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1 | INTRODUCTION

Wheat is one of the oldest and most cultivated cereals in
the world and occupies an essential space in human’s diet.
One of the decisive factors for the success of this cereal is
the fact that it contains a group of storage proteins with

Gluten-free products have emerged in response to the increasing prevalence of
gluten-related disorders, namely celiac disease. Therefore, the quantification of
gluten in products intended for consumption by individuals who may suffer from
these pathologies must be accurate and reproducible, in a way that allows their
proper labeling and protects the health of consumers. Immunochemical meth-
ods have been the methods of choice for quantifying gluten, and several kits are
commercially available. Nevertheless, they still face problems such as the initial
extraction of gluten in complex matrices or the use of a standardized reference
material to validate the results. Lately, other methodologies relying mostly on
mass spectrometry-based techniques have been explored, and that may allow, in
addition to quantitative analysis, the characterizationof gluten proteins. On the
other hand, although the level of 20 mg/kg of gluten detected by these methods is
sufficient for a product to be considered gluten-free, its immunogenic potential
for celiac patients has not been clinically validated. In this sense, in vitro and in
vivo models, such as the organoid technology applied in gut-on-chip devices and
the transgenic humanized mouse models, respectively, are being developed for
investigating both the gluten-induced pathogenesis and the treatment of celiac
disease. Due to the ubiquitous nature of gluten in the food industry, as well as
the increased prevalence of gluten-related disorders, here we intend to summa-
rize the available methods for gluten quantification in food matrices and for the
evaluation of its immunogenic potential concerning the development of novel
therapies for celiac disease to highlight active research and discuss knowledge
gaps and current challenges in this field.

KEYWORDS
celiac disease, gluten, immunochemical methods, in vitro models, in vivo models, proteomics

viscoelastic properties, the gluten, which makes it possi-
ble to transform wheat into various foods, including com-
mon bakery and pastry products (Ribeiro, Nunes-Miranda,
et al.,, 2013). In turn, gluten is not a single protein but
a complex mixture of two types of proteins, gliadins and
glutenins. As the main characteristics, gliadins (28-55kDa)
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are mostly monomeric, establishing intramolecular disul-
fide bonds (Wieser, 2007). They are soluble in alcohol solu-
tions and can be divided into a-, 3-, y-, and w-gliadins based
on their mobility in acid-polyacrylamide gel electrophore-
sis (A-PAGE) and lately in w5-, w1,2-, a/3-, and y-gliadins by
reversed-phase high-performance liquid chromatography
(RP-HPLC) (Wieser et al., 1994). In rheological terms, they
mainly provide viscosity to the wheat dough, functioning
as a lubricant for the large polymeric network established
by glutenins (Uthayakumaran & Wrigley, 2017). The latter,
with a higher molecular weight, are mainly divided by this
factor into high molecular weight glutenins (HMW-GS;
70-90 kDa) and low molecular weight glutenins (LMW-
GS; 30-45 kDa). They establish intra- and intermolecu-
lar disulfide bonds that are decisive for the formation
of the glutenin macropolymer, which is correlated with
the strength of the dough (Ribeiro, Bancel, et al., 2013;
Uthayakumaran & Wrigley, 2017). Glutenins are soluble in
dilute acid or alkali solutions, or with the help of reducing
agents to break the disulfide bonds (Wieser, 2007).

The amino acid composition of gluten proteins is domi-
nated by glutamine (>30%) and proline (>10%) residues.
In particular, proline residues confer some resistance to
gluten proteins to proteolysis by digestive enzymes in the
gastrointestinal tract (Shan et al., 2002). Unlike other pro-
teins commonly found in our diets, they can be absorbed
in an almost structurally intact form, which contributes
to the disease-inducing properties of gluten (Mittag et al.,
2004). The best known and studied example is given by
33-mer peptide. A peptide derived from a-gliadins that is
resistant to gastric/pancreatic digestion and is believed to
have a crucial role in the pathogenesis of the celiac dis-
ease (Shan et al., 2005). In celiac disease, the partially
hydrolyzed peptides can enter the lamina propria through
mechanisms that include paracellular and transcellular
routes, which remain to be better elucidated (Schumann
et al., 2008). Glutamine residues are deamidated by tissue
transglutaminase, which decisively increases the immuno-
genic potential of these peptides through a stronger bind-
ing to DQ2 or DQ8 heterodimeric surface receptors present
in antigen-presenting cells, which in turn will activate a
response from intestinal CD4* T cells resulting in the dam-
age of the intestinal mucosa (Caio et al., 2019). In addi-
tion to celiac disease, gluten is also the main trigger of
other autoimmune disorders, such as dermatitis herpeti-
form and gluten ataxia, and allergic conditions such as
gluten allergy (Lerner et al., 2019). Nonceliac wheat/gluten
sensitivity is a condition in which people who test nega-
tive for both celiac disease and gluten allergy experience
some symptoms similar to celiac disease, but which resolve
after excluding wheat/gluten from their diets. Neverthe-
less, there is still an extensive debate about the main trig-
ger of this condition, with oligosaccharides such as fruc-

tans recently been pointed out, rather than gluten (Skodje
etal., 2018).

Gluten-free products have emerged with the growing
concern associated with the wide spectrum of gluten-
related disorders. These can be characterized as food prod-
ucts that try to imitate the corresponding traditional foods,
replacing gluten by other ingredients, such as polysac-
charide hydrocolloids and proteins of various origins, in
order to provide an organoleptic experience as close as
possible to gluten-containing counterparts (Ribeiro et al.,
2019). With the development of this type of products and
to ensure the safety of the diet of people suffering from
health problems related to gluten, specific regulation was
created (Administration, 2013; Commission, 2008; Regu-
lation, 2009) defining gluten-free products; the statement
“gluten-free” may only be made when the food contains no
more than 20 mg/kg of gluten. In this context, the quan-
tification of gluten takes on particular importance, and the
methods intended for this purpose must be reliable, repro-
ducible, and with adequate limits of detection and quan-
tification (Martinez-Esteso et al., 2017).

The first method endorsed by Codex Alimentarius
for the quantification of gluten was the R5 monoclonal
antibody-based enzyme-linked immunosorbent assay
(ELISA) (Commission, 2008). This antibody was raised
against rye w-secalins and recognizes potential celiac-toxic
pentapeptide epitopes (Kahlenberg et al., 2006; Osman
et al., 2001). Later, another ELISA, based on an antibody
raised against the 33-mer peptide from wheat a-gliadins,
the G12 monoclonal antibody, has been accepted, in addi-
tion to the R5-based ELISA, by the Association of Official
Analytical Chemists (AOAC) International and the Amer-
ican Association for Clinical Chemistry (AACC) as a
method for the detection of gluten (Halbmayr-Jech et al.,
2019). Although some authors have obtained comparable
results for the amount of gluten in routine samples labeled
as gluten-free by ELISA methodologies based on these
antibodies (Hochegger et al., 2015), there are some con-
cerns about the heterogeneous response of these and other
commercially available antibodies particularly concerning
wheat, barley, and rye glutelins (Lexhaller et al., 2016;
Martinez-Esteso et al., 2017). The major criticism comes
essentially from the lack of uniformity of the different
commercial kits available, which due to factors such as
the nonexistence of a globally accepted reference material
for the calibration of the assay, different procedures for the
extraction of gluten proteins or the different specificity of
the antibodies may show inconsistent results (Diaz-Amigo
& Popping, 2013).

New methods of analysis of gluten for quantitative pur-
poses have been explored and are based on genomic and
proteomic approaches. Polymerase chain reaction (PCR) is
the technique of choice in genomic approaches, following
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the principle of identifying contaminating DNA sequences
from wheat, rye, or barley in gluten-free products (Dahin-
den et al., 2001; Mujico et al., 2011). On the other hand,
the proteomic approaches supported by sophisticated mass
spectrometry technologies have demonstrated the ability
to be used for the quantification of gluten, adding the pos-
sibility to analyze the nature of the proteins/peptides and
thus providing important insights into their immunogenic
potential, for example, for celiac disease (Schalk et al.,
2017). Nevertheless, it is important to note that there are
also significant limitations, such as the analysis of complex
hydrolyzed samples and without forgetting the cost of this
technology (Alves et al., 2019).

On the other hand, fundamental research on celiac dis-
ease and the search for new alternatives to the gluten-free
diet or a possible treatment for this disease require more
sophisticated approaches than just the quantification
of gluten. In fact, in recent times some new genera-
tion therapies have been developed, mostly relying on
down-regulation of gliadin expression, proteolysis of
immunodominant peptides, transamidation of glutamine
residues, and sequestering of gliadin proteins, which
essentially aim to improve the quality of life of the people
who have celiac disease (Ribeiro et al., 2018). Thus, we
have witnessed the development of increasingly complex
in vitro models that are able to mimic in a closer way
the pathophysiological processes involved in the disease
and with crucial importance for the preclinical validation
of most of these technologies. Besides, these studies are
also supported by some in vivo models, spontaneous or
induced, and even genetically engineered (Stoven et al.,
2013).

The present work aims to critically review the main
techniques and methodologies related to the quantifica-
tion of gluten, its legal framework, and perspectives on
the evolution of immunochemical methods up to advanced
approaches based on omics tools. It is also the objective
of this work to review the in vitro and in vivo models
currently available for both fundamental research and the
search for a nondietary treatment for celiac disease.

2 | IMMUNOCHEMICAL DETECTION
METHODS

2.1 | Brieflegal context

In 2009, the European Commission approved the Com-
mission Regulation No. 41/2009 (Regulation, 2009), which
was updated under the new Commission Regulation No.
828/2014 in 2014 (Regulation, 2014), both stating that prod-

ucts can only be labeled “gluten-free” if the final product
sold to the consumer contains no more than 20 mg/kg of
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gluten. The “very low gluten” label is used if foods con-
taining ingredients made from wheat, barley, rye, oat, or
their crossbred varieties, which are specially processed to
reduce gluten content, which does not exceed 100 mg/kg
of gluten in the final product sold to the consumer. Fur-
thermore, it is also stated that food products containing
oat must have been specially processed to prevent contam-
ination by wheat, barley, rye, or their crossbred varieties,
and their gluten content must not exceed 20 mg/kg (Regu-
lation, 2014). Other countries such as China, Switzerland,
South Africa, Canada, Australia, and the United States
also have their legislation regarding gluten-free products
labeling (Haraszi et al., 2011). For example, the U.S. Food
and Drug Administration (FDA) approved, in 2013, the
final rule stating that food may only be labeled gluten-
free if the final product meets the following requirements:
(a) must contain less than 20 parts per million (ppm) of
gluten; (b) cannot contain wheat, rye, barley, or their cross-
bred varieties; (c) cannot contain ingredients derived from
wheat, barley, and rye that have not been processed to
remove gluten; and (d) contains ingredients derived from
wheat, rye, barley, and triticale that have been processed to
remove gluten (e.g., wheat starch) (Administration, 2013).
In 2020, FDA has issued a final rule concerning “gluten-
free” labeling for foods that are fermented or hydrolyzed or
that contain fermented or hydrolyzed ingredients. The rule
requires manufacturers of these food products to make and
keep records providing adequate assurance that the food
meets the definition of “gluten-free” before fermentation
or hydrolysis; the manufacturer has adequately evaluated
the potential for cross-contact with gluten during the man-
ufacturing process; and if necessary, measures are in place
to prevent the introduction of gluten into the food during
the manufacturing process (Admnistration, 2020). Thus,
the gluten content of foodstuff must be properly measured
to ensure that gluten-free or very low gluten products are
accordingly labeled.

2.2 | Antibodies used for detection and
quantification of gluten

Immunochemical tests are the most common methods
used to detect gluten proteins since they are sensitive, easy
to use, and provide rapid results (Slot et al., 2016). These
tests are based on the specific reaction between antibodies
(immunoglobulins) and the substance to be determined,
the antigens (celiac disease toxic proteins and peptides)
(Wieser, 2008). The ELISA and the lateral-flow devices
(LFD), also known as dipstick tests, are the two immunoas-
says most used to analyze the gluten content of food prod-
ucts. The differences between them are that ELISA is a
quantitative test used to screen foodstuff, and LFD is a
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FIGURE 1 General procedure of an ELISA analysis using the two most common antibodies for the detection of gluten, R5 and G12

qualitative or semiquantitative test used to evaluate clean-
ing/decontamination techniques (Slot et al., 2016). Thus,
the ELISA systems are used for the labeling of food prod-
ucts taking into account the rules established in terms of
food security for the different countries (Figure 1).

Table 1 summarizes the main antibodies used in the
detection of gluten. In 1991, a monoclonal antibody, named
401/21, was used to develop a gluten detection method
whose target was w-gliadins (Skerritt & Hill, 1990) and has
also been shown to recognize HMW glutenins (Table 1)
(Allred & Ritter, 2010). The fact that the w-gliadin fraction
does not denature during the heating process is an advan-
tage of using this antibody. In other terms, this test can
be employed to estimate the gluten content of foods con-
taining both native (i.e., protein in their native state) and
heated proteins (Haraszi et al., 2011). However, the glutelin
recognition, together with the low amount and large vari-
ation of w-gliadins present among cereal species (Wieser
et al., 1994), leads to a fallible detection of the total pro-
lamin content. An underestimation of the total gluten con-
tent in foods containing barley happens because the 401/21
antibody responds weakly to hordeins (Thompson & Mén-
dez, 2008).

The R5 ELISA method, developed by Valdes et al. (2003)
and validated by Mendez et al. (2005), is the current Type
I Codex method for gluten assessment, which is used by
official control systems throughout Europe and calibrated
against the Prolamin Working Group (PWG) gliadin stan-
dard (Hochegger et al., 2015). The R5 antibody (Table 1)
was produced against rye secalins and strongly binds to
the QQPFP, LQPFP, QQQFP, and QLPFP epitopes which
are present in a-/-, y-, and w-gliadins (Mendez et al.,

2005) as well as in hordeins (from barley) and secalins but
not in avenins (from oat) (Valdes et al., 2003). Neverthe-
less, the number of epitopes varies with the type of pro-
tein and cereal. Attention should be given when select-
ing a standard since the R5 method overestimates hordein
in barley-contaminated foods unless a hordein standard is
used (Kanerva et al., 2006).

The GI12 antibody (Table 1) was produced
against the synthetic 33-mer peptide (LQLQPF-
PQPQLPYPQPQLPYPQPQLPYPQPQPF) of a2-gliadin by
Moron, Cebolla, et al. (2008), recognizing the QPQLPY
epitope of the peptide, which is present in prolamins from
wheat, barley, rye, and some oat varieties. However, its
sensitivity for oat is over a 100-fold lower than for barley
and wheat and almost 50-fold lower than for rye (Moron,
Bethune, et al., 2008). Therefore, the sensitivity for oat
is overly low in the legally relevant concentration range.
Additionally, this cross-reactivity inhibits the detection of
wheat, barley, and rye contaminations in oat (Slot et al.,
2016).

Recently, a new antigliadin antibody, named X6, has
been proposed (Table 1). This antibody strongly binds to
the QXQPFPXP epitope, and the PFP part is critical for
antibody recognition. The structurally recognizable epi-
tope is similar to R5 but with a larger size, which can
result in higher specificity. The authors claimed that this
new antibody has a high potential for using in test systems
designed to determine the gluten content in foods based on
the ELISA format (Shatalova et al., 2020).

At this standpoint, a recent study identified sequences
of gliadins and glutenins from wheat, which are appro-
priate for the generation of new antibodies. Novel celiac
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TABLE 1
Antibody Type Target Format
401/21 Monoclonal PQPQPFPQE; Sandwich
PQQPPFPEE
PN3 Monoclonal QQQPFP Sandwich
Competitive
R5 Monoclonal QQPFP; QQQFP; Sandwich
LQPFP; QLPFP
Competitive
Gliaa—2/9 Monoclonal LQPFPQPQ Competitive
Gliay—1 QQRPFI
Glia-a20 Monoclonal RPQQPYP Competitive
G12 Monoclonal QPQLPY Sandwich
Competitive
Al Monoclonal QLPYPQP Competitive
INRA-DG1 Monoclonal QPEEPFPE Competitive
2D4 Monoclonal Deamidated Sandwich
gliadin
Total gluten =~ Monoclonal Prolamins from  Sandwich
(four wheat, rye, and
monoclonal barley; HMW
antibodies glutelins from
including wheat and rye;
the R5) LMW glutelins
from wheat
X6 Monoclonal QXQPFPXP Sandwich
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Enzyme-linked immunosorbent assays (ELISA) and antibodies for prolamins and gluten detection

Gliadin
Standard LOD LOQ Reference
(ppm)  (ppm)
“Timgalen” variety h - (Skerritt & Hill,
1990)
“Kolibri” variety 0.08* - (Ellis et al., 1998)
PWG gliadin 0.128 = (Bermudo
Redondo et al.,
2005)
Gliadin from Sigma 1.56 3 (Valdes et al.,
2003)
PWG gliadin 0.36 1.22 (Mena et al.,
2012)
PWG gliadin 2.4 - (Spaenij-Dekking
et al., 2004)
Synthetic peptide - 3.6° (Mitea et al.,
containing the 2008)
a20-gliadin epitope®
Gliadin from Sigma 0.6 1.5 (Moron, Cebolla,
0.44 3.95 etal., 2008)
Gliadin from Sigma 1.63 6.98 (Moron,
Bethune, et al.,
2008)
Gluten sample with a 25¢ - (Tranquet et al.,
60% deamidation 2015)
level
Prolamins from wheat, 1 - (Benoit, Meshgi,
barley, rye, and oats; et al., 2016)
deamidated wheat
protein
Total gluten extract of 4 <5¢ <54 (Lacorn et al.,
wheat varieties 2019)
Gliadin from Sigma 2.5 5 (Shatalova et al.,

2020)

Abbreviations: HMW, high molecular weight; LMW, low molecular weight; LOD, limit of detection; LOQ, limit of quantification; PWG, prolamin working group.

“Sensitivity value.

bGluten-Tec kit manufactured by Europroxima.
‘ng/ml.

dppm of gluten.

disease-active target sequences include the peptide
motifs PQQSFP for y-gliadins, QQQYPS for a/s-gliadins,
QPGQGQQG for LMW-GS, and QPGQGQQG for HMW-
GS. These peptides are unique to wheat gluten, and, as a
result, cross-reactivity with maize or rice proteins is very
unlikely (Rockendorf et al., 2017).

In processed foods, prolamins can be partially or totally
hydrolyzed, for example, in malted barley. Short pep-

tides that lack two antibody binding sites cannot be
detected by sandwich ELISA because they require two
epitopes to bind. Nevertheless, the presence of only one
immunopathogenic element is enough to the onset of
celiac disease, thus making it possible to miss the toxic
gluten peptides in hydrolyzed foods by sandwich ELISA
(Panda, Fiedler, et al., 2015; Panda, Zoerb, et al., 2015).
The competitive ELISA format (see Figure 1), since it
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recognizes a single epitope, was specifically developed
to overcome this limitation and may be more effective
in detecting immunopathogenic peptides derived from
gluten in hydrolyzed foods (Panda & Garber, 2019). Com-
petitive ELISA based on R5 and GI2 antibodies are
commercially available to detect and quantify gluten in
hydrolyzed foods. Combining a competitive R5 ELISA and
peptic-tryptic digestion of prolamins was proven to be
appropriate for the determination of partially hydrolyzed
gluten in wheat, barley, and rye (Gessendorfer et al., 2009;
Mahroug et al., 2019). Nevertheless, the validation of this
method was based on the detection of the reference mate-
rial spiked into various foods, thus depending on the fer-
mentation conditions and resulting proteolysis, the valida-
tion performed may not be scientifically valid (Mattarozzi
& Careri, 2019; Panda & Garber, 2019).

A few studies have shown that the reactivity of the G12
to peptides relates to potential celiac immunotoxicity in
fermented beverages such as beer. This antibody showed
to recognize T cell epitopes in beer (Comino et al., 2013;
Real et al., 2014). Moreover, when compared to the R5 anti-
body, the G12 showed to be more reactive at immunocap-
turing a hydrolyzed gliadin present in wheat and the T cell
active peptides present in barley beer (Moreno et al., 2016).
This evidence suggests that for the analysis of fermented-
hydrolyzed gluten, the G12 ELISA could be more suit-
able, compared to the R5-based ELISA. Meanwhile, it
was produced a novel multiplex-competitive ELISA, which
included gluten-specific antibodies from nine different
commercial ELISA test kits. Thus, the use of different anti-
bodies that target different gluten epitopes allowed the
authors to differentiate the protein characteristics of differ-
ent fermentation processes; it was possible to distinguish
between the sourdough breads, the soy-based sauces, the
wheat beers, and the barley beers (Panda et al., 2017).

Deamidation can also take place during food process-
ing, and monoclonal antibodies have been produced to
detect deamidated gluten for food safety. It should be noted
that the deamidation of glutamine residues has a vital
role in the pathogenesis of the celiac disease as this reac-
tion increases the binding affinity of gluten peptides to
the human leukocyte antigen (HLA) receptors in antigen-
presenting cells (Di Sabatino et al., 2012). Tranquet et al.
(2015) produced the antibody INRA-DG1, which can be
used to detect deamidated gluten sequences (Table 1). Like-
wise, 2D4 monoclonal antibody was developed to recog-
nize deamidated gliadin (Benoit, Cox, et al., 2016; Benoit,
Meshgi, et al., 2016), and 2B9 monoclonal antibody-based
LFD was recently proposed as an immunodiagnostic assay
for rapid detection of deamidated gluten (Masiri et al.,
2016).

As previously mentioned, LFD is used to detect the pres-
ence of gluten in food products in a qualitative or semi-

quantitative way. They are commercially available since
they perform a rapid analysis, are user friendly, and are
useful for on-site analysis (Panda & Garber, 2019). Most
of these tests use the R5 or G12 antibodies and the sand-
wich methodology. Recently, an LFD, named NimaTM,
was created to help the consumers to detect the presence of
gluten in food products. This device incorporates food pro-
cessing, gluten detection, result interpretation, and data
transmission in a portable device for consumers. Com-
pared with the reference R5, NimaTM antibodies 14G11
and 13F6 showed a 6.6- and 35-fold higher affinity for
gliadin proteins, respectively (J. Zhang et al., 2019). Also,
some biosensors for detecting gliadin contamination in
gluten-free foods have been developed. Weng et al. (2016)
have developed a microfluidic biosensor that significantly
reduces the use of costly reagents and samples (up to 20-
fold). It also reduces the detection time from 4 h to 20
min while maintaining superior sensitivity (Weng et al.,
2016).

2.3 | General limitations

In ELISA or LFD systems, gluten proteins are generally
divided into two groups according to their solubility in
alcohol-water solutions: the soluble prolamins and the
insoluble glutelins. Both techniques detect epitopes within
the prolamin group and use a correlation factor of 2 to
obtain the total gluten content. The calculation of gluten
content is normally performed based on the assumption of
a 50:50 ratio between prolamins and glutelins. Nonethe-
less, a few studies have reported some differences in the
ratio between prolamins and glutelins, indicating a fac-
tor around 65:35 mainly for rye and barley and depend-
ing on the species of the cereal and variety, meaning that
when calculating the gluten content, it would be more
accurate to use a correlation factor of 1.6 (Mena & Sousa,
2015; Thompson & Méndez, 2008). Besides the ELISA R5
method being the current Type I Codex method for gluten
assessment, it only measures the prolamin fraction using
a correlation factor of 2 to obtain the total gluten con-
tent. The recently developed Total Gluten ELISA detects
both gluten fractions and, thus, measures the gluten con-
tent (Lacorn et al., 2019). However, the PWG believes that
it cannot exist two type I methods because the definition
of a type I method as “the only method” should exclude
approval of a second type I method. On the contrary, if
there is a method on the market that meets all the crite-
ria of the Codex and has been approved by suitable col-
laborative studies, it should not be excluded due to the
fact that another method has already been approved by the
Codex Alimentarius and should decide soon how to pro-
ceed (Scherf et al., 2020).
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Furthermore, other relevant limitations of the immuno-
chemical methods are related to (1) the extraction of gluten
proteins, (2) the choice of which epitopes should be tar-
geted by the detection methods, and (3) the production of
a standardized reference material (Slot et al., 2016). The
extraction of gluten proteins is the first step for gluten anal-
ysis; however, gluten proteins are insoluble in water, but
prolamins are soluble in ethanol and glutelins in dilute
acid and alkali solutions. Due to the difference in solubil-
ity characteristics of these different gluten protein groups,
full extraction remains problematic. As mentioned before,
ELISA-based test systems aim to extract and detect the pro-
lamin group and apply a correlation factor to estimate the
total gluten content; nevertheless, incomplete extraction
of prolamins can occur in some extraction protocols. Con-
sequently, gluten detection methods only provide a rela-
tive indication of the true gluten content in food (Wieser,
2008). Despite this, new efforts have been made regard-
ing the development of new solutions for the solubiliza-
tion of gluten proteins. For example, the Universal Gluten
Extraction Solution (UGES) has the advantage of using
more environmentally friendly components and is com-
patible with the competitive format of the ELISA tech-
nique when compared with the cocktail solution recom-
mended by Codex Alimentarius (Segura et al., 2021). The
second major problem with gluten detection is that all the
methods use antibodies raised against a specific prolamin
epitope. Hence, the estimation of the total gluten content
can be miscalculated because it is probable that they miss
other epitopes, leading, therefore, to false-negatives results
(Mena et al., 2012). A final problem is the lack of a stan-
dardized reference material representative of gluten pro-
teins. The reference should be used to reduce the varia-
tions between the assays and to enable the comparison of
results from different laboratories and/or obtained with
different techniques. In recent years, it is prevalent the
use of various standard reference materials by the differ-
ent commercial ELISA kits available to quantify the gluten
content. Still, the standard of the Working Group on Pro-
lamin Analysis and Toxicity (WGPAT) for gluten analy-
sis has been the most widely used. Nevertheless, cereals
contain a more significant number of proteins than those
present in the WGPAT standard (Haraszi et al., 2011; Mena
& Sousa, 2015; Slot et al., 2016; Wieser, 2008). Overall, these
problems limit the reproducibility of this widely used tech-
nique.

3 | PROTEOMICS-BASED METHODS

In the past years, mass spectrometry techniques have cre-
ated high expectations for the quantification of gluten,
essentially due to the resolution of some problems associ-
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ated with the use of immunochemical methods (Manfredi
et al., 2015), allowing accurate quantification and identifi-
cation of the source of cereals, the type of protein, and the
identification of celiac-related immunogenic sequences
(Colgrave et al., 2016; Schalk et al., 2018a). Figure 2 shows
an overview of a possible proteomic approach for gluten
analysis, and Table 2 shows the different proteomics-based
approaches for gluten analysis developed in recent years.

In general, during the proteomics-based approaches,
some aspects should be considered. For example, the
appropriate extraction considering the solubility of gluten
proteins, resorting to the use of reducing and denatur-
ing agents (Alves et al., 2019) and the enzymatic digestion
because the size of the peptides, the ability to be ionized
and fragmented may be taken into consideration since they
interfere in the sensibility of the methods (Fiedler et al.,
2014). Furthermore, the ionization source and the type of
mass spectrometry analyzer can interfere with the analysis
and, consequently, the identification and quantification of
proteins (Alves et al., 2019). For example, matrix-assisted
laser desorption ionization time-of-flight mass spectrome-
try (MALDI-TOF MS) is a robust and sensitive technique
that has been used in the characterization of wheat storage
proteins; however, it cannot be used in conjunction with
liquid chromatography (LC) methods (Ferreira et al., 2014).
On the other hand, electrospray ionization (ESI) has been
used as an adjunct to LC in the detection of immunogenic
gluten marker peptides in a variety of foods since it has a
good potential for the analysis of complex proteins (Jira &
Munch, 2019; Manfredi et al., 2015).

LC-MS or high-performance liquid chromatography
(HPLC)-MS is an analytical technique and an important
tool for the quantification and identification of immunore-
active cereal proteins (Alves et al., 2019). It consists of a
separation process based on the differential interaction of
the sample components with a stationary phase or column,
allowing its separation before being introduced into the ion
source (ionization) for the mass spectrometer. The ions are
separated and detected based on their mass/charge ratio
(m/z). Thus, this method allows us to quantify several pep-
tides and proteins in the same experiment and to identify
and differentiate the different species of cereals and protein
subunits (Ferreira et al., 2014). In order to increase the abil-
ity to study and analyze complex samples, tandem mass
spectrometry (MS/MS) is often used. In general, two or
more mass analyzers are coupled together. Precursor ions
are introduced into a collision cell to undergo specific frag-
mentation by collision-induced dissociation (CID). This
collision occurs by an inert gas, usually nitrogen or argon,
resulting in the formation of product ions, that is, the iden-
tified peptides are selected and subjected to fragmentation
to elucidate the sequence of amino acids, allowing the con-
firmation and identification of different sequences (Graves
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FIGURE 2 Proteomics-based workflow for gluten analysis

& Haystead, 2002). When associated with LC, the analy-
sis of biomolecules in complex samples is more accurate
due to their high levels of sensitivity and specificity (Alves
et al., 2017). Still, its wider use is hampered by the high
monetary value of the equipment, and not all laborato-
ries are specialized for such analyses (Graves & Haystead,
2002).

In celiac disease, the prolamin storage proteins, namely
gliadins, are responsible for triggering serious health prob-
lems (Caio et al., 2019). Nevertheless, the gliadins and
glutenins share a high degree of similarity, mainly due
to a large number of repetitive sequences, which makes
it difficult to identify and analyze immunoreactive pep-
tides (Alves et al., 2019; Juhasz et al., 2015). At this stand-
point, LC-MS/MS for gluten detection has been used for
identifying celiac-related immunogenic peptides, such as
a- and y-gliadin derived peptides, and often the proteolyti-
cally resistant 33-mer peptide (Alves et al., 2018; Malalgoda
et al., 2018), which is believed to have a pivotal role in the
pathogenesis of the celiac disease (Shan et al., 2002, 2005).
In the same way, this technique has been used in the search
for gluten markers. The combination of LC strategies can
be used for a primary study of gluten proteins using RP-
HPLC or size exclusion (SE)-HPLC followed by multi-
enzymatic digestion of the resulting protein fractions and
high-resolution measurements by MS or MS/MS (Jira &
Munch, 2019; Schalk et al., 2018a). The gluten marker pep-
tides obtained can be identified by comparison via in silico
(using various databases) and with experimental results
(Juhasz et al., 2015). For the selection of gluten markers,
selected reaction monitoring (SRM) and multiple reaction
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monitoring (MRM) are methods that allow targeted anal-
yses, especially for quantification that aids in the selection
of gluten markers (Alves et al., 2017; Martinez-Esteso et al.,
2017). In these techniques, there are projections of transi-
tions for the target analyte, involving the selection of pre-
cursor ions and their corresponding product ions based on
predefined criteria (Kitteringham et al., 2009). The high
sensitivity of this monitoring allows the precise quantifi-
cation of proteins, as well as different isoforms. In the case
of allergens, this has a great advantage since they have sev-
eral different isoforms and cannot be easily detected using
antibody-based methods (Koeberl et al., 2014).

Various types of mass analyzers are used for the
selection of gluten markers, such as TOF, where the
mass/charge ratio is determined via a time-of-flight mea-
surement (Mejias et al., 2014), or in triple quadrupole
(QqQ), which allow precise quantification of target
proteins in complex samples with a wide dynamic
range (Martinez-Esteso et al., 2017). In short, for triple
quadrupole, the precursor ions will be selected and focused
on the first quadrupole (Q1). In the second quadrupole
(Q2), a collision gas (usually argon) is injected, leading to
ion fragmentation. This cell is a collision cell. In the last
quadrupole (Q3), the collision cell fragments are analyzed
according to their m/z (Kitteringham et al., 2009).

On the other hand, recent developments in the field
of quantitative proteomics such as MSF-based multi-
plex label-free proteomics may prove to be important
for the validation of new methodologies aimed at the
exact quantification of gluten in different food matrices
(Alves et al., 2019). Also known as data-independent mass
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spectrometry, MSE approaches are based on alternation
between energy levels scans on a Q-TOF instrument. More
specifically, the original technique uses high energy scans
that are MS/MS scans with no precursor isolation, and the
low energy scans are MS scans where all generated ions
in the ionization source are transmitted to the collision
cell, which alternates between high and low energy. After
this process, both precursors and fragments of the peptides
are sent to the TOF analyzer (Egertson et al., 2015). For
instance, this technology has already enabled the identi-
fication and quantification of critical allergenic proteins
and peptides carrying known epitopes involved in gluten-
related disorders such as baker’s asthma, allergy, wheat
dependent exercise-induced anaphylaxis (WDEIA), atopic
dermatitis, and celiac disease (Uvackova et al., 2013b).
Another study used an ultra-definition mass spectrome-
try (UDMSF) label-free quantitative approach, to analyze
the expression of metabolic proteins (albumins and globu-
lins) of wheat flours varying in technological quality. These
authors found a total of 414 proteins being differentially
expressed from nine cultivars of different qualities (Victo-
rio et al., 2018).

4 | DNA-BASED METHODS

PCR is a highly specific and sensitive method based on
the determination of specific DNA and its quantification
(Dahinden et al., 2001), and when compared with protein
analysis, these DNA-based tests are more sensitive. For
these reasons, DNA tests have proven to be very useful for
authenticating the varieties used in food production (Her-
nandez et al., 2005). In general, the presence of proteins
in food indicates the presence of DNA. Therefore, a DNA-
based method for detecting DNA fragments encoding toxic
epitopes in food can be applied. In addition, the PCR-based
method has a high yield, and it is timesaving (Dahinden
et al., 2001; X. Zhang et al., 2011).

The quantitative PCR method (Q-PCR) has been used
for the simultaneous detection of contamination of wheat,
barley, and rye in gluten-free foods (Mujico et al., 2011).
Some Q-PCR systems are based on TagMan probes. These
probes produce a fluorescence signal only if they hybridize
specifically with the target DNA sequence; if the probe
is not specific for the DNA sequence, there is no sig-
nal production (Hernandez et al., 2005; Mustorp et al.,
2011). Overall, Q-PCR systems are efficient at detecting pro-
lamins. Nevertheless, its use is limited when it comes to
hydrolyzed and highly processed food samples because the
DNA is practically undetectable due to its massive degra-
dation and, therefore, impossible to be amplified by Q-PCR
(Mujico et al., 2011). Thus, Q-PCR is a nonimmunologi-
cal method that allows the detection and quantification of

in Food Science and Food Safety

DNA present in various foods that contain wheat and can
be used for the detection of allergens or other sequences
associated with gluten-related disorders based on DNA.
Its use is more oriented toward the detection of gluten
contamination or authentication of food than to quantify
gluten, which in fact does not preclude its use as a com-
plement to traditional methods based on protein (Mustorp
et al., 2011; X. Zhang et al., 2011).

5 | INVITRO AND IN VIVO MODELS
WITHIN THE CONTEXT OF CELIAC
DISEASE

It is of great importance to quantify gluten for the cor-
rect labeling of food products so that they are not poten-
tial sources of health problems for people suffering from
gluten-related diseases. Although less than 20 ppm of
gluten is at a level where its intake by celiac patients
is potentially safe (Elli et al., 2020; Syage et al., 2018),
there are certain assumptions that require caution: (1) The
quantification of gluten by the methods approved by the
Codex Alimentarius is based on immunochemical meth-
ods, which despite using antibodies that recognize poten-
tial immunogenic sequences, there will be others that will
be under quantified (Lester, 2008); (2) some celiac-related
epitopes present immunodominance, such as 33-mer, how-
ever, there is heterogeneity in relation to the immune
response to different epitopes, which means that some may
trigger more severe responses in some patients and not in
others (Camarca et al., 2009); and (3) there are currently
several research lines to develop products based on gluten
devoid of toxicity for celiac patients. These are essentially
based on chemical and physical treatments, which, by
altering the structure of gluten, may have consequences on
its solubility and thus affect its quantification by traditional
methods (Mahroug et al., 2019; Ribeiro et al., 2018). In
this context, it should be noted that the methods reviewed
above are predominantly quantitative in nature and, with
the exception of techniques based on mass spectrometry,
which also allow a qualitative analysis, their results have
not been clinically validated for celiac disease. Obviously,
a reduction in the amount of gluten measured by tradi-
tional methods will have positive effects on the celiac dis-
ease. Still, it becomes insufficient for the study of new tar-
gets or therapeutic agents, or for the development of nondi-
etary therapies that could lead to clinical trials. They are
not able to mimic more complex intestinal functions that
are required for drug development and disease research.
Thus, different in vitro and in vivo models have been devel-
oped, which attempt to mimic both the innate and adaptive
immune responses and their relationship in the pathogen-
esis and manifestation of celiac disease.
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5.1 | Invitro models

In general, in vitro models include cell lines, patient-
derived cells, and intestinal biopsy cultures. More recently,
organoid and gut-on-chip technologies have provided new
opportunities for the development of in vitro models that
mimic more closely the pathophysiological processes char-
acteristic of celiac disease.

511 | Celllines

Different cells have been used to study particular events
associated with the pathogenesis of the celiac disease. For
example, cell lines such as Caco-2 or IEC-6 have been
widely used to study the function of the epithelial bar-
rier and, in turn, intestinal permeability. Their exposure
to gluten can result in a wide range of responses, which
include cytoskeletal rearrangement and tight junction dys-
function, as well as changes in the expression of inflam-
matory cytokines (Clemente et al., 2003). Moreover, Caco-
2 cells have allowed some insights into the relationship
between the intestinal microbiome and the development of
the celiac disease. In particular, Bacteroides fragilis strains
showed a strong adverse effect on the integrity of the Caco-
2 cell monolayer. It was hypothesized that the gliadin-
hydrolyzing activity of these bacteria is decisive in the gen-
eration of immunogenic peptides, increasing the produc-
tion of inflammatory cytokines (Sanchez et al., 2012).

51.2 | T-cell lines and clones

T-cell lines or clones derived from small intestinal biopsy
specimens of celiac patients have been used to fur-
ther study adaptive immune responses to gluten proteins
(Lundin et al., 1993). Its use allowed to know the func-
tion of specific cells and the elucidation of some pro-
cesses in the pathogenesis of the celiac disease, as the
role of CD11c*t dendritic cells on the activation of gluten-
reactive T cells (Raki et al., 2006), the development of DQ2
tetramers for characterization and diagnosis of celiac dis-
ease (Raki et al., 2006) or to demonstrate the role of tissue
transglutaminase in enhancing the immunogenic poten-
tial of gluten proteins through the deamidation process
(Molberg et al., 1998). More recently, several gluten T-cell
epitopes restricted by celiac disease-associated HLA-DQ
molecules have been identified (Sollid et al., 2012; Tye-Din
et al., 2010). This knowledge is fundamental to our under-
standing of the immunogenic potential of gluten and sim-
ilar proteins derived from cereals other than wheat. On
the one hand, it allows the development of antibodies that
do the eventual screening of these epitopes or the devel-

opment of dedicated databases for approaches based on
mass spectrometry, making the quantification of gluten
more comprehensive in relation to the celiac disease for
example. On the other hand, the use of these T cell-based
assays has been widely used to validate the results of dif-
ferent technologies focused on gluten detoxification, such
as the use of the down-regulation of gliadin expression
(Gil-Humanes et al., 2010), proteolysis of immunodomi-
nant peptides (Wolf et al., 2015), or the previous transami-
dation of glutamine residues (Ribeiro et al., 2020).

51.3 | Monocytes and dendritic cells
Monocytes and dendritic cells are in vitro models focused
on innate immune response, allowing the study of other
cells that contribute to gluten induced intestinal damage
(Marietta et al., 2009). Some authors reported that con-
trary to other food antigens, peptic fragments of gliadin
induced the production of IL-8 and TNF-a by human
monocytic line THP-1 cells (Jelinkova et al., 2004). Like-
wise, the peptic digests of gliadin also led to enhanced
expression of maturation markers and increased secretion
of chemokines and cytokines by human monocyte-derived
dendritic cells (Palova-Jelinkova et al., 2005). In addition,
a recent study aimed to investigate the role of intestinal
bacteria and gliadin on the modulation of phenotypic and
functional maturation of dendritic cells suggested that the
gut microbiota may influence phenotypic and functional
maturation of dendritic cells and their interactions with
epithelial cells (De Palma et al., 2012). As previously men-
tioned for Caco-2 cells, dendritic cells also allowed impor-
tant insights into the role of the microbiome in celiac dis-
ease progression. In general, cellular assays have been fun-
damental to the knowledge we have about the pathogen-
esis of celiac disease and have been used as an impor-
tant tool for the study of the immunogenicity of gluten.
Despite all its potential, its poor genomic integrity, and
the fact that the immortalized lines do not faithfully rep-
resent the genetic component associated with the disease,
can be pointed out as the main disadvantages of this model
(Moerkens et al., 2019).

5.1.4 | Intestinal biopsy cultures

Intestinal biopsy cultures derived from celiac patients are
the oldest model used to study celiac disease and com-
prehend the genetic background and the cell-cell interac-
tions present in the small intestine, recapitulating more
closely the complexity of celiac disease (Stoven et al., 2013).
This model allowed the initial studies on the toxicity of
specific peptides and gliadin fractions in celiac disease
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(Ciclitira et al., 1984; de Ritis et al., 1988). Other relevant
studies include the increased release of zonulin by celiac
epithelial cells when exposed to a peptic tryptic digest
of gliadin (Drago et al., 2006), how interactions between
secretory immunoglobulin A (SIgA) and transferrin recep-
tor (CD71) promote transepithelial transport of gliadin
peptides (Lebreton et al., 2012) or the contribution of IL-15
to maintain and expand the local inflammatory response in
celiac disease (Zanzi et al., 2011). On the other hand, as pre-
viously mentioned for the T cell-based assays, this model
was also used in the validation of novel methodologies aim-
ing the gluten detoxification for celiac patients, particu-
larly concerning the previous transamidation of glutamine
residues (Elli et al., 2012; Lombardi et al., 2013). Neverthe-
less, the availability of this model is low and limited, and
this is essentially due to its invasive nature. Besides, tissue
inflammation and limited life span comprise other limita-
tions, which together, hinder a more widespread use of this
model (Moerkens et al., 2019).

5.1.5 | Organoid and gut-on-chip technologies
In the past years, thanks to the development of new tech-
niques, particularly related to the stem cell technology, it
is possible to generate organoids from the human intes-
tine (Kretzschmar & Clevers, 2016; Spence et al., 2011).
A recent study showed important differences between
intestinal organoids generated from duodenal biopsies of
nonceliac and celiac patients, namely altered expression
of genes associated with the gut barrier, innate immune
response, and stem cell functions. In addition, by admin-
istering a peptic-tryptic digest of gliadins to the mono-
layers derived from the organoids generated from celiac
patients, the authors found that this treatment increased
the paracellular permeability and the secretion of proin-
flammatory cytokines when compared to nonceliac con-
trols (Freire et al., 2019), which makes this model partic-
ularly useful for modeling and studying the pathogenesis
of celiac disease and for developing potential treatments.
The main limitations are often related to inconsistency in
size and shape of the organoids, the fact they are cultured
in a static system that does not mimic the intestine’s phys-
ical environment, for example, the peristaltic movement,
and the necessary use of an extracellular matrix to main-
tain the organoids hinders the physiological interactions
with other components of the intestine (Moerkens et al.,
2019; Rossi et al., 2018). In this context, new opportuni-
ties are coming with the development of gut-on-chip sys-
tems. These are microfluidic devices in which intestinal
cells are seeded into channels under static culture con-
ditions, but then media is pumped through the channels
using, for example, peristaltic pumps to mimic the in vivo
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dynamic microenvironment. A common chip uses one
channel to simulate the lumen, and it is lined with epithe-
lial cells, whereas the other channel simulates a blood
vessel lined with vascular endothelial cells (Ashammakhi
et al., 2020). Interestingly, it was found that the physiologi-
cal peristalsis-like motions and liquid flow of a gut-on-chip
system were decisive to induce Caco-2 cells to undergo
three-dimensional (3D) villus differentiation, containing
different types of differentiated epithelial cells (absorptive,
mucus-secretory, enteroendocrine, and Paneth) (Kim &
Ingber, 2013). On the other hand, these devices offer a more
amenable platform to use organoid technology (Workman
et al., 2018) and enhancing it as transcriptomic analyzes
have shown that their combined use resulted in a system
that more closely mimics whole human duodenum in vivo
(Kasendra et al., 2018).

5.2 | Invivo models

In vivo models comprise a scientific tool that uses the
whole organism, that is, with the presence of hormonal,
neurological, and metabolic signals from other organs or
cellular systems. Although the cellular models are fun-
damental for our understanding of processes related to
the pathogenesis of celiac disease, modeling the systemic
development of the disease is logically limited to the in vivo
systems (Moerkens et al., 2019; Stoven et al., 2013).

5.2.1 | Spontaneous animal models

As spontaneous models in which sensitization is not nec-
essary for the disease to develop in these organisms dog
and monkey models are the most widely used, and more
recently, a horse model has also been reported (Stoven
etal., 2013). In the latter case, a study analyzed the concen-
tration of antibodies important for the diagnosis of celiac
disease in humans in blood from horses with inflamma-
tory small bowel disease with a gluten-rich diet and two
control groups with and without a gluten-rich diet. All
groups with a gluten-rich diet had higher values for tissue
transglutaminase, and particularly, a horse with inflam-
matory small bowel disease with markedly increased anti-
body levels presented a clinical recovery associated with
improved duodenal histopathology and reduction of anti-
body levels after the introduction of a gluten-free diet
(van der Kolk et al., 2012). The potential role of wheat
in the pathogenesis of a naturally occurring enteropathy
in Irish setter dogs was also studied. A cereal-containing
diet induced partial villus atrophy, increased intraepithe-
lial lymphocytes, and distinct biochemical abnormalities
in the brush border of these animals; the clinical recovery
was achieved on a wheat-free diet, and subsequent wheat
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challenge resulted in relapse (Batt et al., 1987; Hall & Batt,
1992). Similarly, rhesus macaques with chronic diarrhea of
noninfectious origin, showed symptoms compatible with
celiac disease, namely intestinal lesions, and antigliadin
antibodies when fed with a gluten-containing diet. Celiac-
related histological and serological features were reversed
with a gluten-free diet, whereas gluten reintroduction con-
ducted to a rapid relapse (Bethune et al., 2008). Besides,
the gluten-sensitive rhesus macaque model was recently
used to study the effect of gluten on the level of intestinal
microbiota, showing for example that some families of bac-
teria (Streptococcaceae and Lactobacillaceae) increased in
gluten-sensitive macaques while others such as Coriobac-
teriaceae increased in healthy animals after consumption
of gluten (Mohan et al., 2016).

5.2.2 | Induced animal models

There are also in vivo models where enteropathy is
induced. The administration of gliadin from birth by intra-
gastric probe in inbred germfree rats resulted in the short-
ening of jejunal villi, crypt hyperplasia, and increased
number of intraepithelial lymphocytes (Stepankova et al.,
1996). Later, using a similar gliadin-induced rat model,
it was found that the administration of Bifidobacterium
longum can attenuate the production of inflammatory
cytokines and the T-cell mediated immune response
(Laparra et al., 2012), as well as the capacity to modu-
late jejunal proteome (Olivares et al., 2012). Another study
evaluated the role of intestinal microbiota on the perme-
ability of the intestinal mucosa. The authors showed that
the co-administration of Shigella CBDS8 or Escherichia coli
CBL2 with peptic fragments of gliadin could result in an
increased impairment of tight junctions and translocation
of gliadin peptides into the lamina propria (Cinova et al.,
2011). Another induced animal model was developed by
transferring gliadin-presensitized CD4"CD25~ T cell frac-
tions from C57BL/6 donor mice to Ragl—/— recipient mice,
which showed deterioration of mucosal histological fea-
tures typical of celiac disease when challenged with oral
gluten (Freitag et al., 2009). Gluten sensitivity in mice
was also established by feeding BALB/c mice with gluten-
containing commercial food pellets for 30 days. The mice
on this diet developed villous atrophy, crypt hyperplasia,
and infiltration of T cells and macrophages in the small
intestine (Papista et al., 2012).

5.2.3 | Genetically-engineered animal models
Humanized mouse models, including transgenic and
knock out mice have been developed mainly to study spe-
cific pathways involved in the pathogenesis of the celiac

disease. Of these, mice that express the HLA genes DQ2 or
DQS8, which are fundamental genetic factors for celiac dis-
ease development, have been the most widely used (Dieli-
Crimi et al., 2015; Stoven et al., 2013). This model has been
instrumental in our understanding of the importance of
HLA receptors in the activation of T cells and the develop-
ment of immune response in celiac disease and other HLA-
associated immunological questions (Black et al., 2002;
Chen et al., 2003; D’Arienzo et al., 2009; Hovhannisyan
et al., 2008; Verdu et al., 2008). Also, transgenic gliadin-
sensitive HCD4-DQ8 mice were used for the prevalida-
tion of a technology that aims to create an adjuvant ther-
apy within the context of celiac disease, for example, in
a putative involuntary event of gluten exposure. It uses
a synthetic polymer that binds to gluten proteins, thus
decreasing its digestibility and the release of immunogenic
sequences during digestion (Pinier et al., 2009).

Other studies include the identification of major
immunodominant epitopes of a-gliadins (Senger et al.,
2005) or the evaluation of conjugated linoleic acid in
the activation of nuclear factor erythroid 2-related fac-
tor2 (Nrf2) within the context of gliadin-mediated toxic-
ity (Bergamo et al., 2011). On the other hand, some studies
with transgenic mice model have pointed out the impor-
tance of the innate immune response in the development
of gluten dependent enteropathy (Stoven et al., 2013). In
this context, a recent study described a mouse model that
combines an adaptive response to gluten with a chronic
perturbation of the innate immune system. It reproduces
the overexpression of IL-15 in the gut epithelium, and lam-
ina propria expresses the predisposing genetic factor HLA-
DQ8 and develops villous atrophy when challenged with
gluten (Abadie et al., 2020).

6 | CONCLUSIONS

ELISA systems are mostly used to monitor the gluten con-
tent in products labeled as gluten-free. There are multiple
ELISA test kits available using different reference materi-
als for calibration, extraction protocols, different formats
(sandwich and competitive), and even different antibodies.
All these differences make it almost impossible to compare
and reproduce the results reported by other researchers
or laboratories. The use of a standard reference material
that is representative of the analyte would help to uniform
all the results that researchers and laboratories report and
assuring that the analytical methods are accurate. Another
drawback is that commercial kits available only measure
the prolamin fraction and use a correlation factor of 2 to
obtain the total gluten content. This starts from a wrong
assumption as it is well known that the ratio of gliadins
to glutenins is quite heterogeneous for different varieties
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or foods based on wheat. In this sense, some efforts have
been made in the development of immunochemical tests
that do the total quantification of gluten instead of quanti-
fying only the prolamins group.

Other technologies, such as those based on DNA or pro-
teomic approaches, seem to have other purposes than that
of being a method of widespread use for the labeling of food
products based on gluten content. On the one hand, DNA-
based methods are highly sensitive and will have more
use in authentication and detection of contamination in
raw materials. On the other hand, the advanced proteomic
approaches for the analysis of gluten allow its quantifica-
tion and the monitoring of sequences with clinical impor-
tance. In any case, mainly due to the cost and the fact that
it is a highly specialized analysis, they will hardly reach
the generalized test status like the current ELISA, but they
will be of great importance for the study of the celiac dis-
ease, as well as in investigations focused on its treatment.
From this point of view, it is expected that the develop-
ment of highly advanced in vitro and in vivo preclinical
models such as the combination of organoid technology
and the gut on a chip, and transgenic humanized mouse
models, respectively, will precede the clinical validation of
new therapies for celiac disease in the years to come. The
greatest expectation is that this can contribute decisively to
overcome the difficulties experienced by people who suffer
from this common autoimmune disease.
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