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Abstract: Theterm gluten intolerance may refer to three types of human disorders: autoimmune
celiac disease (CD), allergy to wheat and non-celiac gluten sensitivity (NCGS). Gluten is a mixture of
prolamin proteins present mostly in wheat, but also in barley, rye and oat. Gluten can be subdivided
into three major groups: S-rich, S-poor and high molecular weight proteins. Prolamins within the
groups possess similar structures and properties. All gluten proteins are evolutionarily connected
and share the same ancestral origin. Gluten proteins are highly resistant to hydrolysis mediated by
proteases of the human gastrointestinal tract. It results in emergence of pathogenic peptides, which
cause CD and allergy in genetically predisposed people. There is a hierarchy of peptide toxicity
and peptide recognition by T cells. Nowadays, there are several ways to detoxify gluten peptides:
the most common is gluten-free diet (GFD), which has proved its effectiveness; prevention programs,
enzymatic therapy, correction of gluten pathogenicity pathways and genetically modified grains with
reduced immunotoxicity. A deep understanding of gluten intolerance underlying mechanisms and
detailed knowledge of gluten properties may lead to the emergence of novel effective approaches for
treatment of gluten-related disorders.

Keywords: gluten; celiac disease; NCGS; wheat allergy; gluten intolerance; gliadin; glutenin; hordein;
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1. Introduction

Gluten intolerance is an umbrella term integrating three major types of gluten-related disorders:
autoimmune celiac disease (CD), allergy to wheat and non-celiac gluten sensitivity (NCGS) [1-3].
Although these disorders possess similar symptoms, which include bloating, vomiting and diarrhea,
a number of principle differences of their pathogenesis are remarkable (Table 1).

Celiac disease is an autoimmune enteropathy caused by genetic and environmental factors,
with an estimated worldwide prevalence of about 1%. The huge prevalence of CD in the Saharawi
people (5.6%) probably indicates that events linked to wheat domestication 10,000 years ago were a
‘founder effect’ related to the positive selection of HLA-DQ2 haplotype [4].

CD is usually diagnosed by serological examination [5]. Duodenal biopsy is not necessary for
the diagnosis of CD but is necessary for the treatment [6]. Disease is induced by gluten-containing
food in people carrying HLA-DQ2 or DQS8 haplotype (human leukocyte antigen Class II with DQ2
and/or DQ8 molecules on antigen-presenting cells). CD is not only characterized by gastrointestinal
symptoms but also by extraintestinal manifestations, some of which are a direct consequence of
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autoimmunity responses—for example, dermatitis herpetiformis or gluten ataxia—while others are an
indirect consequence of anaemia, such as osteoporosis, short stature and delayed puberty [7].

After gluten enters into the digestive system, glutamine and proline-rich gluten composing
proteins are partially hydrolyzed by proteases presented in the gastrointestinal tract [8] (Figure 1).
The upregulation of intestinal peptide zonulin, involved in tight junction regulation, appears to be
partly responsible for the increased permeability characteristic of the gut [9]. As a result, generated
gluten-derived peptides reach the lamina propria (mucosa) by transcellular or paracellular transport
where they are modified by tissue transglutaminase (tTG) enhancing their affinity to MHC II molecules,
and thereby making them toxic and immunogenic in HLA-DQ2 or DQ8 containing patients [10].
The repetitive presence of glutamine and proline residues determines the gluten-derived peptides as a
preferred substrate for tTG. tTG-mediated modifications occur in two ways: deamidation (cleavage of
the e-amino group of a glutamine side chain) or more frequently transamidation (cross-linking of a
glutamine residue from the gliadin peptide to a lysine residue of tTG). Further peptides presentation
by HLA-DQ2/DQ8 protein subunits in the surface of dendritic cells to gluten-specific T cells induces
two levels of immune response: the innate response and the adaptive (T-helper cell mediated) response
with the production of interferon-y and IL-15. As a result, it causes immune-mediated enteropathy,
intestinal inflammation, followed by the atrophy of villi, crypt hyperplasia and increased infiltration
by intraepithelial lymphocytes [11]. It also produces weight loss and chronic diarrhea. Although the
causative agent is a dietary protein, the disease has marked autoimmune features, which are indicated
by the presence of autoantibodies against tTG. Cross-linking between gliadin and tTG is covalent
resulting in the formation of new epitopes, which trigger the primary immune response, and by which
the autoantibodies against tTG are developed [12].

Table 1. Comparative major characteristics of gluten intolerance manifestations.

Celiac Disease Allergy NCGS
. R Probably, genetic: DQ2
Underlying cause Genetic: HLA-DQ2 or/and Atopy (100%) and/or DQS (up to 50%
-DQ8 haplotype .
of patients)

IgA (IgG) anti-tTG,

IgA(IgG) anti-endomysium
(anti-EMA), anti-deamidated
gliadin peptides antibodies

Specific IgE for wheat, specific IgE  IgG antigliadin antibodies
for w-5 gliadin, specific IgE for (in only a part of
non-specific lipid transfer proteins  the patients)

Laboratory markers

Atrophy of villi, crypt Any mucosal damage or increased
. . o = . iy Any mucosal damage or
Histopathological hyperplasia, increased infiltration by intraepithelial . AP
. . - . increased infiltration by
intestine symptoms infiltration by lymphocytes or atrophy of villi

intraepithelial lymphocytes and crypt hyperplasia intraepithelial lymphocytes

Allergy to wheat is represented by a food IgE-mediated allergy, which is most frequently based
on the sensitization to wheat protein allergens. It has been shown that wheat w5-gliadin is the main
allergen of gluten, inducing wheat-dependent exercise-induced anaphylaxis [13]. Furthermore, some
data suggest that o- and y-gliadins are IgE-binding proteins [14]. Allergy occurs within a few hours
and causes no permanent gastrointestinal or other organ damage.

One more gluten-related disorder has recently been proposed—NCGS—and its pathogenesis is
still not clear. Gluten ataxia (GA) is one of a number of different neurological manifestations attributed
to CD, but Rodrigo et al. have suggested that it is related to NCGS [15]. Recently, special criteria aimed
at optimizing the clinical care in clarifying the core of NCGS have been accepted [3].

Gluten triggers all kinds of gluten related disorders and represent proteins of wheat, barley,
rye and, probably, oat. The gluten proteins of different species are the major subject of this present
review along with the currently used proposed gluten detoxification strategies and the development
of effective prevention and treatment of gluten related disorders.
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Figure 1. Schematic representation of major pathways in celiac disease (CD) pathogenesis. MICA,
NKG2D—stress molecules on enterocytes, IEL—intraepithelial lymphocyte, DC—dendritic cell.

2. Classification and Structure of Gluten Proteins

Gluten is a mixture of seed storage proteins found in grains such as wheat, rye, barley and oat.
Wheat, rye and barley are closely related members of the Triticeae tribe. They contain kindred groups
of proteins. Rye (Secale cereal L., genome composition RR) and barley (Hordeum vulgare L.) are diploid,
while wheat is represented by the most widely studied hexaploid bread wheat (Triticum aestivum L.,
genome composition AABBDD), tetraploid pasta wheat (Triticum durum L., genome composition
AABB) and diploid wheat (Triticum monococcum L., genome composition AA). Oat (Avena sativa L.) is
the most closely related cereal to the Triticeae and belongs to a separate Aveneae tribe within the same
sub-family (Festucoideae).

Gluten proteins appear to be prolamins due to the significant amount of glutamine and proline
amino acid residues present in their primary structures. Prolamins are the major endosperm storage
proteins in grains. Prolamin genes are present in the A, B and D genomes of wheat, and, consequently,
hexaploid and tetraploid wheat prolamin fractions consist of more individual components than in
barley and rye. There is also a difference in the number and properties of prolamin polypeptides.
Despite these variations, all prolamins are related and, usually referred to as three broad groups:
sulphur-rich (S-rich), sulphur-poor (S-poor) and high molecular weight (HMW) prolamins (Table 2) [16].
They comprise the Prolamin Superfamily, along with the prolamins of oat, maize and rice, (Figure 2).

The proteins and polypeptides within these groups possess similar structures: signal peptide
for translocation into cellular compartments, a non-repetitive N-terminal region, a non-repetitive
C-terminal region and a long repetitive central region (Figure 3). The central region contains
glutamine-rich and proline-rich repeat units unique to each group. It has been shown that the motifs
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in central region of S-rich and S-poor groups are clearly related and the cysteine positions in HMW
proteins and S-rich group prolamins are highly conserved. Thus, the conclusion was that all these
groups have a common evolutionary origin [17]. Now, we will discuss every prolamin group in detail.

PROLAMIN SUPERFAMILY

/N

gluten prolamins non-gluten prolamins

[N N

Triticeae tribe:
wheat, barley, rye

/]

S-rich  S-poor HMW avenins zeins 10, 13, 16 kDa prolamins

oat maize rice

Figure 2. Prolamin Superfamily composition.

Table 2. Classification of gluten prolamins.

Grain Species Components MOITS/:I?;ZY;! ight Polymers or Monomers
HMW Prolamins
Wheat HMW subunits of glutenin 65-90 kDa (6%—10%) Polymers
Barley D-hordeins >100 kDa (2%-4%) Polymers
Rye HMW secalins >100 kDa (2%) Polymers
S-rich prolamins
v-gliadins Monomers
Wheat o-gliadins 30-45 kDa (70%-80%) Monomers
B- and C-type LMW subunits of glutenin Polymers
Barley B-hordeins and y-hordeins 32-45 kDa (80%) ﬁ?gﬁgiiﬁgﬁ;ﬁ;ﬁ;ﬁgﬁlﬁ
Rye y-secalins 40-75 kDa (80%) Polymers
S-poor prolamins
w-gliadins Monomers
Wheat - - 30-75 kDa (10%—20%)
D-type LMW subunits of glutenin Aggregated type, polymers
Barley C-hordeins 40-72 kDa (10%-15%) Monomers
Rye w-secalins 48-55 kDa (10%—-15%) Monomers
Other gluten prolamins
Oat avenins 18.5-23.5 kDa (10%) Monomers
2.1. Wheat

Wheat prolamins appear to be the first identified gluten proteins. According to their solubility
they are usually divided into two classes: alcohol-soluble fraction named gliadins (monomeric) and
insoluble—glutenins (polymeric, soluble in dilute acids and bases) [18]. It has been shown that gliadins
contribute to the cohesiveness and extensibility of the gluten, whereas glutenins play a role in the
maintenance of the elasticity and strength of the gluten [18]. Integrally, these proteins represent
80%—-85% of gluten proteins and define viscoelastic properties of dough.
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Figure 3. Schematic representation of typical structure of prolamin group members: S-rich, S-poor,
HMW and avenins. S—signal peptide; A, B, C—conserved regions, lines—disulfide bonds,
red circles—unpaired cysteine residue, I,-I;—variant regions; parallel lines—contracted repetitive
region. (A) Typical structure of S-rich prolamin. It contains conservative domains, repetitive region
and is able to form intrachain disulfide bonds; (B) Typical structure of S-poor prolamin. It lacks
conservative domains and cysteine residues, and is therefore not able to form any disulfide bonds;
(C) Typical structure of HMW prolamin. It contains conservative domains, repetitive region and is able
to form intra- and interchain disulfide bonds; (D) Typical structure of avenin. It contains conservative
domains, repetitive regions and is able to form interchain disulfide bonds only.

This difference in solubility largely reflects the ability of these proteins to form inter- or
intramolecular disulfide bonds. Gliadins are monomeric proteins and are connected to each other
through intrachain disulfide bonds («¢/ 3-, and y-gliadins), or not connected at all (w-gliadins) [19].
It has been reported that C and D groups of LMW glutenin subunits (LMW-GS) are mainly composed
of o-, -, v-, and w-gliadins but mutated in cysteine residues. It means that LMW-GS can act as chain
extenders depending on how many bonds it may form, and gliadins may serve as chain terminators [20].
The polymeric form contributes to the strength of gluten and improves dough quality.

(1) Gliadins

Gliadins are represented as single chain polypeptides, and it is accepted that gliadins are divided
into four major groups (from fastest mobility to slowest): -, 3-, y-, and w-gliadins, according to
their electrophoretic mobility in SDS-PAGE at low pH [18]. Precisely, w-, «/3-, and y-gliadins exist.
Proteins from «- and 3-groups are similar, so this group is referred to as x-gliadins [21]. w-gliadins
can be arranged into three types, which will be discussed further.
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Genes encoding gliadin proteins are located on the short arms of Groups 1 and 6 chromosomes
at three homologous loci—Gli-A1, Gli-B1, and Gli-D1 (Group 1) and—Gli-A2, Gli-B2, and Gli-D2
(Group 6) [22]. Some of the «- and y-gliadins are encoded by GIli-2 genes. The estimated copy number
of a-gliadins in hexaploid wheat is between 25 and 150 copies. Gli-1 contains genes encoding not only
Y- and w-gliadins but also LMW-GS, so there is a tight linkage between them [23].

Gliadins of different types bear distinct secondary structure. Thus, w-gliadins contain randomly
coiled B-turns without a-helices or 3-sheets. In contrast, «/f3- and y-gliadins possess x-helices and
-sheets, which, in turn, allow these proteins to not only stabilize by disulfide bonds but also by the
support of hydrogen bonds within their helices and sheets [24].

Gliadins are monomers but they are able to form intramolecular disulfide bonds. Free SH groups
of glutenin, generated by (-elimination from cysteine, initiate SH-SS interchain reaction between
gliadin and glutenin. This mechanism was proposed by Schofield et al. [25], which postulates that
these SH-SS interchange reactions cause transformation from intra- to intermolecular SS bonds of
gliadins [26]. Even the addition of free SH groups, such as cysteine, starts gliadin polymerization
according to first-order reaction kinetics [27]. Such polymers are used as biodegradable films.

Gliadins are transported via the Golgi to the protein storage vacuole, whereas others,
principally glutenins, are retained within the ER [16]. The precise mechanism determining the
transportation of prolamins is not clear. There are no classical signal peptides targeting proteins
neither to ER nor to vacuole.

(1.1) - and y-gliadins

«- and y-gliadins are very similar in their amino acid sequences. These types of proteins belong to
S-rich group of prolamins and have similar structures (Figure 3). o- and y-gliadins contain a relatively
high composition of cysteine and methionine, but few glutamine, proline and phenylalanine residues.
Eight cysteine residues allow the formation of intrachain disulphide bonds responsible for its folding
(Figure 3) [28]. o- and y-gliadins are able to form three and four intramolecular disulfide bonds,
respectively. Their folded structures determine further non-covalent interactions, including hydrogen
bonds and hydrophobic interactions [29].

N-terminal domain of x-gliadins consists of five residues and the central domain is about 113-134
amino acid residues. Central domain contains proline- and glutamine-rich heptapeptide PQPQPFP
and pentapeptide PQQPY. This domain contains the most characteristic immunogenic fragment:
33-mer peptide comprising six overlapping epitopes significant for CD pathogenesis. Based on
the differences in epitopes comprising 33-mer peptide, x-gliadins can be divided into six types.
Only Type 1 encompasses proteins including 33-mer peptide (from hexaploid wheat), whereas other
types do not [30].

C-terminal segment of - and y-gliadins is about 150 residues. In «-gliadins, almost all the
glutamic acid and aspartic acid residues are present in amide forms [31]. y-gliadins contain a 12 residues
signal peptide and have more cysteine residues in their primary structure than x-gliadins. All these
cysteine residues are involved in intrachain disulfide bonds formation (Figure 3).

Recently, a conformational equilibrium toward a beta-parallel structure was reported in the case of
33-mer peptide of a/B-gliadins under physiological conditions [32]. Gliadin nanoparticles formation
was reported in distilled water (probably at pH 6-7) [33]. Then, self-organization capabilities of 33-mer
peptide were investigated under gastrointestinal environment [34]. The spontaneous self-organization
at pH 3.0 leads to the formation of aggregates such as micelles of amphiphilic molecules. Then,
on increasing the pH to 7.0, gliadin nanostructures repulsion decreases due to proximity to the
isoelectric point.

(1.2)  w-gliadins

This group differs from other groups of gliadins. It is related to S-poor group of proteins lacking
methionine or cysteine residues in their primary structure. Thus, w-gliadins are incapable of disulfide
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bonds formation (Figure 3). As a result, no compact structure exists for these proteins. Proline,
glutamine and phenylalanine residues comprise the majority of amino acids (80%) in w-gliadins.
They are more polar than «- and y-gliadins [35].

On the basis of the N-terminal sequences, three different types of w-gliadins have been
distinguished from wheat proteins and related proteins from other species such as C-hordeins and
w-secalins: ARQ-, KEL-, and SRL-types depending on the first three amino acids [36]. The KEL-type
differs from the ARQ-type by the absence of the first eight residues in its structure.

(2) Glutenins

Glutenins consist of subunits and are usually divided into two classes according to their molecular
weight defined by SDS-PAGE: high molecular weight glutenin subunits (HMW-GS) and low molecular
weight glutenin subunits (LMW-GS) (Table 2) [37]. They are encoded by Glu-1 loci on the long arms of
1A, 1B, 1D chromosomes of wheat.

Each HMW-GS locus contains two tightly linked genes encoding larger x-type (82-90 kDa) and
smaller y-type (60-80 kDa) subunits, respectively [38]. Both types of subunits have similar structures
(Figure 3). Repetitive central region is the cause of the difference between HMW-GS and LMW-GS.
It may have various lengths provided by three types of repeat units: tripeptides (GQQ), hexapeptides
(PGQGQQ), and nonapeptides (GYYPTSLQQ), and it is worth mentioning that the tripeptide units only
exist in the x-type subunits, and both x- and y-type subunits possess hexapeptide and nonapeptide
units [39]. The y-type glutenin subunits possess more cysteine residues than x-type subunits, and,
are therefore capable of more inter- and intramolecular disulfide bonds formation, which mediates
the aggregation of HMW-GSs with the involvement of LMW-GSs and results in an improved dough
quality [16].

LMW-GS are classically subdivided into B, C, and D-type on the basis of their SDS-PAGE mobility
and pl (Table 2) [40]. The B-type is the major group of LMW-GS. It represents the most numerous of
LMW proteins. C-type proteins are the fastest moving type and the later discovered proteins comprise
the D-type group. The B- and C-type subunits are encoded by genes located in the Gli-3, Gli-1 and
Gli-2 loci on the short arm of homologous Groups 1 and 6 chromosomes. Genes at the Gli-1 loci encode
D subunits [41].

LMW-GS can be divided into two groups: one of which contains subunits with methionine as
N-terminal amino acid (LMW-m) in their amino acid sequences, whereas the other group contains
serine as N-terminal amino acid (LMW-s). In B- and C-types of LMW, there are both m- and s-types.
D-type subunits are the less abundant group of LMW-GS. It has been shown that they could be formed
by the mutation in one or more genes encoding w-gliadins, resulting in the appearance of a single
cysteine and allowing for the formation of an additional interchain disulfide bond in the glutenin
macropolymer [42].

2.2. Barley

Hordeins are the major storage proteins in barley, and these proteins, like gliadins, are also
alcohol-soluble prolamins and appear to be rich in glutamine and proline residues but poor in charged
amino acids. Hordein polypeptides are not glycosylated. Two-dimensional polyacrylamide gel
electrophoresis (with immobilized pH gradients in first dimension) of barley seed proteins reveal
the occurrence of A, B, v, C and D hordeins depending on their molecular mass and amino acid
composition [43]. The A hordeins are of low molecular weight and do not seem to be true storage
proteins. B and y-hordeins are rich in sulfur and account for about 80% of the total hordein amount.
They belong to S-rich prolamin group (Table 2, Figure 3); the C hordeins belong to S-poor group,
and the D hordeins to HMW protein group. B and C hordeins collectively account for over 95% of
barley seed storage proteins and are encoded by linked loci Hor 2 (B hordein) and Hor 1 (C hordein)
located on the short arm of the chromosome 5 [44]. D hordeins and y-hordeins are encoded by
structural loci Hor 3 and Hor 5 located on the long arm of chromosome 5.
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It has been suggested that B and C hordeins belong to common evolutionary origin due to the
shared short tandem repeats [45]. The occurrence of two distinct domains in B hordein (one is related
to C hordein and one is not) suggests that an unusual evolutionary pathway links these two groups of
prolamin storage proteins.

The structural features of hordein proteins are similar to those of wheat proteins and are
indicated in Figure 3. Three conserved regions (A, B, C) are present in all hordeins, except C hordein.
These three regions also show a homology with each other, and contain cysteine residues that may be
conserved within the groups or between the different groups of proteins. Shewry at al. concluded that
S-poor prolamins originated from S-rich group because they have similar glutamine- and proline-rich
motifs and evolved by the further amplification of repeat units and deletion on conserved regions A, B,
and C [36].

(1) B and y-hordein

B hordeins are the orthologous prolamin family to wheat LMW-GS group [17]. It has been
estimated that B hordeins are represented by 11 different proteins and are now divided into closely
related subgroups: SDS-PAGE revealed two major bands of Bl and B3 hordeins, and minor band with
intermediate mass called B2. Three pseudogenes of B hordein have been identified [46]. Most of the B
hordein are present in monomeric form or as single polypeptide subunits within the globules of low
electron density of endosperm cells along with C, v 1-, y 2- and possibly 'y 3-hordein polypeptides [47].

B hordeins can form a wedge or tadpole-shaped structure stabilized with interchain disulphide
bonds formed between unpaired cysteine residues in the N- and C-terminal domains [48].

v-hordein is homologues to y-gliadin of wheat. y-hordein is presented in y1-, y2-, y3-types.
Analysis of primary sequences revealed a distant relation between y3-hordein to y2- and B hordein,
while y2-hordein is very close to y-gliadin and vy-secalin (Figure 4) [47]. In addition, y1- and
v2-types have identical N-terminal sequences. Signal peptides allow y1-, y2-hordeins to be
co-translationally transported into the rough endoplasmic reticulum. They present in small aggregates
(hordein polypeptides) soluble in 55% isopropanol. y1- and y2-hordein can form intermolecular
disulfide bridges but y3-hordein exists as a monomer only.

(2) Chordein

C hordein is a group of homologous proteins that have molecular weights of about 50 kDa. C1 and
C2 types of C hordein were identified [49]. They are homologous to wheat w-gliadin. C hordeins lack
cysteine residues and always present in monomeric form due to their inability to form disulfide bonds.
Their primary sequences are rich in glutamine, proline and phenylalanine residues. They possess
short N- and C-terminal (unique sequence of 6 amino acid residues) domains and central domain
containing P/LQQPY and PQQPFPQQ repetitive motifs (Figure 3) [45]. Structural studies of C hordein
showed that these proteins have a conserved but unusual secondary structure—repetitive 3-turns [50].
Further analysis performed by 1’Anson e al. indicates that such primary structure results in a similarly
conserved supersecondary structure called “worm-like” chain. This is a loose spiral based on elements
of P-turn and poly-L-proline II helix [51]. C hordeins are located within the globules of low electron
density along with y-hordein and B hordein [47]. These globules merge with each other in cytoplasm.

(3) D hordein

D hordein is homologous to HMW glutenins of wheat. They have been studied in detail due
to their importance in the quality and strength of dough. D hordein and polymeric B hordein are
present in polymeric form as aggregates of polypeptide subunits linked by interchain disulfide bonds.
It is always deposited in the vacuole [52]. D hordein possesses a similar amino acid composition
as HMW-GSs of wheat. It has repeat units such as tripeptides (GQQ), hexapeptides (PGQGQQ),
and nonapeptides (GYYPTSLQQ). These subunits form spiral supersecondary structure provided by
repeating [3-turns [53]. Nevertheless, it has unique tetrapeptide present in C-terminal part of repetitive
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domain. D hordein has an extended rod-like structure. In addition, D hordein differs from HMW-GS
in terms of the number and distribution of cysteine residues.

2.3. Rye

Rye is one of the major cereal species along with wheat and barley. Prolamins of rye are called
secalins and are divided into three classes: HMW secalins, y-secalins and w-secalins (Table 2) [17].

(1) HMW secalin subunits (HMW-SS)

These high molecular weight proteins are encoded by two genes of Sec-3 (Glu-R1) locus located
at the long arm of 1R rye chromosome [54]. As HMW glutenins are subdivided into x- and y-types,
Sec-3 also consists of two paralogous alleles (Glu-R1x and Glu-R1y) of duplication origin. They encode
x-(more abundant) and y-types of subunits [55]. HMW-SS are always present as one or two individual
subunits similar to D hordeins and in contrast to five to six subunits of wheat HMW-GS.

HMW-SS are homologous to HMW-GS but there is a significant difference in the properties and
structural parameters determining gluten formation (see below, Triticale).

Repetitive domain of HMW-SS contains tripeptide, nonapeptide and hexapeptide consensus
motifs discussed in Section (2) Glutenin section. Scanning tunnelling microscopy of a purified HMW
secalin subunit demonstrated aligned rods with a diameter of about 1.9 nm containing diagonal
striations (presumably corresponding to turns of the spiral) and having a pitch of about 1.5 nm [56].

(2) y-secalins

v-secalins are encoded by five to 10 genes of Sec-1 and Sec-2 loci at 1R and 2R chromosomes of
rye, respectively. The structures of y-secalin and other y-type prolamins are alike (Figure 3). It has
eight cysteine residues involved in intramolecular disulfide bonds formation and unpaired cysteine
residue involved in intermolecular bonds formation. Rye also encodes 75 kDa y-secalins that have
no analogues in other cereals. It amounts to about 50% of total seed proteins in rye and is sometimes
separated from other secalins into distinct types.

(3) w-secalins

Sec-1 locus is a gene region of w-secalins located at the short arm of chromosome 1RS.
This arm contains Sec-1 disease resistant genes tightly linked to leaf, stem and stripe rusts and
powdery mildew [57]. This linkage results in some dough quality defects such as marked stickiness,
reduced strength and intolerance to overmixing. Clarke et al. reported that the Sec-1 locus of rye
consists of approximately 145 kb of DNA containing a tandem gene array of 15 w-secalin gene
units [58]. FISH analysis shows that the sizes of the Sec-1 region range from 131 to 164 kb on the DNA
fiber specimen [59]. Rye genome contains not only w-secalin genes with ORFs but also pseudogenes,
which may be the subject of a reduced selection pressure [60].

w-secalins are related to S-poor group of prolamins and possess a typical structure for this group.
These proteins are monomers and cannot form interchain disulfide bonds like the other proteins in
this group: C-hordeins and w-gliadins. This was discussed earlier for C hordein, w-secalin has no A,
B or C conservative domains. Repetitive domain of w-secalin is flanked by short unique sequences
of N-terminal 12 amino acid residues and four amino acids on its C-terminus. Repetitive region of
w-secalin also has an unusual supersecondary structure similar to that in C hordein of barley.

2.4. Triticale

Hybrid species triticale (X Triticosecale Wittmack) also contains gluten, and originates from species
durum wheat (Triticum durum L., AABB genome) and rye (Secale cereal L., RR genome). The hexaploid
triticale genome (AABBRR) encodes three sets of HMW glutenins (1A and 1B chromosomes),
HMW secalins (1R), 75K y-secalins (2R) of rye and LMW glutenins (1A and 1B). This complex was
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named “secaloglutenin”, while “secalogluten” refers to the hydrated network of secaloglutenin with
some monomers [61]. This network is weak and incohesive and the dough strength is between the
dough strength of Triticum durum L. and Secale cereale L. and requires less mixing time. Currently,
many papers focus on the elucidation of possible methods for the improvement of triticale dough.

2.5. Oat

Prolamins in oat (Avena sativa L.) are represented by avenins. Oat avenins differ from other grain
prolamins in the lower amount of proline. Furthermore, oats contains a relatively low content of
storage proteins; approximately 10% only of the total grain protein amount compared with 40%-50% in
wheat, barley, and rye [62]. This is a cause of the inability to divide oat prolamins into HMW proteins,
S-rich and S-poor groups in a manner of Triticeae tribe. Avenins were shown to be homologous to
«/B-gliadin and y-gliadin of wheat, B-hordein of barley and y-secalin of rye (S-rich group) [63].

Avenins can be well analyzed with HPLC technique, and contain insoluble and soluble
fractions. Insoluble in alcohol but soluble in reducing solution fraction named “glutelin fraction” [64].
The molecular weight of avenins is about 18.5-23.5 kDa and contain two blocks of glutamine- and
proline-rich repeated sequences, whose length varies from six to 11 residues (Figure 3). Avenins are
monomers and only contain interchain disulfide bonds [62].

Although avenins are very similar [65], only differing by point mutations, they are subdivided
into A, B and C groups according to the neighbor-joining phylogeny method [66]. Avenin sequences
belonging to B and C groups possess eight cysteine residues, whereas sequences from A group
bear 9. Thus, avenins from group A are capable of interchain disulfide bonds formation and a
polymer in a wheat glutenin manner with a use of unpaired nineth cysteine. Generated polymer
may consist of only A avenins or from other prolamins resulting in heteropolymer formation. It has
been proposed that A avenins are LMW-GS-like (glutelin fraction). B and C avenins show up to be
a- and y-gliadins-like proteins. The expression levels of avenins of different groups have not yet
been well studied, but it is clear that «- and y-gliadins-like proteins (group C and B) expression is
greater than that of LMW-GS-like avenins from group A [66]. Avenins are synthesized and assembled
into vacuolar protein bodies in developing endosperm tissue along with globulin storage proteins.
Immunogold staining of this tissue demonstrated that prolamins were located in the light-staining
regions. These proteins appear to aggregate within the rough ER, while most of the globulin appear to
aggregate in the vacuole [67].

3. Gluten Evolution

Although the prolamin superfamily seems to be a relatively unique group of proteins, there is
evidence of a relationship between these proteins and other seed protein groups. First, proteins within
one group (S-rich, S-poor or HMW) have a similar structure. For example, comparison of prolamin
C-terminal domain sequences from S-rich group of proteins (wheat, barley and rye) including oat
avenins showed significant similarity. Particularly, three conserved regions of length about 30 residues
were identified and called A, B and C (Figure 3) [17]. They include a conserved number and position
of cysteine residues. It is interesting that these regions share some similarity indicating the probable
triplication of a short ancestral sequence (Figure 4) [62]. Moreover, such short similar sequences were
found not only in gluten prolamins but also in other seed and non-seed proteins.

Comparison of regions of A, B and C conserved domains (Figure 3, see I,-14) identified subgroups
within S-rich group: a-type and y-type, B hordein [68]. y-type is considered to be the most ancient
among the gluten proteins. It is worth mentioning that regions A, B and C are also present in the HMW
prolamins, although in this case regions A and B are located within the N-terminal domain while
region C is within the C-terminal domain indicating that proteins of S-rich and HMW groups arose
from a single ancestor by insertion of I,-I4 blocks and repeated sequences. It has been shown that
o- and y-gliadins are both related to LMW-GS. Moreover, it has been suggested that C and D groups
of glutenins are mainly composed of «-, 3-, -, and w-gliadins but mutated in cysteine residues [20].
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Proteins of S-poor group of prolamins do not contain conserved regions. It is also clear that
repeated sequences of S-poor prolamins (w-type, C hordein) are related to repeated sequences in S-rich
prolamins indicating that S-poor group of proteins originated from S-rich group through amplification
of repeats and deletion of C-terminal domain. The evolutionary events leading to emergence of
prolamin superfamily are summarized in Figure 4.

A ancestral domain

]

triplication event

.
l repetitive region ‘ l repetitive region ‘ insertion event
in S-rich and S-poor prolamins in HMW prolamins
B NHZ% S ‘ ‘ repetitive region ‘ A ‘ I, B | I ‘ C | I, — cooH

deletion of conserved regions

multiplication of repeats

NHZ—{ S ‘ l repetitive region H— COOH

Figure 4. Summary of evolutionary events that probably contributed to the divergence of
Prolamin Superfamily proteins. A, B, C—conserved regions, S—signal peptide, I,-I;—variant regions.
(A) Conservative domains A, B and C of prolamins are thought to originate from the ancestral domain
by triplication. S-rich and HMW prolamins emerged after insertions of repetitive regions in a manner
showed on a Figure; (B) S-poor prolamins are suggested to originate from S-rich prolamins by deletion
of conserved A, B and C regions, and by multiplication of repeated sequences.

4. Gluten Intolerance Pathogenesis

4.1. Cross-Reactivity between Gluten Proteins

Primarily, gluten is a source of flour and, consequently, bread and flour products. Consumption
of gluten-containing food makes such food an immune system target. Digested gluten is a reason for
the emergence of different antigens and immunogens. Cross-reactivity implies the reaction between an
antibody and an antigen that differs from the immunogen, and it has been shown in glutenin-specific
and gliadin-specific T-cells. Such T-cells could respond to gliadin and glutenin and vice versa due to
their directivity to repetitive sequence highly homologous in these proteins [69]. Such cross-reactivity
contributes to the development and spread of T-cell response and inflammation. It is also known
that CD is characterized not only by inflammation and small intestine tissue remodeling but also by
neurologic defects such as axonal neuropathy and cerebellar ataxia [70,71]. It has been shown that such
neurological implications may occur partly due to the cross-reactivity between antigliadin antibody
and synapsin I protein [72]. This protein is a cytosolic phosphoprotein found in most neurons of the
central and peripheral nervous systems. Although gliadins are not homologous to synapsin I, there is
a glutamine- and proline-rich-region in C-terminal sequence of synapsin I, which includes PQP and
PQQP motifs similar to those in gliadin.
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Evidence of the cross-reactivity of prolamin proteins was also reported in the course of allergy.
wb-gliadin is the major wheat allergen. It was shown that anti-w5-gliadin antibodies bind to rye
Y70-secalin, rye y35-secalin and barley y3-hordein [73]. In about 90% of patients with wheat-dependent
exercise-induced anaphylaxis, IgE antibodies against these proteins were found. Rye y70- and
v35-secalin and barley y3-hordein cross-react with wb5-gliadin. This probably happens due to the
fact that IgE antibodies bind to structurally similar epitopes; found proteins are related to the same
evolutionary group of y-type prolamins.

Even though there is no cross-reactivity between allergens in oat and other gluten species,
avenins show immunological cross-reactivity to y-secalin due to their considerable homology [74].
First immunogenic peptides in hordein, secalin and avenin were revealed on the basis of T-cell
cross-reactivity against wheat gluten proteins [75]. Epitopes defined in hordein and secalin were
recognized by «-gliadin-reactive T-cell lines in vitro while avenin epitopes were not. That explains
why rye and barley were considered to be pathogenic for CD patients, whereas oat was included in
the “gluten-free” group of food.

Later, it was shown that oat consumption is safe for the majority of CD patients [76], even for
children [77]. It is well known that the greater the proline residues in storage protein the more
pathogenic this protein is for CD patients [78]. Low proline content may be the reason why oat avenins
are less immunogenic compared to wheat prolamins but may still be toxic in large quantities. However,
there was no direct (in vivo) evidence of the activation of gluten-reactive T-cells following ingestion of
oats. Hardy et al. provided in vivo evidence that ingestion of oats activates avenin-specific T-cells in
10% of CD patients [79]. Moreover, they showed T-cells to be cross-reactive against hordein and avenin.
After oral challenge with barley (and not wheat or rye) the majority of HLA-DQ2.5 CD patients harbor
T-cells capable of being activated by avenin peptides ex vivo, but the ingestion of oats itself provides
rather weak antigenic stimulation for this population of T-cells. Avenins are probably less stimulatory
because they do not contain proteolytically resistant peptides longer that 10 amino acid residues.
They have reduced binding stability to HLA-DQ2.5 compared to hordein peptides. This means that
avenin-reactive T-cells are activated by the consumption of barley rather than oat.

4.2. Celiac Disease

As described in the introduction, gluten is impregnable by the gastric, pancreatic and intestinal
digestive proteases of people carrying HLA-DQ?2 or/and DQ8 haplotype. HLA-DQ is a part of the
MHC class II antigen-presenting receptor system and distinguishes its own and foreign cells. HLA-DQ
protein consists of two subunits, which are encoded by the HLA-DQA1 and HLA-DQB1 genes located
on the short arm of the 6 chromosome. Mainly, people with celiac disease have DQ2 or DQS8 isoforms
because these receptors bind to gliadin peptides more tightly than other forms.

However, there are multiple DQ2 haplotypes. The most associated with celiac disease
(95% of patients) is the two-gene HLA-DQ2 haplotype referred to as DQ2.5. This haplotype is
composed of subunits «® and B2 encoded by two adjacent gene alleles DQA1*0501 and DQB1*0201
(Figure 5). Four percent of CD patients have the DQ2.2 isoform (DQA1*0201:DQB1*0202) and the
remaining have DQ8 (encoded by the haplotype DQA1*03:DQB1*0302).

After the gluten enters into the digestive system, prolamin proteins are not fully hydrolyzed by
proteases, which results in the emergence of gluten peptides. They are deamidated by tTG enhancing
their affinity to MHC II molecules. Deamidated peptide is then recognized by DQ molecule on the
surface of a dendritic cell and is presented to T cells inducing immune response. It is interesting that
both DQ2 and DQS8 lack canonical aspartic acid residue at DQ@57. It results in the compensation of
this negative charge by negatively charged residues either in the T cell receptor or in the deamidated
peptide. Absence of aspartic acid residue leads to cross-reactive and stronger responses by T cells [80].
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deamidated
peptide

B subunit

Figure 5. 3D reconstruction of DQ o-p2-binding cleft with a deamidated «-gliadin peptide (green),
using PyMOL (PBD ID 159V) [81].

Nowadays, it is clear that distinct gluten peptides are involved in celiac disease in a different
manner. Peptides are divided into two groups: toxic and immunogenic. Toxic peptides are capable of
inducing mucosal damage when administered in vivo on the intestine, whereas peptide is considered
to be immunogenic if it is able to specifically stimulate HLA-DQ-restricted T cell lines isolated
from peripheral blood of CD patients [82]. Peptides differ from each other in the degree of the
immunogenicity. It is remarkable that some are immunodominant, meaning that they evoke strong
T cell response in almost every CD patient, whereas the immunogenic do not. Immunogenicity is
enhanced after tTG deamidation procedure. It is worth mentioning that tTG is more likely activated
after inflammation, but it is still not clear whether the deamidation of peptides is by tTG initiates
inflammation or vice versa [82].

All gluten proteins (gliadin and glutenin from wheat, hordein from barley, secalin from rye
and avenin from oat) possess their own sets of toxic and immunogenic peptides (or epitopes) with
distinct immunogenicities. However, gliadin peptides are known to be the most toxic and numerous,
specifically derived from «- and y-gliadin: the strongest and most common adaptive response to
gluten is directed toward an «2-gliadin fragment of 33 amino acids in length [8]. Digestion of gliadin
results in the emergence of two pieces: 25-mer (p31-55, it can be degraded to smaller peptides) and
33-mer (p57-89). Peptide p31-43 of «2-gliadin may directly induce interleukin-15 production from
enterocytes and dendritic cells. Peptide p57-89 is deamidated by tTG and presented to T cells by
HLA-DQ molecules. Glutenin peptides are also involved in T cell response [83]. Peptides may enter
the cell by endocytosis, with their entrance into the cells requiring 37 °C temperature and Ca?* in the
media [84]. It has been shown that these peptides possess structural configuration characterized by a
left-handed polyproline II helical conformation that is preferred by MHC class II ligands [85].

(1) Properties of 33-mer peptide from «-gliadin

The o-gliadin 33-mer is one of the digestion-resistant gluten peptides that is highly reactive to
isolated celiac T cells and is the main immunodominant toxic peptide in celiac patients. It is located in
the N-terminal repetitive region of x-gliadin and contains six overlapping copies of three different
DQ2-restricted epitopes (Figure 6) [86].

Using RNA-amplicon sequencing (NGS) technology it was shown that o-gliadins can be separated
into six types and only one type contains all the immunogenic peptides and epitopes, whereas the other
five types do not contain all the epitopes disabling 33-mer peptide formation [30]. Thus, distinct types
of a-gliadins differ mainly in the number of repeat blocks consisting in interspersed motifs PFPPQQ
and PYPQPQ.
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Figure 6. Fragment of x-gliadin protein sequence. Main immunogenic fragments: peptides p31-43,
33-mer and DQ2.5-glia-«3 are indicated.

Six epitopes of type 1 x-gliadin are DQ2.5-glia-a1a/b and DQ2.5-glia-«2 (Figure 6). There is also
a partial overlap with 33-mer DQ2.5-glia-«3 epitope associated only with type 1 of gliadins. 33-mer is
able to self-assemble in a concentration-dependent manner through structural transition [32]. It obtains
polyproline II structure based on type II beta-turn with increase of peptide concentration.

33-mer reaches lamina propria and after deamidation plays a central role in the pathogenic cascade
of celiac disease by activating the adaptive immune response. 33-mer enters the cell by intracellular
pathway, excluding paracellular entrance. Gliadin-derived peptides can also be transcytosed from
the apical of the intestinal epithelium to the basolateral side along with transferrin and IgA, avoiding
entrance to the late endocytic compartment [87].

In vivo experiments revealed that 33-mer gliadin-derived peptide is undigested by enzymes of
the intestinal brush border. Moreover, in a monkey model of gluten sensitivity, 33-mer peptide can be
detected in the serum when the disease starts, indicating that this peptide can trespass the mucosa
intact in vivo [88].

Then, 33-mer is deamidated by tTG present in the intestinal brush border and presented by
dendritic cell to T cell (in mesenteric lymph nodes). T cells reach peripheral blood through the thoracic
duct and product interferon-y resulting in intestine epithelial cytotoxicity, while another peptide
p31-43 has been reported to induce the innate immune response necessary to initiate the T-cell adaptive
response through production of interleukin-15.

It has been shown that 33-mer of x-gliadin is very similar to protein Prn of B. pertussis,
which causes pertussis. These results show that neither pertussis immunization nor disease induces
production of antibodies reactive against the peptide, and thus it is unlikely that either pertussis
immunization or disease contributes to CD pathogenesis on the basis of cross-reactive antibodies [89].

(2) Repertoire of gluten peptides active in CD

It has been established that deamidated forms of gluten peptides are more toxic than their
amidated forms. tTG preferably deamidates sites QXP (X—any amino acid residue), which are
abundant in immunodominant peptides. Interestingly, both DQ2 and DQ8 molecules lack the aspartic
acid residue at 357 position present in other DQ molecules. DQ2 and DQ8 molecules possess positively
charged pockets containing five anchor positions and a least three of them (P4, P6, and P7) prefer
to bind negatively charged amino acids [90]. Crystallographic structure of DQ2 complexes with
immunodominant epitope revealed that glutamic acid residue fits in the P4, P6 and P7 anchor positions
and proline residue—in the P1, P3, P6 and P8 positions [91]. Analogous report regarding DQS8
complexes revealed only two glutamic acid-preferred positions (P1 and P9). This explains the lower
number of gluten peptides active in DQS individuals.
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Long-term T cell lines (TCL) or T cell clones (TCC) raised against gluten are used to identifying
gluten immunogenic peptides. Anderson et al. established an approach that detects gluten-specific T
cells in the peripheral blood (peripheral blood mononuclear cells, PBMC) after 3 days of consumption of
gluten-containing food by an interferon-y EliSpot assay [92]. A comprehensive, quantitative mapping
of T cell epitopes was used to screen all the unique 20-mer sequences of gliadins, glutenins, hordeins,
and secalins. Independently, this screening and EliSpot assay provided the set of immunodominant
epitopes from wheat, barley, and rye (Table 3) [93,94]. Almost all DQ2 immunogenic peptides of
a-gliadins map the N-terminal 57-89 region (33-mer). DQ2-restricted w-gliadin peptides strictly
related to x-gliadin 17-mer: it contains two overlapping copies of 9-mer epitopes. Immunogenic
peptides of y-gliadins are spread along all the sequences. Similarly, few DQ2-restricted sequences
from secalin and hordein proteins were reported to stimulate intestinal CD4+ T cell lines or clones [75].

Table 3. Number of gluten immunogenic peptides currently identified within distinct gluten proteins.

Number of DQ2-Restricted Number of DQ8-Restricted
Peptides Identified (Confirmed Peptides Identified (Confirmed
in Vitro on TCLs/TCCs or/and on  in Vitro on TCLs/TCCs or/and on
PBMC:s after in Vivo Challenge) PBMCs after in Vivo Challenge)

Grain Species Gluten Protein

a-gliadins 3 3
v-gliadins 11 4
Wheat w-gliadins 3 4
Glutenins 3 1
Barley Hordeins 8 -
Rye Secalins 11 -
Oat Avenins 6 -

Only 3 DQ8-restricted epitopes were identified using T cell lines or T cell clones: two for x-gliadin,
v-gliadin and one for glutenin [95]. Additional peptides were discovered as a result of the work
by Tye-Din et al. [93]. Furthermore, it was shown that HLA-DQ8-associated CD appears not to be
exclusively dependent on deamidation by tTG [95].

Avenins differ from other groups of prolamins due to their low content of proline and
glutamine residues. Nevertheless, a few gliadin-like and glutenin-like avenin-derived peptides were
identified [96]. Avenin peptides were divided into three groups: low-stimulatory short peptides
(six residues), stimulatory (27 and 10 residues) and peptides with upregulated stimulatory capacity
(10 and 14 residues). Larger peptides (27 residues) are commensurable in size with 33-mer and induce
response of dendritic cells in not only CD patients but also in control healthy patients. Whereas peptides
with the appropriate size and disposition of amino acids residues (10 and 14 residues) are likely to go
through a differential endocytic pathway.

Thus, immunogenic sequences were identified in all gluten proteins of Triticeae and oat.
These studies revealed that amongst all the DQ2-restricted peptides of wheat, barley, rye and
oat prolamins, there is a hierarchy of T cell recognition depending on the specific cereal ingested.
Furthermore, an evident redundancy in DQ2-restricted peptide recognition occurs, i.e., activated by
a dominant peptide T cells are capable of recognizing and responding to a large number of related
gluten sequences and vice versa. However, there is no clear difference in the immunogenicity strength
between DQ8-restricted peptides. Altogether, DQ8-type of HLA molecules are less strongly associated
with celiac disease, compared to DQ2. Oat peptides possess the lowest immunogenic activity though
avenin peptides are capable of inducing T cell response.

4.3. Wheat Allergy

Wheat flour triggers IgE-mediated food allergy and is one of the top eight food allergens.
Wheat allergy commonly develops in childhood [97]. When an allergen specifically binds to
IgE antibodies, it induces the activation of mast cells and basophils. In the case of wheat, it is
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believed that allergy occurs due to a breach in oral tolerance and as a consequence of Th2-biased
immune dysregulation that induces sensitization and B-cell-specific allergen IgE production [98].
Gluten proteins causing allergy include some types of w-gliadin as well as non-gluten protein of wheat
such as profilin, serpin, a-purothionin, etc. Non-gluten flour proteins and some y-, &/ 3-gliadins can
cause an occupational respiratory allergy such as baker’s asthma, which appears after the inhalation
of flour by millers or bakers. w5-gliadins trigger another type of allergy—food allergy—referred to as
wheat-dependent exercise-induced anaphylaxis (WDEIA), which develops after the ingestion of wheat
followed by intense physical exercise.

Recently, it was shown that y-, «/ -, w5-, w1,2-gliadins contain IgE-binding epitopes as well as
HMW and LMW subunits of glutenin [99] (Table 4). Nevertheless, major allergenic protein of wheat
is w5-gliadin possessing N-terminal sequence SRLL, which can be crucial for allergy pathogenesis,
and repetitive region consists almost entirely of peptides FPQQQ and QQIPQQ [14].

Table 4. Currently identified IgE-binding epitopes in wheat gluten proteins. *—X—any amino acid.

Protein IgE-Binding Epitope Motifs
«/ p-gliadin QQQFPGQQ, LQQQ

v-gliadin QPQQPFPQ
wb-gliadin QOXPXQQ *
wl,2-gliadin QQPXPXQ
HMW-GS QQPGQ(GQQ)
LMW-GS QQPIQQQP

v-gliadin, ««/ B-gliadin and w1,2-gliadin are causative allergens in both WDEIA patients and those
with baker's asthma [100,101]. Epitopes QQPFP and PQQPF of gliadin are also involved in atopic
dermatitis-related wheat allergy [102] as well as QQQPP motif in LMW-GS [103].

Nowadays, 3D structure of known IgE allergenic epitopes helps to elucidate its conformation and
to produce recombinant allergens for further research.

4.4. Non-Celiac Gluten Sensitivity (NCGS)

The first reported NCGS cases were described as longstanding and previously unresolved history
of abdominal pain, discomfort, bloating, altered bowel habit and fatigue with exclusion of celiac disease.
NCGS is more frequently diagnosed in adults rather than in children [104]. In most cases, NCGS
reveals itself a few hours after gluten digestion [104]. Similarly to CD patients, patients with NCGS
suffer from nutritional deficiencies, coexisting autoimmunity, and a decreased bone mineral density
compared with the general population. The prevalence of HLA-DQ2 and/or HLA-DQ8 genotypes
is ~50% in NCGS comparable to the general population [105], but there is no anti-tTG2 antibodies
identified. Gluten only triggered an innate immune response in NCGS and provoked an additional
adaptive immune response with increased expression of IL-6, IL-21, IL-17 and IFN-y [106]. However,
gastrointestinal symptoms other than intestinal permeability and adaptive immune responses are
not involved in the process. In NCGS, gliadins do not induce mucosal inflammation in vitro or the
activation of basophils as seen in CD [107].

It has been suggested that in NCGS gluten-related peptides enter the systemic circulation and
cause extraintestinal manifestations such as ataxia, neuropathy and encephalopathy [108]. Moreover,
it has been proposed that gluten causes depression, anxiety, autism and schizophrenia in patients with
NCGS [109], and also reported that psychosis might be a manifestation of NCGS [110].

Nowadays, gluten-related disorders have often been recognized as commonly mimicking irritable
bowel syndrome (IBS) because of the similar symptoms such as abdominal pain, bloating, bowel habit
abnormalities (either diarrhea or constipation) [111]. Indeed, both can coexist independently without
necessarily sharing a common pathophysiological basis. Furthermore, the microbiome may also
play a role in the pathogenesis of NCGS [112]. Gut microbiota composition and metabolomic
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profiles may influence the loss of gluten tolerance and subsequent onset of gluten intolerance
in genetically-susceptible individuals [113]. Gut microbiota could become a target for further
therapy [114].

Recently, a standardizing protocol was reported for the diagnostic confirmation of NCGS [3].
It implies assessment of the clinical response to GFD and consequent effect of the gluten challenge.
It is important that patients are on a normal, gluten-containing diet for proper evaluation, which is not
always possible. For these two assessment steps, a modified version of the Gastrointestinal Symptom
Rating Scale (GSRS) is used. The GSRS protocol is based on reviews and the clinical experience and
allows for evaluation of gastrointestinal and extra-intestinal symptoms. Patients name one to three
symptoms and the Numerical Rating Scale (NRS) measures the severity score from 1 to 10. However,
there are still difficulties in diagnosing and managing NCGS. Even though the precise mechanism
and biochemical markers for the NCGS disease have still not identified, this protocol could be used to
establish the prevalence of this condition.

5. Gluten Detoxification Strategies

5.1. Gluten Free Diet (GFD)

There is currently only one proven effective way of treating celiac disease and NCGS—a gluten
free diet. It means the avoidance of gluten-containing food in gluten intolerance patients” ration.
There is little information in the literature on minimal disease-eliciting doses of gluten, which would
be safe for CD patients. Apparently, it should lie between 10 and 50-100 mg daily intake [115].
Starch-based gluten-free products contain trace amounts of gluten. However, a diet completely devoid
of gluten is unrealistic. The diet is complicated due to cross-contamination and/or the presence of
small amounts of the gluten in food and medicines.

GFD cannot be regarded as a healthy diet. Gluten-free products are usually made with starches
or refined flours characterized by low fiber content. It is known that the consumption of adequate
amounts of dietary fiber is related to important health benefits such as prevention of colon cancer,
diabetes and cardiovascular disease [116]. Thus, GFD may lead to possible nutrient deficiencies in
fiber resulting in consequent diseases. Several studies suggest using pseudo-cereal sources of fiber
instead of gluten-free products in order to maintain the necessary fiber content level [117].

GFD also leads to deficiency in Vitamins C, B12, D and folic acid [118], which is associated not only
with malabsorption caused by villi atrophy but also with low quality of GFD [117]. Consuming fruits
and vegetables rich in vitamins and antioxidant substances up to five times a day is recommended.
Some studies demonstrate that gluten-free cereal products contain lower amounts of folate compared
to their gluten-containing counterparts, so there is a need for additional folate supplementation [119].

In CD patients, malabsorption and inflammation contribute to a low bone mineral density
(BMD) [120]. CD patients have a 40% higher risk of having bone fractures compared with non-CD
healthy people. Thus, the diet plays a critical role in the maintenance of proper bone mineralization.
GFD appears to be unbalanced in terms of calcium, magnesium, zinc in male and iron in women,
and additional supplementation required [121]. Zinc is an essential trace element involved in numerous
reactions and biochemical functions. Zinc deficiency can affect protein synthesis and leads to growth
arrest [122]. Magnesium is essential for several enzymatic reactions (for DNA and RNA polymerases,
ionic pumps and calcium channels). Thus, it is recommended that gluten-free products are substituted
with other cereals such as quinoa, sorghum and amaranth, which are safe and rich in folic acid,
vitamins (riboflavin, Vitamin C and Vitamin E) and minerals [117].

At the same time, gluten-free diet contains high amounts of sugar and hydrogenated fats,
which could result in the occurrence of hyperinsulinemia and an increased obesity risk [123].

Thus, GFD appears to be an unbalanced diet inadequate in terms of both macro- and
micronutrients. In order to maintain the necessary level of all the nutrients an annual screening
for nutrient status of a patient is required and there is a need for additional nutrient supplementation.
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Thus, GFD is not an optimal and healthy way to treat all the manifestations of gluten intolerance
including CD, wheat allergy and NCGS. Even though a wheat free diet is optimal for wheat allergy
treatment, patients can eat rye, barley and oat. A wheat free diet is also probably effective for NCGS
treatment. Other directions of treatment of gluten intolerance need to be developed.

Many works focus on providing new medicinal approaches for effective gluten intolerance
treatment. Two major directions exist: prevention and treatment of gluten related disorders.
The prevention hypothesis implies that the time the gluten is introduced into the diet of infants
at risk of CD may affect the disease incidence. The Prevent CD Family Study was held in 10 European
countries. One thousand children and their mothers participated, and were followed up for a period of
1-3 years. It has been suggested that small quantities of gluten are administered gradually to induce
oral immune tolerance to gluten. It is now accepted that gluten may be introduced into the infant’s
diet at any time between 4 and 12 months of age. In children at high risk of CD, an earlier introduction
of gluten (4 vs. 6 months or 6 vs. 12 months) is associated with an earlier development of CD, but the
cumulative incidence in later childhood is similar [124]. Recently, an analogous program in Italy was
started to evaluate the at-risk infants age, at which CD-related autoimmune serological changes occur.
Data obtained in this study indicate that delaying the gluten introduction into the infants” diet until
the age of 12 months decreases the prevalence of CD [125]. Both studies need a much longer follow-up
analysis to establish whether the timing of gluten exposure can really prevent CD or merely delay its onset.

5.2. Detoxification of Gluten Proteins with Enzymatic Therapy

This approach is based on the fact that gluten peptides are highly resistant to digestive pancreatic
and brush border proteases. Fortunately, many organisms (e.g., bacteria, fungi, plants etc.) encode
proteolytic enzymes possessing distinct features compared to endogenous proteases presented
in human [126-128]. Thus, it has been proposed that exogenous enzymes can be employed for
additional enzyme supplement therapy to promote the complete digestion of cereal proteins, and thus
destroy T-cell gluten epitopes, in particular [129,130]. A number of peptidases possessing glutenase
activities were isolated from germinating cereals (Hordeum vulgare L., Triticum aestivum L.), bacteria
(Flavobacterium meningosepticum, Sphingomonas capsulate, Myxococcus xanthus), fungi (Aspergillus niger,
Aspergillus oryzae), and stored-product pest yellow mealworm (Tenebrio molitor) [131-135]. One of them
is ALV003 enzyme—modified recombinant EP-B2 enzyme from barley, and prolyl endopeptidase
from bacteria Sphingomonas capsulate—was shown to be effective in vitro and in vivo, non-toxic and
without allergic reactions [136,137]. Gluten-containing food can also be treated with bacterial-derived
peptidases, in particular, proteases of certain lactobacilli present in sourdough are able to proteolyze
proline-rich gluten peptides [138].

5.3. Modified Grains

There are several studies targeted at developing grains with reduced pathogenicity. On the basis
of knowledge of peptide immunogenicity hierarchy, site-directed mutagenesis of wheat, which would
not affect the baking properties, has also been proposed. However, hexaploidity of wheat seriously
complicates this process. Nevertheless, successful transformation of bread wheat Triticum aestivum
Butte 86 was reported [139]. In this paper, a subclass of w-gliadins genes, encoding proteins that
cause food IgE-mediated allergy, were silenced in order to decrease the level of w5-gliadins in grain.
Transgenic wheat has reduced allergenicity without influencing the dough quality. Similar work was
performed to reduce the toxicity in CD patients of all gliadin proteins through the shutdown of these
genes by RNA interference [140]. Genes of v-, &- and w-gliadins were down-regulated in these plant
lines. This has led to the production of wheat lines with very low levels of toxicity for CD patients.

As discussed above, the gluten of barley and rye is also highly pathogenic for patients with
gluten intolerance. Thus, a number of works describe modifications introduced into barley genome:
for example, deletion of B and C hordeins resulted in 20-fold reduced immunotoxicity compared to
wild type [141].
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Nowadays, the wheat genome is modified in order to improve the dough quality. However,
different modifications may introduce known or clinically cross-reactive allergens into genome.
It was suggested that bioinformatic methods can be used to prevent such allergen introduction
and assess the safety and allergenicity of modified crops, using a comprehensive database [142].

5.4. Corrections of Gluten Pathogenicity Pathways

tTG is very important in CD pathogenesis. For this reason, it has become a target for suppression
by the design of potent and selective inhibitors. Inhibition of tTG2 by cystamine in vitro and in situ
was confirmed by means of abolished reactivity of gliadin-specific T-cell response [143]. Recently,
Keillor et al. reviewed the latest and most applicable inhibitors of tTG2 designed on the basis of the
conformational effects and crystallographic structures of inhibited tTG2 [144].

Zonulin, one of the TJ regulatory proteins involved in the proper functioning of intestinal
epithelial permeability, controls the passage through the mucosal barrier. The inhibition of zonulin
overexpression can prevent it trespassing the gut barrier. The effective synthetic peptide inhibitor was
developed and named as AT1001 or Larazotide acetate [145]. There is now a novel therapeutic agent
targeting T] regulation in patients with CD.

Peptides themselves are undoubtedly major CD participants. Peptide analogues of gliadin
epitopes can be engineered with antagonistic effects of native peptides. Nexvax2® (Immusan T, Inc.,
Cambridge, MA, USA) is the peptide-based therapeutic vaccine based on desensitization therapy
principles [146]. This product encompasses three peptides that respond to a substantial proportion of the
T-cell reaction to gluten in HLA-DQ2-carring patients. Nexvax2 is currently undergoing clinical trials.

6. Conclusions

Nowadays, gluten intolerance is an important issue. The number of people diagnosed with
gluten intolerance is increasing. Thus, there is a need for more effective and novel approaches to
treat gluten-related disorders. Externally, it is caused by the consumption of gluten prolamin proteins
present in wheat, barley and rye. In the present paper, we have summarized the knowledge on the
classification, properties, structure, evolution and role of gluten proteins in the pathogenesis of gluten
intolerance manifestations. Even though gluten proteins—gliadins, glutenins, hordeins, secalins and
avenins—share similar features and evolutional origins, they possess different pathogenicities.
A detailed understanding of the principal properties of gluten intolerance causative agents open
ups the possibilities for the development of novel therapeutic approaches such as with improved
low pathogenic wheat, barley and rye plant lines; renewed therapeutic enzymatic drugs and
vaccines. This will obviate the need for GFD and improve the quality of life of people suffering
from gluten intolerance.
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Abbreviations

CD celiac disease

NCGS non-celiac gluten sensitivity
HLA human leukocyte antigen

MHC major histocompatibility complex
tTG tissue transglutaminase

IgA (IgG, IgE) immunoglobulin A (G, E)
IEL intraepithelial lymphocyte
TJ tight junction

DC dendritic cell

GA gluten ataxia
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HMW high molecular weight

LMW low molecular weight

HMW-GS high molecular weight glutenin subunits
LMW-GS low molecular weight glutenin subunits
HMW-SS high molecular weight secalin subunits
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
ER endoplasmic reticulum

DNA deoxyribonucleic acid

RNA ribonucleic acid

FISH fluorescence in situ hybridization

HPLC high-performance liquid chromatography

PDB protein data bank

NGS next-generation sequencing

IFN-y interferon-y

IL interleukin

TCL T cell line

TCC T cell clone

PBMC peripheral blood mononuclear cells

WDEIA wheat-dependent exercise-induced anaphylaxis
GFD gluten-free diet

IBS irritable bowel syndrome

GSRS gastrointestinal symptom rating scale

NRS numerical rating scale

BMD bone mineral density

References

1. Ferguson, A.; MacDonald, T.T.; McClure, ].P.; Holden, R.J. Cell-mediated immunity to gliadin within the

small-intestinal mucosa in coeliac disease. Lancet 1975, 1, 895-897. [CrossRef]

2. Czaja-Bulsa, G. Non coeliac gluten sensitivity—A new disease with gluten intolerance. Clin. Nutr. 2015, 34,
189-194. [CrossRef] [PubMed]

3. Catassi, C.; Elli, L.; Bonaz, B.; Bouma, G.; Carroccio, A.; Castillejo, G.; Cellier, C.; Cristofori, F.; de Magistris, L.;
Dolinsek, J.; et al. Diagnosis of Non-Celiac Gluten Sensitivity (NCGS): The Salerno Experts’ Criteria. Nutrients
2015, 7, 4966-4977. [CrossRef] [PubMed]

4.  Catassi, C.; Gatti, S.; Lionetti, E. World perspective and celiac disease epidemiology. Dig. Dis. 2015, 33,
141-146. [CrossRef] [PubMed]

5. Husby, S.; Koletzko, S.; Korponay-Szabo, I.R.; Mearin, M.L.; Phillips, A.; Shamir, R.; Troncone, R.;
Giersiepen, K.; Branski, D.; Catassi, C.; et al. European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition guidelines for the diagnosis of coeliac disease. ]. Pediatr. Gastroenterol. Nutr. 2012, 54, 136-160.
[CrossRef] [PubMed]

6.  Fasano, A.; Catassi, C. Clinical practice. Celiac disease. N. Engl. J. Med. 2012, 367, 2419-2426. [CrossRef]
[PubMed]

7. Leffler, D.A.; Green, PH.; Fasano, A. Extraintestinal manifestations of coeliac disease. Nat. Rev.
Gastroenterol. Hepatol. 2015, 12, 561-571. [CrossRef] [PubMed]

8.  Van Heel, D.A.; West, J. Recent advances in coeliac disease. Gut 2006, 55, 1037-1046. [CrossRef] [PubMed]

9.  Wang, W,; Uzzau, S.; Goldblum, S.E.; Fasano, A. Human zonulin, a potential modulator of intestinal tight
junctions. J. Cell Sci. 2000, 113, 4435-4440. [PubMed]

10.  Schuppan, D. Current concepts of celiac disease pathogenesis. Gastroenterology 2000, 119, 234-242. [CrossRef]
[PubMed]

11. Nilsen, E.M.; Jahnsen, F.L.; Lundin, K.E.; Johansen, F.E.; Fausa, O.; Sollid, L.M.; Jahnsen, J.; Scott, H.;
Brandtzaeg, P. Gluten induces an intestinal cytokine response strongly dominated by interferon gamma in
patients with celiac disease. Gastroenterology 1998, 115, 551-563. [CrossRef]

12.  Dewar, D,; Pereira, S.P.; Ciclitira, PJ. The pathogenesis of coeliac disease. Int. |. Biochem. Cell Biol. 2004, 36,
17-24. [CrossRef]

13. Jacquenet, S.; Morisset, M.; Battais, F.; Denery-Papini, S.; Croizier, A.; Baudouin, E.; Bihain, B.;

Moneret-Vautrin, D.A. Interest of ImmunoCAP system to recombinant omega-5 gliadin for the diagnosis of
exercise-induced wheat allergy. Int. Arch. Allergy Immunol. 2009, 149, 74-80. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0140-6736(75)91689-X
http://dx.doi.org/10.1016/j.clnu.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25245857
http://dx.doi.org/10.3390/nu7064966
http://www.ncbi.nlm.nih.gov/pubmed/26096570
http://dx.doi.org/10.1159/000369518
http://www.ncbi.nlm.nih.gov/pubmed/25925915
http://dx.doi.org/10.1097/MPG.0b013e31821a23d0
http://www.ncbi.nlm.nih.gov/pubmed/22197856
http://dx.doi.org/10.1056/NEJMcp1113994
http://www.ncbi.nlm.nih.gov/pubmed/23252527
http://dx.doi.org/10.1038/nrgastro.2015.131
http://www.ncbi.nlm.nih.gov/pubmed/26260366
http://dx.doi.org/10.1136/gut.2005.075119
http://www.ncbi.nlm.nih.gov/pubmed/16766754
http://www.ncbi.nlm.nih.gov/pubmed/11082037
http://dx.doi.org/10.1053/gast.2000.8521
http://www.ncbi.nlm.nih.gov/pubmed/10889174
http://dx.doi.org/10.1016/S0016-5085(98)70134-9
http://dx.doi.org/10.1016/S1357-2725(03)00239-5
http://dx.doi.org/10.1159/000176309
http://www.ncbi.nlm.nih.gov/pubmed/19033710

Nutrients 2016, 8, 644 21 of 27

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Battais, F; Mothes, T.; Moneret-Vautrin, D.A.; Pineau, F; Kanny, G.; Popineau, Y., Bodinier, M.;
Denery-Papini, S. Identification of IgE-binding epitopes on gliadins for patients with food allergy to wheat.
Allergy 2005, 60, 815-821. [CrossRef] [PubMed]

Rodrigo, L.; Hernandez-Lahoz, C.; Lauret, E.; Rodriguez-Pelaez, M.; Soucek, M.; Ciccocioppo, R.; Kruzliak, P.
Gluten ataxia is better classified as non-celiac gluten sensitivity than as celiac disease: A comparative clinical
study. Immunol. Res. 2016, 64, 558. [CrossRef] [PubMed]

Shewry, PR.; Halford, N.G. Cereal seed storage proteins: Structures, properties and role in grain utilization.
J. Exp. Bot. 2002, 53, 947-958. [CrossRef] [PubMed]

Kreis, M.; Forde, B.G.; Rahman, S.; Miflin, B.].; Shewry, P.R. Molecular evolution of the seed storage proteins
of barley, rye and wheat. J. Mol. Biol. 1985, 183, 499-502. [CrossRef]

Wieser, H. Chemistry of gluten proteins. Food Microbiol. 2007, 24, 115-119. [CrossRef] [PubMed]

Singh, H.; MacRitchie, F. Application of polymer science to properties of gluten. J. Cereal Sci. 2001, 33,
231-243. [CrossRef]

Muccilli, V.; Cunsolo, V.; Saletti, R.; Foti, S.; Masci, S.; Lafiandra, D. Characterization of B- and C-type low
molecular weight glutenin subunits by electrospray ionization mass spectrometry and matrix-assisted laser
desorption/ionization mass spectrometry. Proteomics 2005, 5, 719-728. [CrossRef] [PubMed]

Zilic, S.; Barac, M.; Pesic, M.; Dodig, D.; Ignjatovic-Micic, D. Characterization of proteins from grain of
different bread and durum wheat genotypes. Int. |. Mol. Sci. 2011, 12, 5878-5894. [CrossRef] [PubMed]
Wrigley, C.W.; Shepherd, K.W. Electrofocusing of grain proteins from wheat genotypes. Ann. N. Y. Acad. Sci.
1973, 209, 154-162. [CrossRef] [PubMed]

Ferranti, P.; Mamone, G.; Picariello, G.; Addeo, F. Mass spectrometry analysis of gliadins in celiac disease.
J. Mass Spectrom. 2007, 42, 1531-1548. [CrossRef] [PubMed]

Tatham, A.S.; Drake, A.F,; Shewry, PR. A conformational study of a glutamine- and proline-rich cereal seed
protein, C hordein. Biochem. J. 1985, 226, 557-562. [CrossRef] [PubMed]

Schofield, J.D.; Bottomley, R.C.; Timms, M.E; Booth, M.R. The effect of heat on wheat gluten and the
involvement of sulphydryl-disulphide interchange reactions. J. Cereal Sci. 1983, 1, 241-253. [CrossRef]
Rombouts, I.; Lagrain, B.; Brijs, K.; Delcour, J.A. 3-Elimination reactions and formation of covalent cross-links
in gliadin during heating at alkaline pH. J. Cereal Sci. 2010, 52, 362-367. [CrossRef]

Lagrain, B.; Rombouts, I; Brijs, K.; Delcour, ].A. Kinetics of heat-induced polymerization of gliadin. J. Agric.
Food Chem. 2011, 59, 2034-2039. [CrossRef] [PubMed]

Barak, S.; Mudgil, D.; Khatkar, B.S. Biochemical and functional properties of wheat gliadins: A review.
Crit. Rev. Food Sci. Nutr. 2015, 55, 357-368. [CrossRef] [PubMed]

Hamer, R ].; van Vliet, T. Understanding the structure and properties of gluten: An overview. In Wheat Gluten;
Shewry, P.R., Tatham, A.S., Eds.; Royal Society of Chemistry: Cambrige, UK, 2000; pp. 125-131.

Ozuna, C.V,; Iehisa, J.C.; Gimenez, M.].; Alvarez, J.B.; Sousa, C.; Barro, F. Diversification of the celiac
disease alpha-gliadin complex in wheat: A 33-mer peptide with six overlapping epitopes, evolved following
polyploidization. Plant J. 2015, 82, 794-805. [CrossRef] [PubMed]

Tatham, A.S.; Marsh, M.N.; Wieser, H.; Shewry, P.R. Conformational studies of peptides corresponding to
the coeliac-activating regions of wheat alpha-gliadin. Biochem. . 1990, 270, 313-318. [CrossRef] [PubMed]
Herrera, M.G.; Benedini, L.A.; Lonez, C.; Schilardi, PL.; Hellweg, T.; Ruysschaert, ].M.; Dodero, V.I
Self-assembly of 33-mer gliadin peptide oligomers. Soft Matter 2015, 11, 8648-8660. [CrossRef] [PubMed]
Sato, N.; Matsumiya, A.; Higashino, Y.; Funaki, S.; Kitao, Y.; Oba, Y.; Inoue, R.; Arisaka, F,; Sugiyama, M.;
Urade, R. Molecular assembly of wheat gliadins into nanostructures: A small-angle X-ray scattering study
of gliadins in distilled water over a wide concentration range. J. Agric. Food Chem. 2015, 63, 8715-8721.
[CrossRef] [PubMed]

Herrera, M.G.; Veuthey, T.V,; Dodero, V.I. Self-organization of gliadin in aqueous media under physiological
digestive pHs. Colloids Surf. B Biointerfaces 2016, 141, 565-575. [CrossRef] [PubMed]

Banc, A.; Desbat, B.; Renard, D.; Popineau, Y.; Mangavel, C.; Navailles, L. Exploring the interactions of
gliadins with model membranes: Effect of confined geometry and interfaces. Biopolymers 2009, 91, 610-622.
[CrossRef] [PubMed]

Shewry, PR.; Napier, J.A.; Tatham, A.S. Seed storage proteins: Structures and biosynthesis. Plant Cell 1995, 7,
945-956. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1398-9995.2005.00795.x
http://www.ncbi.nlm.nih.gov/pubmed/15876313
http://dx.doi.org/10.1007/s12026-015-8750-1
http://www.ncbi.nlm.nih.gov/pubmed/26676361
http://dx.doi.org/10.1093/jexbot/53.370.947
http://www.ncbi.nlm.nih.gov/pubmed/11912237
http://dx.doi.org/10.1016/0022-2836(85)90017-8
http://dx.doi.org/10.1016/j.fm.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17008153
http://dx.doi.org/10.1006/jcrs.2000.0360
http://dx.doi.org/10.1002/pmic.200401029
http://www.ncbi.nlm.nih.gov/pubmed/15682464
http://dx.doi.org/10.3390/ijms12095878
http://www.ncbi.nlm.nih.gov/pubmed/22016634
http://dx.doi.org/10.1111/j.1749-6632.1973.tb47526.x
http://www.ncbi.nlm.nih.gov/pubmed/4515031
http://dx.doi.org/10.1002/jms.1361
http://www.ncbi.nlm.nih.gov/pubmed/18085572
http://dx.doi.org/10.1042/bj2260557
http://www.ncbi.nlm.nih.gov/pubmed/3994673
http://dx.doi.org/10.1016/S0733-5210(83)80012-5
http://dx.doi.org/10.1016/j.jcs.2010.06.006
http://dx.doi.org/10.1021/jf104201u
http://www.ncbi.nlm.nih.gov/pubmed/21302941
http://dx.doi.org/10.1080/10408398.2012.654863
http://www.ncbi.nlm.nih.gov/pubmed/24915383
http://dx.doi.org/10.1111/tpj.12851
http://www.ncbi.nlm.nih.gov/pubmed/25864460
http://dx.doi.org/10.1042/bj2700313
http://www.ncbi.nlm.nih.gov/pubmed/2400392
http://dx.doi.org/10.1039/C5SM01619C
http://www.ncbi.nlm.nih.gov/pubmed/26376290
http://dx.doi.org/10.1021/acs.jafc.5b02902
http://www.ncbi.nlm.nih.gov/pubmed/26365302
http://dx.doi.org/10.1016/j.colsurfb.2016.02.019
http://www.ncbi.nlm.nih.gov/pubmed/26897550
http://dx.doi.org/10.1002/bip.21188
http://www.ncbi.nlm.nih.gov/pubmed/19301297
http://dx.doi.org/10.1105/tpc.7.7.945
http://www.ncbi.nlm.nih.gov/pubmed/7640527

Nutrients 2016, 8, 644 22 of 27

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wellner, N.; Mills, E.N.; Brownsey, G.; Wilson, R.H.; Brown, N.; Freeman, J.; Halford, N.G.; Shewry, PR;
Belton, P.S. Changes in protein secondary structure during gluten deformation studied by dynamic fourier
transform infrared spectroscopy. Biomacromolecules 2005, 6, 255-261. [CrossRef] [PubMed]

Lawrence, G.J.; Shepherd, K.W. Chromosomal location of genes controlling seed proteins in species related
to wheat. Theor. Appl. Genet. 1981, 59, 25-31. [PubMed]

Shewry, P.R.; Halford, N.G.; Tatham, A.S.; Popineau, Y.; Lafiandra, D.; Belton, P.S. The high molecular weight
subunits of wheat glutenin and their role in determining wheat processing properties. Adv. Food Nutr. Res.
2003, 45, 219-302. [PubMed]

Payne, P1.; Holt, L.M.; Jarvis, G.; Jackson, E.A. Two-dimensional fractionation of the endosperm proteins of
bread wheat (Triticum aestivum): Biochemical and genetic studies. Cereal Chem. 1985, 62, 319-326.

Tosi, P; D’Ovidio, R.; Napier, J.A.; Bekes, E; Shewry, PR. Expression of epitope-tagged LMW glutenin
subunits in the starchy endosperm of transgenic wheat and their incorporation into glutenin polymers.
Theor. Appl. Genet. 2004, 108, 468—476. [CrossRef] [PubMed]

Masci, S.; Egorov, T.A.; Ronchi, C.; Kuzmicky, D.D.; Kasarda, D.D.; Lafiandra, D. Evidence for the presence
of only one cysteine residue in the D-type low molecular weight subunits of wheat glutenin. J. Cereal Sci.
1999, 29, 17-25. [CrossRef]

Gorg, A.; Postel, W.; Baumer, M.; Weiss, W. Two-dimensional polyacrylamide gel electrophoresis,
with immobilized pH gradients in the first dimension, of barley seed proteins: Discrimination of cultivars
with different malting grades. Electrophoresis 1992, 13, 192-203. [CrossRef] [PubMed]

Jensen, J.; Jorgensen, ].H.; Jensen, H.P; Giese, H.; Doll, H. Linkage of the hordein loci Horl and Hor2 with
the powdery mildew resistance loci Ml-k and Ml-a on Barley chromosome 5. Theor. Appl. Genet. 1980, 58,
27-31. [CrossRef] [PubMed]

Forde, B.G.; Kreis, M.; Williamson, M.S.; Fry, R.P; Pywell, J.; Shewry, P.R.; Bunce, N.; Miflin, B.J. Short tandem
repeats shared by B- and C-hordein cDNAs suggest a common evolutionary origin for two groups of cereal
storage protein genes. EMBO J. 1985, 4, 9-15. [PubMed]

Anderson, O.D. The B-hordein prolamin family of barley. Genome 2013, 56, 179-185. [CrossRef] [PubMed]
Rechinger, K.B.; Simpson, D.].; Svendsen, I.; Cameron-Mills, V. A role for gamma 3 hordein in the transport
and targeting of prolamin polypeptides to the vacuole of developing barley endosperm. Plant J. 1993, 4,
841-853. [CrossRef] [PubMed]

Thompson, S.; Bishop, D.H.L.; Tatham, A.S.; Shewry, P.R. Exploring disulphide bond formation in a low
molecular weight subunit of glutenin using a baculovirus expression system. Gluten Proteins 1994, 345-355.
Faulks, A].; Shewry, PR.; Miflin, B.J. The polymorphism and structural homology of storage polypeptides
(hordein) coded by the Hor-2 locus in barley (Hordeum vulgare L.). Biochem. Genet. 1981, 19, 841-858.
[CrossRef] [PubMed]

Tatham, A.S.; Shewry, PR; Belton, P.S. 13C-n.m.r. study of C hordein. Biochem. ]. 1985, 232, 617-620.
[PubMed]

I’Anson, K.J.; Morris, VJ.; Shewry, PR.; Tatham, A.S. Small-angle X-ray-scattering studies of the C hordeins
of barley (Hordeum vulgare). Biochem. J. 1992, 287, 183-185. [CrossRef] [PubMed]

Cameron-Mills, V.; von Wettstein, D. Protein body formation in the developing barley endosperm.
Carlsberg Res. Commun. 1980, 45, 577-594. [CrossRef]

Halford, N.G.; Tatham, A.S.; Sui, E.; Daroda, L.; Dreyer, T.; Shewry, PR. Identification of a novel beta-turn-rich
repeat motif in the D hordeins of barley. Biochim. Biophys. Acta 1992, 1122, 118-122. [CrossRef]

Hull, G; Sabelli, P.A.; Shewry, PR. Restriction fragment analysis of the secalin loci of rye. Biochem. Genet.
1992, 30, 85-97. [CrossRef] [PubMed]

Salmanowicz, B.P.; Langner, M.; Kubicka-Matusiewicz, H. Variation of high-molecular-weight secalin subunit
composition in Rye (Secale cereale L.) inbred lines. J. Agric. Food Chem. 2014, 62, 10535-10541. [CrossRef]
[PubMed]

Miles, M.].; Carr, H.J.; McMaster, T.; Belton, P.S.; Morris, V.J.; Field, ].M.; Shewry, PR.; Tatham, A.S. Scanning
tunnelling microscopy of a wheat gluten protein reveals details of a spiral supersecondary structure.
Proc. Natl. Acad. Sci. USA 1991, 88, 68. [CrossRef] [PubMed]

Singh, N.K.; Shepherd, K.W.; McIntosh, R.A. Linkage mapping of genes for resistance to leaf, stem and stripe
rusts and omega-secalins on the short arm of rye chromosome 1R. Theor. Appl. Genet. 1990, 80, 609-616.
[CrossRef] [PubMed]


http://dx.doi.org/10.1021/bm049584d
http://www.ncbi.nlm.nih.gov/pubmed/15638528
http://www.ncbi.nlm.nih.gov/pubmed/24276325
http://www.ncbi.nlm.nih.gov/pubmed/12402682
http://dx.doi.org/10.1007/s00122-003-1459-x
http://www.ncbi.nlm.nih.gov/pubmed/14574453
http://dx.doi.org/10.1006/jcrs.1998.0224
http://dx.doi.org/10.1002/elps.1150130141
http://www.ncbi.nlm.nih.gov/pubmed/1628598
http://dx.doi.org/10.1007/BF00264664
http://www.ncbi.nlm.nih.gov/pubmed/24301214
http://www.ncbi.nlm.nih.gov/pubmed/15915586
http://dx.doi.org/10.1139/gen-2013-0016
http://www.ncbi.nlm.nih.gov/pubmed/23659702
http://dx.doi.org/10.1046/j.1365-313X.1993.04050841.x
http://www.ncbi.nlm.nih.gov/pubmed/7506098
http://dx.doi.org/10.1007/BF00504250
http://www.ncbi.nlm.nih.gov/pubmed/7332526
http://www.ncbi.nlm.nih.gov/pubmed/4091813
http://dx.doi.org/10.1042/bj2870183
http://www.ncbi.nlm.nih.gov/pubmed/1417771
http://dx.doi.org/10.1007/BF02932924
http://dx.doi.org/10.1016/0167-4838(92)90313-3
http://dx.doi.org/10.1007/BF00554430
http://www.ncbi.nlm.nih.gov/pubmed/1355649
http://dx.doi.org/10.1021/jf502926q
http://www.ncbi.nlm.nih.gov/pubmed/25307487
http://dx.doi.org/10.1073/pnas.88.1.68
http://www.ncbi.nlm.nih.gov/pubmed/11607142
http://dx.doi.org/10.1007/BF00224219
http://www.ncbi.nlm.nih.gov/pubmed/24221066

Nutrients 2016, 8, 644 23 of 27

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Clarke, B.C.; Mukai, Y.; Appels, R. The Sec-1 locus on the short arm of chromosome 1R of rye (Secale cereale).
Chromosoma 1996, 105, 269-275. [CrossRef] [PubMed]

Yamamoto, M.; Mukai, Y. High-resolution physical mapping of the secalin-1 locus of rye on extended DNA
fibers. Cytogenet. Genome Res. 2005, 109, 79-82. [CrossRef] [PubMed]

Jiang, Q.T.; Wei, YM.; Andre, L.; Lu, Z.X,; Pu, Z.E.; Peng, Y.Y.; Zheng, Y.L. Characterization of w-secalin
genes from rye, triticale, and a wheat 1BL/1RS translocation line. J. Appl. Genet. 2010, 51, 403—411. [CrossRef]
[PubMed]

Dennett, A.L.; Cooper, K.V.; Trethowan, R.M. The genotypic and phenotypic interaction of wheat and rye
storage proteins in primary triticale. Euphytica 2013, 194, 235-242. [CrossRef]

Shewry, P.R. Plant storage proteins. Biol. Rev. Camb. Philos. Soc. 1995, 70, 375-426. [CrossRef] [PubMed]
Chesnut, R.S.; Shotwell, M.A ; Boyer, S.K,; Larkins, B.A. Analysis of avenin proteins and the expression of
their mRNAs in developing oat seeds. Plant Cell 1989, 1, 913-924. [CrossRef] [PubMed]

Lapvetelainen, A.; Bietz, J.; Huebner, F. Reversed-phase high-performance liquid chromatography of oat
proteins: Application of cultivar comparison and analysis of the effect of wet processing. Cereal Chem. 1995,
72,259-264.

Egorov, T.A.; Musolyamov, A.K.; Andersen, J.S.; Roepstorff, P. The complete amino acid sequence and
disulphide bond arrangement of oat alcohol-soluble avenin-3. Eur. ]. Biochem. 1994, 224, 631-638. [CrossRef]
[PubMed]

Real, A.; Comino, I.; de Lorenzo, L.; Merchan, E; Gil-Humanes, J.; Gimenez, M.].; Lopez-Casado, M.A ;
Torres, M.I,; Cebolla, A.; Sousa, C.; et al. Molecular and immunological characterization of gluten proteins
isolated from oat cultivars that differ in toxicity for celiac disease. PLoS ONE 2012, 7, e48365.

Lending, C.R.; Chesnut, R.S.; Shaw, K.L.; Larkins, B.A. Immunolocalization of avenin and globulin storage
proteins in developing endosperm of Avena sativa L. Planta 1989, 178, 315-324. [CrossRef] [PubMed]

Qi, PE; Le, C.X,; Wang, Z.; Liu, Y.B.; Chen, Q.; Wei, Z.Z.; Xu, B.J.; Wei, Z.Y.; Dai, S.F.; Wei, YM.; et al.
The gamma-gliadin-like gamma-prolamin genes in the tribe Triticeae. |. Genet. 2014, 93, 35-41. [CrossRef]
[PubMed]

Vader, W.; Kooy, Y.; Van Veelen, P.; De Ru, A.; Harris, D.; Benckhuijsen, W.; Pena, S.; Mearin, L.; Drijfthout, ] W.;
Koning, F. The gluten response in children with celiac disease is directed toward multiple gliadin and glutenin
peptides. Gastroenterology 2002, 122, 1729-1737. [CrossRef] [PubMed]

Bushara, K.O. Neurologic presentation of celiac disease. Gastroenterology 2005, 128, S92-597. [CrossRef]
[PubMed]

Green, P.H.; Alaedini, A.; Sander, HW.,; Brannagan, T.H., 3rd; Latov, N.; Chin, R.L. Mechanisms underlying
celiac disease and its neurologic manifestations. Cell. Mol. Life Sci. 2005, 62, 791-799.

Alaedini, A.; Okamoto, H.; Briani, C.; Wollenberg, K.; Shill, H.A.; Bushara, K.O.; Sander, H.W.; Green, PH.;
Hallett, M.; Latov, N. Immune cross-reactivity in celiac disease: Anti-gliadin antibodies bind to neuronal
synapsin L J. Immunol. 2007, 178, 6590-6595. [CrossRef] [PubMed]

Palosuo, K.; Alenius, H.; Varjonen, E.; Kalkkinen, N.; Reunala, T. Rye gamma-70 and gamma-35 secalins
and barley gamma-3 hordein cross-react with omega-5 gliadin, a major allergen in wheat-dependent,
exercise-induced anaphylaxis. Clin. Exp. Allergy 2001, 31, 466—473. [CrossRef] [PubMed]

Festenstein, G.W.; Hay, F.C.; Shewry, PR. Imnmunochemical relationships of the prolamin storage proteins of
barley, wheat, rye and oat. Biochim. Biophys. Acta 1987, 912, 371-383. [CrossRef]

Vader, L.W.,; Stepniak, D.T.; Bunnik, E.M.; Kooy, YM.; de Haan, W.; Drijfhout, ] W.; Van Veelen, P.A;
Koning, F. Characterization of cereal toxicity for celiac disease patients based on protein homology in grains.
Gastroenterology 2003, 125, 1105-1113. [CrossRef]

Hogpberg, L.; Laurin, P,; Falth-Magnusson, K.; Grant, C.; Grodzinsky, E.; Jansson, G.; Ascher, H.; Browaldh, L.;
Hammersjo, J.A.; Lindberg, E.; et al. Oats to children with newly diagnosed coeliac disease: A randomised
double blind study. Gut 2004, 53, 649-654. [CrossRef] [PubMed]

Gatti, S.; Caporelli, N.; Galeazzi, T.; Francavilla, R.; Barbato, M.; Roggero, P.; Malamisura, B.; Iacono, G.;
Budelli, A.; Gesuita, R.; et al. Oats in the diet of children with celiac disease: Preliminary results of a
double-blind, randomized, placebo-controlled multicenter Italian study. Nutrients 2013, 5, 4653-4664.
[CrossRef] [PubMed]

Wieser, H. Relation between gliadin structure and coeliac toxicity. Acta Paediatr. 1996, 85, 3-9. [CrossRef]


http://dx.doi.org/10.1007/s004120050184
http://www.ncbi.nlm.nih.gov/pubmed/8939819
http://dx.doi.org/10.1159/000082385
http://www.ncbi.nlm.nih.gov/pubmed/15753562
http://dx.doi.org/10.1007/BF03208870
http://www.ncbi.nlm.nih.gov/pubmed/21063058
http://dx.doi.org/10.1007/s10681-013-0950-y
http://dx.doi.org/10.1111/j.1469-185X.1995.tb01195.x
http://www.ncbi.nlm.nih.gov/pubmed/7626727
http://dx.doi.org/10.1105/tpc.1.9.913
http://www.ncbi.nlm.nih.gov/pubmed/2535531
http://dx.doi.org/10.1111/j.1432-1033.1994.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/7925380
http://dx.doi.org/10.1007/BF00391859
http://www.ncbi.nlm.nih.gov/pubmed/24212898
http://dx.doi.org/10.1007/s12041-014-0330-y
http://www.ncbi.nlm.nih.gov/pubmed/24840821
http://dx.doi.org/10.1053/gast.2002.33606
http://www.ncbi.nlm.nih.gov/pubmed/12055577
http://dx.doi.org/10.1053/j.gastro.2005.02.018
http://www.ncbi.nlm.nih.gov/pubmed/15825133
http://dx.doi.org/10.4049/jimmunol.178.10.6590
http://www.ncbi.nlm.nih.gov/pubmed/17475890
http://dx.doi.org/10.1046/j.1365-2222.2001.01023.x
http://www.ncbi.nlm.nih.gov/pubmed/11260160
http://dx.doi.org/10.1016/0167-4838(87)90042-2
http://dx.doi.org/10.1016/S0016-5085(03)01204-6
http://dx.doi.org/10.1136/gut.2003.026948
http://www.ncbi.nlm.nih.gov/pubmed/15082581
http://dx.doi.org/10.3390/nu5114653
http://www.ncbi.nlm.nih.gov/pubmed/24264227
http://dx.doi.org/10.1111/j.1651-2227.1996.tb14239.x

Nutrients 2016, 8, 644 24 of 27

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Hardy, M.Y.;; Tye-Din, J.A.; Stewart, J.A.; Schmitz, F.; Dudek, N.L.; Hanchapola, I.; Purcell, AW,
Anderson, R.P. Ingestion of oats and barley in patients with celiac disease mobilizes cross-reactive T cells
activated by avenin peptides and immuno-dominant hordein peptides. J. Autoimmun. 2015, 56, 56—65.
[CrossRef] [PubMed]

Hovhannisyan, Z.; Weiss, A.; Martin, A.; Wiesner, M.; Tollefsen, S.; Yoshida, K.; Ciszewski, C.; Curran, S.A;
Murray, J.A.; David, C.S.; et al. The role of HLA-DQ8 beta57 polymorphism in the anti-gluten T-cell response
in coeliac disease. Nature 2008, 456, 534-538. [CrossRef] [PubMed]

Kim, B.T.; Mosekilde, L.; Duan, Y.; Zhang, X.Z.; Tornvig, L.; Thomsen, ].S.; Seeman, E. The structural and
hormonal basis of sex differences in peak appendicular bone strength in rats. J. Bone Miner. Res. 2003, 18,
150-155. [CrossRef] [PubMed]

Ciccocioppo, R.; Di Sabatino, A.; Corazza, G.R. The immune recognition of gluten in coeliac disease.
Clin. Exp. Immunol. 2005, 140, 408-416. [CrossRef] [PubMed]

Van de Wal, Y.; Kooy, YM.C,; van Veelen, P; Vader, W.; August, S.A.; Drijfhout, ].W.; Pena, S.A.; Koning, F.
Glutenin is involved in the glutendriven mucosal T cell response. Eur. J. Immunol. 1999, 29, 3133-3139.
[CrossRef]

Barone, M.V.; Zimmer, K.P. Endocytosis and transcytosis of gliadin peptides. Mol. Cell. Pediatr. 2016, 3, 8.
[CrossRef] [PubMed]

Herrera, M.G.; Zamarreno, F.; Costabel, M.; Ritacco, H.; Hutten, A.; Sewald, N.; Dodero, V.I. Circular
dichroism and electron microscopy studies in vitro of 33-mer gliadin peptide revealed secondary structure
transition and supramolecular organization. Biopolymers 2014, 101, 96-106. [CrossRef] [PubMed]

Shan, L.; Molberg, O.; Parrot, I.; Hausch, E; Filiz, F; Gray, G.M.; Sollid, L.M.; Khosla, C. Structural basis for
gluten intolerance in celiac sprue. Science 2002, 297, 2275-2279. [CrossRef] [PubMed]

Lebreton, C.; Menard, S.; Abed, J.; Moura, I.C.; Coppo, R.; Dugave, C.; Monteiro, R.C.; Fricot, A.; Traore, M.G.;
Griffin, M.; et al. Interactions among secretory immunoglobulin A, CD71, and transglutaminase-2 affect
permeability of intestinal epithelial cells to gliadin peptides. Gastroenterology 2012, 143, 698-707. [CrossRef]
[PubMed]

Mazumdar, K.; Alvarez, X.; Borda, ]J.T.; Dufour, J.; Martin, E.; Bethune, M.T.; Khosla, C.; Sestak, K.
Visualization of transepithelial passage of the immunogenic 33-residue peptide from alpha-2 gliadin in
gluten-sensitive macaques. PLoS ONE 2010, 5, e10228. [CrossRef] [PubMed]

He, Q.; Viljanen, M.K.; Hinkkanen, A.E.; Arvilommi, H.; Mertsola, J.; Viander, M. No evidence of
cross-reactivity of human antibodies to a 33-mer peptide of the alpha-gliadin component of gluten with
Bordetella pertussis pertactin. Vaccine 2005, 23, 3336-3340. [CrossRef] [PubMed]

Vartdal, F.; Johansen, B.H.; Friede, T.; Thorpe, C.J.; Stevanovic, S.; Eriksen, J.E.; Sletten, K.; Thorsby, E.;
Rammensee, H.G.; Sollid, L.M. The peptide binding motif of the disease associated HLA-DQ (alpha 1* 0501,
beta 1* 0201) molecule. Eur. ]. Immunol. 1996, 26, 2764-2772. [CrossRef] [PubMed]

Arentz-Hansen, H.; McAdam, S.N.; Molberg, O.; Fleckenstein, B.; Lundin, K.E.; Jorgensen, T.].; Jung, G.;
Roepstorff, P.; Sollid, L.M. Celiac lesion T cells recognize epitopes that cluster in regions of gliadins rich in
proline residues. Gastroenterology 2002, 123, 803—-809. [CrossRef] [PubMed]

Anderson, R.P; Degano, P.; Godkin, A.].; Jewell, D.P; Hill, A.V. In vivo antigen challenge in celiac disease
identifies a single transglutaminase-modified peptide as the dominant A-gliadin T-cell epitope. Nat. Med.
2000, 6, 337-342. [CrossRef] [PubMed]

Tye-Din, J.A.; Stewart, J.A.; Dromey, J.A.; Beissbarth, T.; van Heel, D.A.; Tatham, A.; Henderson, K;
Mannering, S.I.; Gianfrani, C.; Jewell, D.P.; et al. Comprehensive, quantitative mapping of T cell epitopes in
gluten in celiac disease. Sci. Transl. Med. 2010, 2, 41ra51. [CrossRef] [PubMed]

Beissbarth, T.; Tye-Din, J.A.; Smyth, G.K.; Speed, T.P; Anderson, R.P. A systematic approach for
comprehensive T-cell epitope discovery using peptide libraries. Bioinformatics 2005, 21 (Suppl. 1), i29-i37.
[CrossRef] [PubMed]

Camarca, A.; Del Mastro, A.; Gianfrani, C. Repertoire of gluten peptides active in celiac disease patients:
Perspectives for translational therapeutic applications. Endocr. Metab. Immune Disord. Drug Targets 2012, 12,
207-219. [CrossRef] [PubMed]

Comino, I; Bernardo, D.; Bancel, E.; de Lourdes Moreno, M.; Sanchez, B.; Barro, F; Suligoj, T.; Ciclitira, PJ.;
Cebolla, A.; Knight, S.C.; et al. Identification and molecular characterization of oat peptides implicated on
coeliac immune response. Food Nutr. Res. 2016, 60, 30324. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jaut.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25457306
http://dx.doi.org/10.1038/nature07524
http://www.ncbi.nlm.nih.gov/pubmed/19037317
http://dx.doi.org/10.1359/jbmr.2003.18.1.150
http://www.ncbi.nlm.nih.gov/pubmed/12510817
http://dx.doi.org/10.1111/j.1365-2249.2005.02783.x
http://www.ncbi.nlm.nih.gov/pubmed/15932501
http://dx.doi.org/10.1002/(SICI)1521-4141(199910)29:10&lt;3133::AID-IMMU3133&gt;3.0.CO;2-G
http://dx.doi.org/10.1186/s40348-015-0029-z
http://www.ncbi.nlm.nih.gov/pubmed/26883352
http://dx.doi.org/10.1002/bip.22288
http://www.ncbi.nlm.nih.gov/pubmed/23703327
http://dx.doi.org/10.1126/science.1074129
http://www.ncbi.nlm.nih.gov/pubmed/12351792
http://dx.doi.org/10.1053/j.gastro.2012.05.051
http://www.ncbi.nlm.nih.gov/pubmed/22750506
http://dx.doi.org/10.1371/journal.pone.0010228
http://www.ncbi.nlm.nih.gov/pubmed/20419103
http://dx.doi.org/10.1016/j.vaccine.2005.01.078
http://www.ncbi.nlm.nih.gov/pubmed/15837240
http://dx.doi.org/10.1002/eji.1830261132
http://www.ncbi.nlm.nih.gov/pubmed/8921967
http://dx.doi.org/10.1053/gast.2002.35381
http://www.ncbi.nlm.nih.gov/pubmed/12198706
http://dx.doi.org/10.1038/73200
http://www.ncbi.nlm.nih.gov/pubmed/10700238
http://dx.doi.org/10.1126/scitranslmed.3001012
http://www.ncbi.nlm.nih.gov/pubmed/20650871
http://dx.doi.org/10.1093/bioinformatics/bti1013
http://www.ncbi.nlm.nih.gov/pubmed/15961469
http://dx.doi.org/10.2174/187153012800493549
http://www.ncbi.nlm.nih.gov/pubmed/22385112
http://dx.doi.org/10.3402/fnr.v60.30324
http://www.ncbi.nlm.nih.gov/pubmed/26853779

Nutrients 2016, 8, 644 25 of 27

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Patel, B.Y.; Volcheck, G.W. Food allergy: Common causes, diagnosis, and treatment. Mayo Clin. Proc. 2015,
90, 1411-1419. [CrossRef] [PubMed]

Chehade, M.; Mayer, L. Oral tolerance and its relation to food hypersensitivities. J. Allergy Clin. Immunol.
2005, 115, 3-12. [CrossRef] [PubMed]

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

Tatham, A.S.; Shewry, PR. Allergens to wheat and related cereals. Clin. Exp. Allergy 2008, 38, 1712-1726.
[PubMed]

Beyer, K.; Chung, D.; Schulz, G.; Mishoe, M.; Niggemann, B.; Wahn, U.; Sampson, H.A. The role of wheat
omega-5 gliadin IgE antibodies as a diagnostic tool for wheat allergy in childhood. J. Allergy Clin. Immunol.
2008, 122, 419-421. [CrossRef] [PubMed]

Tanabe, S. IgE-binding abilities of pentapeptides, QQPFP and PQQPF, in wheat gliadin. J. Nutr. Sci.
Vitaminol. (Tokyo) 2004, 50, 367-370. [CrossRef] [PubMed]

Tanabe, S.; Arai, S.; Yanagihara, Y.; Mita, H.; Takahashi, K.; Watanabe, M. A major wheat allergen has a
GIn-GIn-GIn-Pro-Pro motif identified as an IgE-binding epitope. Biochem. Biophys. Res. Commun. 1996, 219,
290-293. [CrossRef] [PubMed]

Volta, U.; Bardella, M.T.; Calabro, A.; Troncone, R.; Corazza, G.R.; The Study Group for Non-Celiac Gluten
Sensitivity. An Italian prospective multicenter survey on patients suspected of having non-celiac gluten
sensitivity. BMC Med. 2014, 12, 85. [PubMed]

Aziz, I; Lewis, N.R.; Hadjivassiliou, M.; Winfield, S.N.; Rugg, N.; Kelsall, A.; Newrick, L.; Sanders, D.S. A UK
study assessing the population prevalence of self-reported gluten sensitivity and referral characteristics to
secondary care. Eur. . Gastroenterol. Hepatol. 2014, 26, 33-39. [CrossRef] [PubMed]

Sapone, A.; Lammers, K.M.; Casolaro, V.; Cammarota, M.; Giuliano, M.T.; De Rosa, M.; Stefanile, R.;
Mazzarella, G.; Tolone, C.; Russo, M.L; et al. Divergence of gut permeability and mucosal immune gene
expression in two gluten-associated conditions: Celiac disease and gluten sensitivity. BMC Med. 2011, 9, 23.
[CrossRef] [PubMed]

Bucci, C.; Zingone, F; Russo, I.; Morra, I; Tortora, R.; Pogna, N.; Scalia, G.; Iovino, P.; Ciacci, C. Gliadin does
not induce mucosal inflammation or basophil activation in patients with nonceliac gluten sensitivity.
Clin. Gastroenterol. Hepatol. 2013, 11, 1294-1299.el. [CrossRef] [PubMed]

Aziz, 1.; Hadjivassiliou, M.; Sanders, D.S. The spectrum of noncoeliac gluten sensitivity. Nat. Rev.
Gastroenterol. Hepatol. 2015, 12, 516-526. [CrossRef] [PubMed]

Jackson, J.; Eaton, W.; Cascella, N.; Fasano, A.; Santora, D.; Sullivan, K.; Feldman, S.; Raley, H.; McMahon, R.P;
Carpenter, W.T,, Jr.; et al. Gluten sensitivity and relationship to psychiatric symptoms in people with
schizophrenia. Schizophr. Res. 2014, 159, 539-542. [CrossRef] [PubMed]

Lionetti, E.; Leonardi, S.; Franzonello, C.; Mancardi, M.; Ruggieri, M.; Catassi, C. Gluten Psychosis:
Confirmation of a New Clinical Entity. Nutrients 2015, 7, 5532-5539. [CrossRef] [PubMed]

Sanders, D.S.; Aziz, I. Non-celiac wheat sensitivity: Separating the wheat from the chat! Am. ]. Gastroenterol.
2012, 107, 1908-1912. [CrossRef] [PubMed]

Makharia, A.; Catassi, C.; Makharia, G.K. The overlap between irritable bowel syndrome and non-celiac
gluten sensitivity: A clinical dilemma. Nutrients 2015, 7, 10417-10426. [CrossRef] [PubMed]

Leonard, M.M.; Cambhi, S.; Huedo-Medina, T.B.; Fasano, A. Celiac disease genomic, environmental,
microbiome, and metabolomic (CDGEMM) study design: Approach to the future of personalized prevention
of celiac disease. Nutrients 2015, 7, 9325-9336. [CrossRef] [PubMed]

Leonard, M.M.; Fasano, A. The microbiome as a possible target to prevent celiac disease. Expert Rev.
Gastroenterol. Hepatol. 2016, 10, 555-556. [CrossRef] [PubMed]

Hischenhuber, C.; Crevel, R.; Jarry, B.; Maki, M.; Moneret-Vautrin, D.A.; Romano, A.; Troncone, R.;
Ward, R. Review article: Safe amounts of gluten for patients with wheat allergy or coeliac disease.
Aliment. Pharmacol. Ther. 2006, 23, 559-575. [CrossRef] [PubMed]

Penagini, F; Dilillo, D.; Meneghin, F.; Mameli, C.; Fabiano, V.; Zuccotti, G.V. Gluten-free diet in children:
An approach to a nutritionally adequate and balanced diet. Nutrients 2013, 5, 4553-4565. [CrossRef]
[PubMed]

Saturni, L.; Ferretti, G.; Bacchetti, T. The gluten-free diet: Safety and nutritional quality. Nutrients 2010, 2,
16-34. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.mayocp.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26434966
http://dx.doi.org/10.1016/j.jaci.2004.11.008
http://www.ncbi.nlm.nih.gov/pubmed/15637539
http://dx.doi.org/10.1016/j.alit.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26433529
http://www.ncbi.nlm.nih.gov/pubmed/18823308
http://dx.doi.org/10.1016/j.jaci.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18619665
http://dx.doi.org/10.3177/jnsv.50.367
http://www.ncbi.nlm.nih.gov/pubmed/15754499
http://dx.doi.org/10.1006/bbrc.1996.0225
http://www.ncbi.nlm.nih.gov/pubmed/8604979
http://www.ncbi.nlm.nih.gov/pubmed/24885375
http://dx.doi.org/10.1097/01.meg.0000435546.87251.f7
http://www.ncbi.nlm.nih.gov/pubmed/24216570
http://dx.doi.org/10.1186/1741-7015-9-23
http://www.ncbi.nlm.nih.gov/pubmed/21392369
http://dx.doi.org/10.1016/j.cgh.2013.04.022
http://www.ncbi.nlm.nih.gov/pubmed/23639603
http://dx.doi.org/10.1038/nrgastro.2015.107
http://www.ncbi.nlm.nih.gov/pubmed/26122473
http://dx.doi.org/10.1016/j.schres.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25311778
http://dx.doi.org/10.3390/nu7075235
http://www.ncbi.nlm.nih.gov/pubmed/26184290
http://dx.doi.org/10.1038/ajg.2012.344
http://www.ncbi.nlm.nih.gov/pubmed/23211856
http://dx.doi.org/10.3390/nu7125541
http://www.ncbi.nlm.nih.gov/pubmed/26690475
http://dx.doi.org/10.3390/nu7115470
http://www.ncbi.nlm.nih.gov/pubmed/26569299
http://dx.doi.org/10.1586/17474124.2016.1166954
http://www.ncbi.nlm.nih.gov/pubmed/26999627
http://dx.doi.org/10.1111/j.1365-2036.2006.02768.x
http://www.ncbi.nlm.nih.gov/pubmed/16480395
http://dx.doi.org/10.3390/nu5114553
http://www.ncbi.nlm.nih.gov/pubmed/24253052
http://dx.doi.org/10.3390/nu2010016
http://www.ncbi.nlm.nih.gov/pubmed/22253989

Nutrients 2016, 8, 644 26 of 27

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Hallert, C.; Grant, C.; Grehn, S.; Granno, C.; Hulten, S.; Midhagen, G.; Strom, M.; Svensson, H.;
Valdimarsson, T. Evidence of poor vitamin status in coeliac patients on a gluten-free diet for 10 years.
Aliment. Pharmacol. Ther. 2002, 16, 1333-1339. [CrossRef] [PubMed]

Hallert, C.; Svensson, M.; Tholstrup, J.; Hultberg, B. Clinical trial: B vitamins improve health in patients with
coeliac disease living on a gluten-free diet. Aliment. Pharmacol. Ther. 2009, 29, 811-816. [CrossRef] [PubMed]
Pantaleoni, S.; Luchino, M.; Adriani, A.; Pellicano, R.; Stradella, D.; Ribaldone, D.G.; Sapone, N.; Isaia, G.C.;
Di Stefano, M.; Astegiano, M. Bone mineral density at diagnosis of celiac disease and after 1 year of
gluten-free diet. Sci. World ]. 2014, 2014, 173082. [CrossRef] [PubMed]

Caruso, R.; Pallone, F; Stasi, E.; Romeo, S.; Monteleone, G. Appropriate nutrient supplementation in celiac
disease. Ann. Med. 2013, 45, 522-531. [CrossRef] [PubMed]

Vici, G.; Belli, L.; Biondi, M.; Polzonetti, V. Gluten free diet and nutrient deficiencies: A review. Clin. Nutr.
2016, in press. [CrossRef] [PubMed]

Lamacchia, C.; Camarca, A.; Picascia, S.; Di Luccia, A.; Gianfrani, C. Cereal-based gluten-free food: How to
reconcile nutritional and technological properties of wheat proteins with safety for celiac disease patients.
Nutrients 2014, 6, 575-590. [CrossRef] [PubMed]

Szajewska, H.; Shamir, R.; Mearin, L.; Ribes-Koninckx, C.; Catassi, C.; Domellof, M.; Fewtrell, M.S.; Husby, S.;
Papadopoulou, A.; Vandenplas, Y.; et al. Gluten introduction and the risk of coeliac disease: A position paper
by the european society for pediatric gastroenterology, hepatology, and nutrition. J. Pediatr. Gastroenterol. Nutr.
2016, 62, 507-513. [CrossRef] [PubMed]

Fasano, A. Novel therapeutic/integrative approaches for celiac disease and dermatitis herpetiformis.
Clin. Dev. Immunol. 2012, 2012, 959061. [CrossRef] [PubMed]

Zamyatnin, A.A., Jr. Plant proteases involved in regulated cell death. Biochemistry 2015, 80, 1701-1715.
[CrossRef] [PubMed]

Yike, I. Fungal proteases and their pathophysiological effects. Mycopathologia 2011, 171, 299-323. [CrossRef]
[PubMed]

Kantyka, T.; Shaw, L.N.; Potempa, J. Papain-like proteases of Staphylococcus aureus. Adv. Exp. Med. Biol.
2011, 712, 1-14. [PubMed]

Bethune, M.T.; Khosla, C. Oral enzyme therapy for celiac sprue. Methods Enzymol. 2012, 502, 241-271.
[PubMed]

Wieser, H.; Koehler, P. Detoxification of gluten by means of enzymatic treatment. J. AOAC Int. 2012, 95,
356-363. [CrossRef] [PubMed]

Savvateeva, L.V, Zamyatnin, A.A. Prospects of Developing Medicinal Therapeutic strategies and
pharmaceutical design for effective gluten intolerance treatment. Curr. Pharm. Des. 2016, 22, 2439-2449.
[CrossRef] [PubMed]

Savvateeva, L.V.; Gorokhovets, N.V.; Makarov, V.A.; Serebryakova, M.V.; Solovyev, A.G.; Morozov, S.Y.;
Reddy, V.P; Zernii, E.Y.; Zamyatnin, A.A,, Jr.; Aliev, G. Glutenase and collagenase activities of wheat cysteine
protease Triticain-alpha: Feasibility for enzymatic therapy assays. Int. J. Biochem. Cell Biol. 2015, 62, 115-124.
[CrossRef] [PubMed]

Bethune, M.T,; Strop, P; Tang, Y.; Sollid, L.M.; Khosla, C. Heterologous expression, purification, refolding,
and structural-functional characterization of EP-B2, a self-activating barley cysteine endoprotease. Chem. Biol.
2006, 13, 637-647. [CrossRef] [PubMed]

Shan, L.; Marti, T.; Sollid, L.M.; Gray, G.M.; Khosla, C. Comparative biochemical analysis of three bacterial
prolyl endopeptidases: Implications for coeliac sprue. Biochem. |. 2004, 383, 311-318. [CrossRef] [PubMed]

Goptar, I.A.; Semashko, T.A.; Danilenko, S.A.; Lysogorskaya, E.N.; Oksenoit, E.S.; Zhuzhikov, D.P;
Belozersky, M.A.; Dunaevsky, Y.E.; Oppert, B.; Filippova, L.Y,; et al. Cysteine digestive peptidases function as
post-glutamine cleaving enzymes in tenebrionid stored-product pests. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 2012, 161, 148-154. [CrossRef] [PubMed]

Lahdeaho, M.L.; Kaukinen, K.; Laurila, K.; Vuotikka, P.; Koivurova, O.P.; Karja-Lahdensuu, T.;
Marcantonio, A.; Adelman, D.C.; Maki, M. Glutenase ALV003 attenuates gluten-induced mucosal injury in
patients with celiac disease. Gastroenterology 2014, 146, 1649-1658. [CrossRef] [PubMed]

Tye-Din, J.A.; Anderson, R.P; Ffrench, R.A.; Brown, G.J.; Hodsman, P; Siegel, M.; Botwick, W.; Shreeniwas, R.
The effects of ALV003 pre-digestion of gluten on immune response and symptoms in celiac disease in vivo.
Clin. Immunol. 2010, 134, 289-295. [CrossRef] [PubMed]


http://dx.doi.org/10.1046/j.1365-2036.2002.01283.x
http://www.ncbi.nlm.nih.gov/pubmed/12144584
http://dx.doi.org/10.1111/j.1365-2036.2009.03945.x
http://www.ncbi.nlm.nih.gov/pubmed/19154566
http://dx.doi.org/10.1155/2014/173082
http://www.ncbi.nlm.nih.gov/pubmed/25379519
http://dx.doi.org/10.3109/07853890.2013.849383
http://www.ncbi.nlm.nih.gov/pubmed/24195595
http://dx.doi.org/10.1016/j.clnu.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27211234
http://dx.doi.org/10.3390/nu6020575
http://www.ncbi.nlm.nih.gov/pubmed/24481131
http://dx.doi.org/10.1097/MPG.0000000000001105
http://www.ncbi.nlm.nih.gov/pubmed/26815017
http://dx.doi.org/10.1155/2012/959061
http://www.ncbi.nlm.nih.gov/pubmed/23093980
http://dx.doi.org/10.1134/S0006297915130064
http://www.ncbi.nlm.nih.gov/pubmed/26878575
http://dx.doi.org/10.1007/s11046-010-9386-2
http://www.ncbi.nlm.nih.gov/pubmed/21259054
http://www.ncbi.nlm.nih.gov/pubmed/21660655
http://www.ncbi.nlm.nih.gov/pubmed/22208988
http://dx.doi.org/10.5740/jaoacint.SGE_Wieser
http://www.ncbi.nlm.nih.gov/pubmed/22649919
http://dx.doi.org/10.2174/1381612822666160201115543
http://www.ncbi.nlm.nih.gov/pubmed/26831462
http://dx.doi.org/10.1016/j.biocel.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25765959
http://dx.doi.org/10.1016/j.chembiol.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16793521
http://dx.doi.org/10.1042/BJ20040907
http://www.ncbi.nlm.nih.gov/pubmed/15245330
http://dx.doi.org/10.1016/j.cbpb.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22056682
http://dx.doi.org/10.1053/j.gastro.2014.02.031
http://www.ncbi.nlm.nih.gov/pubmed/24583059
http://dx.doi.org/10.1016/j.clim.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19942485

Nutrients 2016, 8, 644 27 of 27

138.

139.

140.

141.

142.

143.

144.

145.

146.

Di Cagno, R.; De Angelis, M.; Auricchio, S.; Greco, L.; Clarke, C.; De Vincenzi, M.; Giovannini, C.;
D’Archivio, M.; Landolfo, E; Parrilli, G.; et al. Sourdough bread made from wheat and nontoxic flours
and started with selected lactobacilli is tolerated in celiac sprue patients. Appl. Environ. Microbiol. 2004, 70,
1088-1096. [CrossRef] [PubMed]

Altenbach, S.B.; Allen, P.V. Transformation of the US bread wheat ‘Butte 86’ and silencing of omega-5 gliadin
genes. GM Crops 2011, 2, 66-73. [CrossRef] [PubMed]

Gil-Humanes, J.; Piston, E; Tollefsen, S.; Sollid, L.M.; Barro, E. Effective shutdown in the expression of celiac
disease-related wheat gliadin T-cell epitopes by RNA interference. Proc. Natl. Acad. Sci. USA 2010, 107,
17023-17028. [CrossRef] [PubMed]

Tanner, G.J.; Howitt, C.A.; Forrester, R.I.; Campbell, PM.; Tye-Din, J.A.; Anderson, R.P. Dissecting
the T-cell response to hordeins in coeliac disease can develop barley with reduced immunotoxicity.
Aliment. Pharmacol. Ther. 2010, 32, 1184-1191. [CrossRef] [PubMed]

Hileman, R.E.; Silvanovich, A.; Goodman, R.E.; Rice, E.A.; Holleschak, G.; Astwood, J.D.; Hefle, S.L.
Bioinformatic methods for allergenicity assessment using a comprehensive allergen database. Int. Arch.
Allergy Immunol. 2002, 128, 280-291. [CrossRef] [PubMed]

Molberg, O.; McAdam, S.; Lundin, K.E.; Kristiansen, C.; Arentz-Hansen, H.; Kett, K.; Sollid, L.M. T cells from
celiac disease lesions recognize gliadin epitopes deamidated in situ by endogenous tissue transglutaminase.
Eur. J. Immunol. 2001, 31, 1317-1323. [CrossRef]

Keillor, ].W.; Apperley, K.Y.; Akbar, A. Inhibitors of tissue transglutaminase. Trends Pharmacol. Sci. 2015, 36,
32-40. [CrossRef] [PubMed]

Paterson, B.M.; Lammers, K.M.; Arrieta, M.C.; Fasano, A.; Meddings, ]J.B. The safety, tolerance,
pharmacokinetic and pharmacodynamic effects of single doses of AT-1001 in coeliac disease subjects:
A proof of concept study. Aliment. Pharmacol. Ther. 2007, 26, 757-766. [CrossRef] [PubMed]

Larche, M.; Wraith, D.C. Peptide-based therapeutic vaccines for allergic and autoimmune diseases. Nat. Med.
2005, 11, S69-S76. [CrossRef] [PubMed]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/AEM.70.2.1088-1096.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766592
http://dx.doi.org/10.4161/gmcr.2.1.15884
http://www.ncbi.nlm.nih.gov/pubmed/21844700
http://dx.doi.org/10.1073/pnas.1007773107
http://www.ncbi.nlm.nih.gov/pubmed/20829492
http://dx.doi.org/10.1111/j.1365-2036.2010.04452.x
http://www.ncbi.nlm.nih.gov/pubmed/21039679
http://dx.doi.org/10.1159/000063861
http://www.ncbi.nlm.nih.gov/pubmed/12218366
http://dx.doi.org/10.1002/1521-4141(200105)31:5&lt;1317::AID-IMMU1317&gt;3.0.CO;2-I
http://dx.doi.org/10.1016/j.tips.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25500711
http://dx.doi.org/10.1111/j.1365-2036.2007.03413.x
http://www.ncbi.nlm.nih.gov/pubmed/17697209
http://dx.doi.org/10.1038/nm1226
http://www.ncbi.nlm.nih.gov/pubmed/15812493
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Classification and Structure of Gluten Proteins 
	Wheat 
	Barley 
	Rye 
	Triticale 
	Oat 

	Gluten Evolution 
	Gluten Intolerance Pathogenesis 
	Cross-Reactivity between Gluten Proteins 
	Celiac Disease 
	Wheat Allergy 
	Non-Celiac Gluten Sensitivity (NCGS) 

	Gluten Detoxification Strategies 
	Gluten Free Diet (GFD) 
	Detoxification of Gluten Proteins with Enzymatic Therapy 
	Modified Grains 
	Corrections of Gluten Pathogenicity Pathways 

	Conclusions 

