions to LMW-glutenin subunits, WGA and LTPs have been
reported (Gilissen et al. 2014; Baccioglu et al. 2017; Brans et al. 2012; Scherf et al.
2016). Children with wheat allergies react most commonly to o/f- and y-gliadins
(Pastorello et al. 2007; Tatham and Shewry 2008). One-fifth of people with WA are also
allergic to barley and rye (Sicherer 2001). It has long been known that ATTs play a role
in bakers’ asthma (flour dust allergy) and food allergy to wheat (Pastorello et al. 2007,
Tatham and Shewry 2008). Recently, Zevallos et al. (2018) and Bellinghausen et al.
(2018) showed that ATIs exacerbate allergic reactions in mice. Gélinas and Gagnon
(2018) studied the effects of heat treatment on a-amylase inhibition by ATIs and noted
that well-heated cereal foods lose the a-amylase activity, compared to those that are only
mildly heated. In this respect, it should be noted that enzyme activity may be lost due to
heat-induced changes in protein structure but that the protein itself is not degraded. In
other words, a change of a-amylase activity does not necessarily mean that there is also
a loss of inflammatory and/or immune reactivity in susceptible individuals.

3.2.3 WA Diagnosis and Solutions

WA can be tentatively diagnosed by the combination of a blood test and a skin test. The
blood test will demonstrate the presence of specific immunoglobulin E (IgE) antibodies
to allergens (in this case wheat proteins) present in the blood, while the skin test will
show how the skin reacts via the IgE antibodies after exposure to a very small quantity
of subcutaneously injected wheat protein. However, the presence of IgE antibodies
against wheat in the blood certainly does not always mean that there is an active (food)
allergy nor does the skin test yield a conclusive diagnosis (Sapone et al. 2012). A con-
clusive diagnosis is only obtained by a food challenge test, executed in a double-blind,
placebo-controlled setup. Such tests have shown that WA is a relatively uncommon
event, but that many wheat proteins are immunogenic (stimulating the production of
IgEs) but have not been found to lead to clinical symptoms (Zuidmeer et al. 2008). It
is, therefore, necessary for people with WA to completely avoid products containing
wheat (and possibly other grains to which they react). Excellent reviews of WA are
available (Battais et al. 2008; Gilissen et al. 2014; Cianferoni 2016).

3.3 Non-celiac Gluten or Wheat Sensitivity

In recent years, the third group of people has been identified who experience symp-
toms after eating wheat products, but who are not diagnosed to be suffering from
either WA or CD. These individuals may have gastrointestinal symptoms which
are similar to those for irritable bowel syndrome (IBS) and which improve on the
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transition to a GF diet. This group is referred to as being non-celiac gluten sensitive
(NCGS) or more recently non-celiac wheat sensitive (NCWS). Ludvigsson et al.
(2013) have defined NCWS as “one or more of a variety of immunological, mor-
phological, or symptomatic manifestations that are precipitated by the ingestion of
gluten in individuals in whom CD has been excluded”.

Despite the word ‘gluten’ in the current definition of NCGS/NCWS, it is far from
certain that gluten is the main cause of symptoms in this group of people or indeed
whether wheat is the direct cause.

3.3.1 NCWS Etiology and Prevalence

NCWS is a condition in which wheat ingestion leads to morphological or symptom-
atic manifestations despite the absence of CD. NCWS sufferers may show signs of an
activated innate immune response, elevations in anti-tTG antibodies, endomysial anti-
bodies, deamidated gliadin peptide antibodies, and increased mucosal permeability,
all of which are characteristic of CD but without the associated enteropathy. Although
up to 35% of the population may state that they feel better when avoiding gluten and/
or wheat, the percentage of individuals suffering from NCWS is probably much lower,
but this depends on the region of observation (DiGiacomo et al. 2013; Rubio-Tapia
et al. 2012). At present, it is impossible to reliably estimate the number of people suf-
fering from NCWS/NCGS. Although it is expected that this will be higher than the
number of people with CD, precise figures are scarce and range from 0.5% to 10% of
the population, but the current most likely estimate is 2—5% (Ludvigsson et al. 2013).

3.3.2 NCWS Causing Substances

Gluten and fermentable oligo-, di-, monosaccharides, and polyols (FODMAPs) are
most widely discussed as causative agents of NCWS (Barrett and Gibson 2012;
Skodje et al. 2018). Several studies with wheat products, not only with gluten, have
been reported in which people were also exposed to other wheat components such
as LTPs and ATTs (Biesiekierski et al. 2013; Vazquez—Roque et al. 2013). To date,
no studies have been carried out to determine how patients diagnosed with NCWS
react to individual components or their combinations. Although Kamut, an old type
of tetraploid wheat, caused fewer symptoms in IBS patients compared to modern
wheat (Sofi et al. 2014), a recent critical review concluded that further studies using
well-defined grain samples grown under the same conditions are required to con-
firm this relationship (Shewry 2018).

FODMAPs are present in all wheats but also in fruits and vegetables, including
legumes (Biesiekierski et al. 2011). Considering the large overlap between symp-
toms associated with IBS and NCWS, wheat-based products are increasingly
being listed as foods to avoid since they contain fermentable carbohydrates.
Biesiekierski et al. (2011) observed gluten to cause symptoms in one study, but
showed that FODMAPs were the cause in a subsequent study (Biesiekierski et al.
2013). Similar results were reported by Skodje et al. (2018). However, the amount
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Fig. 4 Significant overlap
in symptoms induced by
wheat grain components,
gluten, amylase/trypsin
inhibitors (ATTIs),
fermentable oligo-, di-,
monosaccharides and
polyols (FODMAPS), and
food additives like vital
gluten, wheat starch, etc.
This figure is modified
from Volta et al. (2013)

of fructans, the major FODMAPs in wheat, in wheat-based foods is low and far
below the levels that would cause abdominal distress in normal healthy individuals
(Brouns et al. 2017).

3.3.3 NCWS Diagnosis and Solutions

The diagnosis of NCWS/NCGS is difficult because people report symptoms that
may indicate CD as well as symptoms that are known to occur with WA. Often these
symptoms are self-diagnosed and also overlap with a cluster of symptoms defined
as IBS (see Fig. 4). Caio et al. (2014) and Uhde et al. (2016) showed that people
who suffer from NCWS symptoms improve significantly on a wheat/gluten free
diet. However, well-defined biomarkers and a clinically validated diagnostic test are
still lacking for NCWS/NCGS. Excellent reviews comparing aspects of CD and
NCWS/NCGS are available (Volta et al. 2013; Schuppan et al. 2015; Scherf et al.
2016; Leonard et al. 2017; Catassi et al. 2017).

4 Hidden Gluten or Gluten Contamination

As discussed above, the only known therapy for gluten-induced disorders is adherence
to an abstinent diet. With increased awareness and the growing number of self or
medically diagnosed cases of celiac disease, gluten intolerance/sensitivity and wheat
allergy, the demand for GF products is also increasing. In fact, the U.S. market for GF
products is projected to reach USD 7.59 billion by 2020. Since gluten is widely used
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in food processing, it is a major challenge to identify truly GF products, as gluten can
be found in unexpected products and even in products purported to be GF.

Products containing ‘hidden’ gluten include sausages, fish fingers, cheese
spreads, soups, sauces, mixed seasonings, mincemeats, and even some medications
and food supplements such as vitamin preparations. The major causes of
contamination are either the use of common machinery during harvest, transporta-
tion, and processing or the use of common storage space. Successive cultivation of
gluten-containing and GF crops may also lead to contamination of GF grains.
Contamination is unavoidable if the same milling equipment is used for GF and
gluten-containing grains. Interestingly there is no legislature in place regarding the
maximum permitted levels of foreign grains in inherently GF cereals. However, in
practice, 2% of other grains would be considered as the upper limit.

The importance of the issue of gluten contamination for celiac patients and the
threat to consumers has been acknowledged for some time, and several studies using
different detection procedures, such as PCR, quantitative polymerase chain reaction,
enzyme-linked immunosorbent assay (ELISA) and mass spectrometry, have deter-
mined the levels of contamination in many commodities (Fritschy et al. 1985; Janssen
etal. 1991; Van Eckert et al. 1992; Olexova et al. 2006; Hernando et al. 2008; Thompson
et al. 2010; Lee et al. 2014; Farage et al. 2017, and references cited in Miranda and
Sim6n 2017 and Do et al. 2018). For example, gluten contamination as high as 3000 mg
per kg was found in buckwheat flour claimed to be GF. A literature review revealed that
higher than recommended levels of gluten in purportedly GF commodities is a world-
wide problem. Although the studies mainly focused on samples collected from indus-
trialized countries where the regulations are much tighter, it is reasonable to extrapolate
the results of these studies to the wider world (for detailed reviews, see Miranda and
Simén 2017; Do et al. 2018). In a meta-analysis, Bustamante et al. (2017) charted the
rise and fall of gluten content in cereal-based GF food products by using ELISA to
analyze 3141 samples from 1998 to 2016. Gluten was detected in a total of 11.8%
(371) samples, with breakfast cereals and cereal bars being the most highly contami-
nated commodities. Additionally, the study suggested that the number of contaminated
samples containing low levels of gluten had declined whereas those containing over
100 ppm of gluten had increased during the period 2013-2016 (Bustamante et al.
2017). Although the prevalence of foods with detectable gluten has decreased over time
in line with the evolving regulations relating to information on food composition and
gluten content claims, the problem persists (Miranda and Simén 2017; Do et al. 2018).

5 Gluten Threshold or Tolerance Level

A GF diet does not necessarily mean ‘zero gluten’ because low levels of gluten may
be tolerated by patients. Establishing a patient’s threshold for gluten intake is, there-
fore pertinent. Although a number of studies have determined the effect of low gluten
intake in patients with CD, a more detailed study is required to reach a consensus.
Initially, Ciclitira et al. (1984) studied the toxicity of gliadin doses and response time
in a single patient and concluded that 10 and 100 mg of gliadins induce no or slight
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changes in the small intestine morphology, whereas 500 mg and 1 g of gliadin caused
moderate to extensive damage. Later, a similar daily gluten intake of 10—100 mg was
reported to be safe for consumption by CD patients (Hischenhuber et al. 2006). In a
separate study with an observation period of 1-6 weeks, 2.4—4.8 mg gluten dose per
day was found to cause no damage to jejunal morphometry (Ciclitira et al. 1985).
Similarly, Ejderhamn et al. (1988) demonstrated that a daily intake of 4—14 mg of glia-
din did not cause morphological changes in the mucosa of the small intestine of CD
patients on the abstinent diet. Two groups in Finland also reported similar observa-
tions but with slightly higher daily gluten doses of 20-36 mg (Kaukinen et al. 1999;
Perdaho et al. 2003). Later, Catassi et al. (1993) demonstrated that 100 mg of gliadins
per day caused deterioration of the small intestine architecture, the effects being more
pronounced with the higher dose of 500 mg per day. However, despite these studies, a
consensus on the critical limit or threshold for gluten intake has not been reached. This
uncertainty is to be attributed to the large variability among celiac patients, as demon-
strated by an extensive double-blind placebo-controlled multicenter study of the
effects of 10-50 mg of gluten per day on 40 CD patients. The patients were adminis-
tered daily capsules containing 0 mg, 10 mg or 50 mg of gluten for 90 days and stud-
ied for clinical, serological, and histological changes in their small intestine. The
study reported wide variation among patients in terms of gluten sensitivity. Some
patients showed intestinal symptoms after ingesting only 10 mg of gluten daily while
other patients showed no histological symptoms even after three months of a daily
challenge with 50 mg gluten. In a similar study, it was reported that a daily intake of
50 mg of gluten for three months is sufficient to cause significant damage to the intes-
tinal morphology of CD patients (Catassi et al. 2007a, b).

Because of the variation in the results of such studies, different countries
allow different gluten levels in products for consumption by celiac patients. For
example, North European countries (Denmark, Estonia, the Faroe Islands,
Finland, Iceland, Latvia, Lithuania, Norway, and Sweden) permit up to 200 ppm
of gluten in food for celiac patients. By contrast, North American and South
European countries (Italy, Spain, Greece, Portugal, Andorra, Vatican City, San
Marino, Gibraltar, Corsica, and Malta) adopted a more conservative limit of 20
ppm gluten in GF products (Do et al. 2018). Based on clinical data, an intermedi-
ate limit of 100 ppm was adopted by Finland.

Decisions on gluten thresholds depend mainly on two factors, (i) the minimum
toxic dose, and (ii) the amount of GF product(s) consumed. The results of a food
challenge study indicated that 200 ppm is not a safe threshold as a gluten intake
limit of 50 ppm could be reached with the consumption of 250 g of so-called GF
product(s) (Catassi and Fasano 2008). A 100 ppm limit that allows 10 mg gluten in
100 g of food is also impractical as the consumption of GF products in European
countries could be as high as 500 g per day (Gibert et al. 2006; Catassi and Fasano
2008). However, a threshold of 20 ppm restricts the intake of gluten from GF food
well below 50 mg, thus allowing a safety margin for variation in the gluten sensitivi-
ties and dietary habits of different patients. This knowledge has led the Codex
Alimentarius Commission to define ‘any product having <20 ppm gluten could be
treated as gluten-free because the gluten levels below this limit, in general, do not
invoke a disease response.’
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6 Food Labeling

As gluten sensitive individuals rely mostly on product labels to make dietary deci-
sions, it is important to label all food ingredients and specifically those in pre-packed
foods. The food ingredients that cause intolerance and/or allergenicity are documented
in the ‘list of hypersensitivity’ assembled by the Codex Commission and include glu-
ten-containing cereals, Crustacea, eggs, fish, peanuts, milk, tree nuts, and product
derivatives of the above-listed items, often dubbed the ‘big eight’. These labeling
regulations were established in various countries to help consumers, specifically peo-
ple with various dietary allergies, to avoid the consumption of packaged food products
that contain the major food allergens. In the USA, the Food Allergen Labeling and
Consumer Protection Act (FALCPA), which was implemented in 2004, requires the
specific declaration of the ‘big eight” when added as ingredients to labeled food prod-
ucts. Similar legislation also exists in other countries, such as Canada, Australia, New
Zealand, Japan, and the European Union (Do et al. 2018). More specifically, whereas
gluten is not a permitted food additive in the European Union and the United States,
other wheat ingredients such as soluble wheat proteins and starches are permitted and
therefore can be used without declaration in food products. Therefore, the Codex
Commission concluded that gluten ingredients from all wheat, barley and rye species,
including spelt, Khorasan, Kamut and durum wheats (all forms of tetraploid 7. furgi-
dum), einkorn (7. monococcum), triticale, tritordeum, and their hybrid varieties are
immunogenic, and should be declared. The major concern at present is the misbrand-
ing of single/multiple ingredient food products as GF without proper testing, particu-
larly if they are derived from inherently GF grains like millet, flax, buckwheat, and
sorghum. Thus, in order to brand them GF, it is important to test to ensure that the
gluten level is below the prescribed limit of 20 mg per kg.

7 Potential Therapies

So far, the only reliable therapy available for gluten-related disorders is strict lifelong
adherence to a gluten exclusion diet, which is difficult to follow, and is not free of side-
effects (see below). The major constraint to the development of new therapies for glu-
ten-induced disorders is the large number of cereal proteins (gluten and non-gluten)
that present epitopes (see above), and the fact that different celiac patients differ in the
magnitude of reactivity to different gluten epitopes (Koning 2012). Despite extensive
efforts to map immunogenic peptides to the prolamins responsible (Juhdsz et al. 2018;
Tye-Din et al. 2010), the repertoire of epitopes is still incomplete (Osorio et al. 2012;
Sollid et al. 2012; Comino et al. 2013; Juhdsz et al. 2015). In general, it would be pre-
cautionary to say that gluten peptides more than nine amino acids in length, especially
those derived from the repetitive domains or the non-repetitive C-terminal ends of most
of the major prolamins, can potentially elicit an immune reaction in susceptible indi-
viduals (Osorio et al. 2012; Juhasz et al. 2018). Since no extant wheat genotypes either
in cultivation or wild are entirely free of gluten, no wheat types can be considered
‘celiac-safe’ (Miteaetal. 2010; Goryunovaetal. 2012; Brouns etal. 2013; Shewry 2018).
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7.1 Reduced-Gluten Cytogenetic Stocks and Mutations
in Triticeae Cereals

An alternative approach to seeking ‘celiac-safe’ types of wheat is to exploit genetic
stocks and mutants in which specific groups of gluten proteins are reduced or absent.
Early studies compared sets of wheat aneuploid lines in which specific pairs of
chromosomes are deleted (and the corresponding chromosomes of other genomes
duplicated to improve genetic stability). Thus, some nulli-tetrasomic or deletion
lines of Chinese Spring wheat showed low toxicity because certain gliadin loci had
been eliminated due to the chromosomal defect (Ciclitira et al. 1980a, b; Frisoni
et al. 1995; van den Broeck et al. 2009, 2011). Likewise, wheat mutants lacking
o/p-, y- and/or w-gliadins and/or showing reduced accumulation or complete elimi-
nation of specific gliadins and/or LMW glutenins have been characterized (Moehs
et al. 2018; Camerlengo et al. 2017; Waga and Skoczowski 2014; Pogna et al. 1998;
Redaelli et al. 1994; Metakovsky et al. 1993). However, these genotypes can be best
described as low-toxicity lines, as they still contain gliadins and glutenins. Similar
barley mutants with reduced hordein (gluten) content were also identified (Moehs
et al. 2018; Cook et al. 2018; Munck 1992; Tallberg 1981a, b, 1982).

Collectively, different celiac patients have different degrees of sensitivity to dif-
ferent prolamin epitopes, so it would be ideal to combine low toxicity alleles of glia-
din and glutenin genes in a single genotype (Gil-Humanes et al. 2014). However,
given the large number and complexity of the gliadin genes, and their presence and
inheritance in tightly linked multigene blocks, the possibility of pyramiding all low
toxicity gliadin genes in a single wheat variety is a formidable task through conven-
tional breeding (Koning 2012).

Therefore, it can be concluded that it is not realistic to identify celiac-safe wheat
genotypes by screening the extant wheat germplasm or to develop them via conven-
tional breeding. Furthermore, there are logistical issues associated with the release
of the reduced-gluten or low-toxicity wheat lines, such as whether they are suitable
for individual celiac patients who may differ in their reactions to different gluten
proteins, and how derivative food products should be labeled to reflect this.

7.2 Alternative Cereals and Pseudocereals

Another way to deal with this problem is to use inherently GF cereals, such as oats,
maize, rice, sorghum, fonio, tef, millet, and Job’s tears or pseudocereals such as ama-
ranth, quinoa, and buckwheat. However, none of these cereals and pseudocereals has
similar technological and organoleptic properties to wheat. Furthermore, some indi-
viduals are sensitive to oat gluten proteins (avenins), and in rare cases even to maize
proteins (Comino et al. 2013; Rosella et al. 2014; Ortiz-Sanchez et al. 2013). So far, the
two major cereals that have not raised cause for concern are rice and sorghum (Rosella
et al. 2014; Pontieri et al. 2013). However, rice grains have low protein and fiber
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content and are highly enriched in easily digestible carbohydrates that may contribute
to less favorable high glycemic responses. Some rice grain storage proteins (other than
prolamins and glutelins) are known to trigger a variety of allergenic reactions in sus-
ceptible individuals such as asthma, atopic dermatitis, diarrhea, and anaphylaxis
(Matsuda et al. 2006; Nambu 2006; Trcka et al. 2012; Gilissen et al. 2014). Similarly,
the use of pseudocereals is also controversial, due to the immunotoxicity of some qui-
noa (Zevallos et al. 2012, 2014) and buckwheat varieties (Panda et al. 2010;
Stember 2006).

Other major issues associated with the use of GF commodities are as follows. (i)
Unintended contamination of supposedly GF products that are on the market.
Accidental contamination of intrinsically GF products could take place at any level
from field to fork due to the ubiquitous nature of gluten or gluten-containing grains.
Contamination and misbranding of products make it a real challenge to follow a GF
diet. (ii) Strict adherence to a diet totally devoid of gluten-containing grains, or
based on foods manufactured for celiac patients, may result in poor gut health of the
consumer due to a negative effect on the gut microbiota. It has also been shown that
this type of diet increases the risk of colon cancer in consumers, owing to the
reduced content of dietary fiber and bioactive compounds (De Palma et al. 2009;
Gil-Humanes et al. 2014 and references cited therein). (iii) Adaption to a GF diet
may initially improve a patient’s condition, but long-term adherence results in mul-
tiple deficiencies and changes in body mass index (BMI), which increase vulnera-
bility to other disorders (Theethira et al. 2014). As most GF foods are made with
starches or refined flours with low fiber content, celiac patients consume more
energy in the form of fat than in the form of carbohydrate (Martin et al. 2013).
Furthermore, it has been shown in a number of studies that when they are diag-
nosed, individuals with CD have lower BMI than the regional population, but their
BMl increases on the transition to the GF diet, especially in those that adhere closely
to it (Kabbani et al. 2012; Sonti and Green 2012).

7.3 Genetically-Engineered Reduced-Gluten or ‘Celiac-Safe’
Wheat

Recently, several research groups have taken a genetic engineering approach to
develop ‘celiac-safe’ wheat genotypes by either eliminating or detoxifying gluten
proteins. In an elimination approach, Becker and co-workers produced a series of
transgenic lines where a-gliadin genes were down-regulated using RNA interfer-
ence (RNAI). In these lines a-gliadins were reduced by over 60% compared to the
control cultivar. Compensatory increases in albumins, globulins, other gliadins,
and LMW subunits were also reported (Becker et al. 2006, 2012; Becker and Folck
2006; Wieser et al. 2006). Using a similar approach, silencing of the m5-gliadins
was later achieved by Altenbach and co-workers (Altenbach and Allen 2011;
Altenbach et al. 2014). More extensive studies were reported by Barro and co-
workers in a series of papers which have been reviewed by others (Rosella et al.
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2014; Gilissen et al. 2014; Shewry and Tatham 2016; Ribeiro et al. 2018; Jouanin
et al. 2018). To summarize, two series of lines were generated downregulating
y-gliadins by between 65% and 97% (Gil-Humanes et al. 2008; Piston et al. 2011)
or downregulating all gliadins (o/f, y and ) by 60-88% and LMW subunits (Gil-
Humanes et al. 2010, 2011). Testing these genotypes with intestinal T-cell clones
derived from biopsy samples of CD patients showed almost complete suppression
of disease-related T-cell epitopes (Gil-Humanes et al. 2010). More recently, the
same researchers used the CRISPR/Cas9 gene editing technology to target con-
served regions adjacent to the coding sequence of the 33-mer peptide in the
a2-gliadin genes (Sdnchez-Ledn et al. 2018). Two single-guide RNAs, dubbed
sgAlpha-1 and sgAlpha-2, induced mutations in specific gliadin genes, leading to
an 85% reduction in immunoreactivity of mutant lines. This study showed that
CRISPR/Cas9 technology can be used to precisely and efficiently reduce the
amount of celiac-causing epitopes.

Taking a slightly different approach, the Rustgi and von Wettstein group
aimed to silence the wheat DEMETER (DME) genes, which are master regula-
tors of gluten protein accumulation (excluding HMW subunits). To suppress
DME expression, two series of transgenic lines were produced, one with DME-
specific hairpin RNA and the other with DME-specific artificial micro RNA
(amiRNA). The former series of transgenic lines expressed a 938-nucleotide
hairpin with a 185-nucleotide stem and a 568-nucleotide loop. Using this con-
struct, a total of 118 candidate transformants were obtained, seven of which
exhibited 45-76% reductions in the amount of immunogenic gluten proteins
(Wen et al. 2012; Rustgi et al. 2014). In the latter series of transgenic lines,
three different amiRNAs were expressed to avoid off-target editing. Two amiR-
NAs were designed to target the active site sequence and one to target the
N-terminal sequence of the wheat DME gene. The selected amiRNA sequences
were subsequently assembled on a rice 0saMIR528 template using overlapping
primers and cloned under the control of the wheat HMWg /Dy promoter. A total
of 215 candidate transformants were obtained, 12 of which showed 54-88%
reductions in their respective gluten protein contents (Brew-Appiah 2014;
Rustgi et al. 2014). More recently, the same group used site-directed insertional
mutagenesis to maximize the level of DME suppression and gluten elimination.
The DME-specific transcription activator-like effector (TALE) repressor was
introgressed into the wheat Dre2 (Derepressed for ribosomal protein S14
expression) gene using the CRISPR/Cas9 technology. Dre2 is a protein that
facilitates deposition of iron-sulfur (Fe-S) clusters in the DME apozyme.
Double-stranded breaks introduced into the wheat Dre2 homoeologues are
repaired with the help of a donor construct carrying the DME-specific TALE
repressor. This approach of simultaneously silencing the DME and Dre2 genes
is expected to disrupt DME activity at two-time points during transcription and
post-translation respectively, to limit the accumulation of immunogenic gluten
proteins (Rustgi, unpublished data).

In a gluten detoxification approach, the Rustgi group expressed ‘glutenases’ in
wheat endosperm. This research was inspired by earlier research by the Khosla
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group, who demonstrated that glutamine-specific proteases from germinating barley
grains in combination with bacterial prolyl endopeptidases (PE-Peps) from
Flavobacterium meningosepticum, Sphingomonas capsulata or Myxococcus xan-
thus can completely detoxify the proteolytically resistant proline-glutamine rich
peptides (Bethune and Khosla 2012). Later PE-Peps with similar cleavage charac-
teristics (but diverse physicochemical properties) were identified from a number of
archeal, fungal and eukaryotic species and their applicability to gluten detoxifica-
tion was demonstrated (Scherf et al. 2018). Based on these studies, and parameters
such as target specificity, substrate length, optimum pH, and site of action, a PE-Pep
from Flavobacterium meningosepticum and a glutamine specific endoprotease from
barley (EP-B2) were selected for expression in wheat endosperm (Osorio et al.
2012, 2019). Wheat transformants expressing these glutenases were obtained, and
several exhibited significant reductions in the amounts of indigestible gluten
peptides separated by SDS-PAGE gels and RP-HPLC (Fig. 5). The gluten detoxifi-
cation approach has specific advantages. Firstly, some CD patients are sensitive to
the HMW subunit peptides (Dewar et al. 2006). Therefore, wheat transformants
which lack specific gliadins and/or LMW subunits are still unsuitable for such
patients. Secondly, the combination of enzymes used does not digest the gluten
proteins within the grain and therefore, does not affect the end-use quality. The
glutamine-specific endoprotease used in this study is encoded as a proenzyme,
where the propeptide serves as both an inhibitor and chaperone to facilitate spatio-
temporal regulation of the proteolytic activity and proper folding of the proteases,
respectively (Bethune et al. 2006; Cappetta et al. 2002; Schilling et al. 2009; Cambra
et al. 2012). Both of these properties are of immense importance as they prevent
degradation of the prolamins in the protein bodies within the grain or during pro-
cessing (Osorio et al. 2019). In addition, because the PE-Pep has a strict preference
for peptide substrates of <33 amino acids in size, it can only degrade peptides gen-
erated by the glutamine-specific endoprotease (Gass and Khosla 2007), therefore,
permitting both of the enzymes to accumulate within the protein bodies without
degrading the gluten proteins. Thirdly, this approach does not require consumers to
take dietary supplements, which are under different stages of development, so it is
expected to be more acceptable to the public.

7.4 Non-dietary Therapies

In parallel to the efforts to develop dietary therapies for the CD, extensive research
has been dedicated to developing non-dietary therapies. These therapies can be
largely classified as: (1) luminal therapies based on the detoxification of gluten pro-
teins like enzyme therapy, probiotic therapy, flour/dough pretreatment, and gluten
inactivation by polymeric binding; (2) intestinal barrier enhancing therapies, which
focus on reducing the permeability of the intestinal epithelial barrier; and (3)
immune targeted therapies, which target either CD specific pathways or inflamma-
tory mediators common in gastrointestinal inflammation. These therapies can be



496 S. Rustgi et al.

= control
= transformant

95 14.5 19.5 245 29.5
Time [min)

Fig. 5 Differences in the degradation patterns of gluten proteins derived from a transgenic wheat
line expressing Flavobacterium meningosepticum prolyl endopeptidase (FME108-10) and its
untransformed sibling (FME108-12) under simulated gastro-intestinal conditions with endoprote-
ase B isoform 2 (EP-B2). (a) Gradient tricine gel and densitometric analyses of the digested glia-
din fraction derived from FME108-12 with no EP-B2 (left lane and trace), FME108-12 with
EP-B2 (middle lane and trace), and FME108-10 with EP-B2 (right lane and trace). (b) Reverse-
phase high-performance liquid chromatography of gluten proteins derived from the T, grains of
FME108-12 with EP-B2 (blue line) and FME108-10 with EP-B2 (red line) on a C18 column
(modified after Osorio et al. 2019)

subdivided into tTG2 blockers, human leukocyte antigen (HLA) blockers, T-cell
targeted therapies, alteration of inflammatory mediators, and vaccine therapy. An
up-to-date list of these non-dietary therapies to treat CD which are in various stages
of development, is presented in Table 3 and they have been extensively reviewed by
Schuppan et al. (2009), Sollid and Khosla (2011), Osorio et al. (2012), Rashtak and
Murray (2012), McCarville et al. (2015) and Ribeiro et al. (2018).
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8 Conclusion

The recent availability of the reference wheat genome sequence provides knowl-
edge of the complete gene complement of bread wheat including cis-regulatory
elements, which will facilitate analysis of the complex transcriptional regulation of
the equally complex gene families encoding allergenic and antigenic proteins
(International Wheat Genome Sequencing Consortium 2018; Ramirez-Gonzalez
et al. 2018). This knowledge is also expected to facilitate the identification of previ-
ously uncharacterized epitopes (Juhdsz et al. 2018) and the development of novel
approaches to produce wheat genotypes safe for all consumers without compromis-
ing the organoleptic properties and the end-use quality. The major feat of develop-
ing allergen-free and antigen-free celiac-safe wheat could be achieved by a
combination of technologies, including genome-editing, genotype and tissue-culture
independent genetic transformation procedures, advances in biochemical and
immunological detection procedures, and more sensitive and more accurate non-
invasive phenotyping methods. All of these approaches are currently being devel-
oped and deployed. The challenge will be to bring them together.
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